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A B S T R A C T

Food packaging plays a crucial role in ensuring food safety; however, microbial contamination, particularly from
biolm-forming bacteria, remains a challenge. This study explores the use of sodium alginate-based lms and
coatings loaded with a bacteriophage cocktail targeting Escherichia coli and Pseudomonas uorescens to mitigate
biolm formation in food packaging, with a focus on cheese products. The coatings were applied to parchment
paper, polystyrene, and lms prepared with sodium alginate loaded with bacteriophages, and assessed for their
antimicrobial efcacy. Biolm inhibition and control experiments were performed by applying phage-containing
lms/coatings either immediately after bacterial inoculation or after 24 h of biolm formation. Samples were
then incubated and analyzed for viable cells, biomass, metabolic activity, and live/dead bacterial ratio. Phage-
infused lms and coatings demonstrated signicant antimicrobial activity, effectively reducing biolm biomass.
Biolm inhibition experiments were more pronounced in phage-loaded lms, achieving up to a 1.7-log reduction
in viable cells and a 70.8 % decrease in biomass for E. coli, as well as a 2.7-log reduction in viable cells and a
66.62 % decrease in biomass for P. uorescens. In biolm control experiments, the phage-loaded materials also
exhibited inhibitory effects, with a maximum CFU reduction of 1.39 logs compared to the untreated control for
P. uorescens and 0.72 logs compared to the untreated control for E. coli in lms. Biomass reduction reached 42 %
for E. coli lms and 19 % for P. uorescens lms. Confocal microscopy and COMSTAT analysis conrmed a
reduction in biolm thickness and a signicant decrease in live bacterial cells in treated samples. When applied
to cheese, phage-loaded materials maintained strong antimicrobial activity over 24 h, with parchment paper
achieving log reductions of 2.5 and 2.3 compared to the untreated control for P. uorescens and E. coli,
respectively. These ndings highlight the potential of phage-infused alginate coatings as promising strategies for
active food packaging.

1. Introduction

Food packaging plays a central role in the food industry, inuencing
product quality, safety, and consumer perception (Sharma et al., 2023).
One of its greatest challenges is the control of microbial contamination,
a critical factor for ensuring food safety and extending shelf life
(Papadochristopoulos et al., 2021).

A major contributor to contamination in the food chain is the pres-
ence of biolm-forming bacteria. These microorganisms adhere to

surfaces, persist in processing environments, and compromise product
quality and safety, leading to spoilage, reduced shelf life, and potential
health risks (Milho et al., 2018). The growing demand for fresh, mini-
mally processed foods and their global distribution amplies these risks,
while the economic burden associated with biolm-related losses
further underscores the need for innovative antimicrobial strategies
(Sharan et al., 2022).

Biolms are particularly problematic in dairy processing. A variety
of bacterial species, each with distinct growth requirements, can
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colonize surfaces and persist throughout the production chain (Bremer
& Seale, 2009). Contamination may occur even before milk enters
processing facilities, revealing critical vulnerabilities. Although
pasteurization is effective against many pathogens, thermoduric and
thermophilic bacteria, including spore-forming Bacillus spp., can sur-
vive heat treatment and remain a persistent issue (Gopal et al., 2015).
Similarly, thermotolerant Escherichia coli strains and biolm-associated
contamination in bulk tank milk have been reported (Hammad et al.,
2022). Pseudomonas uorescens, one of the most common milk contam-
inants, is often linked to inadequate water quality and hygiene during
processing, resulting in sensory defects in dairy products (Eneroth et al.,
2000; Kumar et al., 2019).

Within the dairy sector, cheese represents a product of particular
concern. Global cheese production continues to grow, driven by con-
sumer demand for healthier, natural products and the diversity of a-
vors, textures, and forms it offers. However, cheese surfaces are highly
susceptible to microbial contamination due to favorable pH and high
water activity (Proulx et al., 2017). Packaging therefore plays a decisive
role in maintaining quality during storage and transport, protecting
cheese from physical damage, environmental conditions, and microbial
spoilage (Berti et al., 2019).

To meet these demands, technologies such as modied atmosphere
packaging (MAP), vacuum packaging, and active packaging have been
widely applied, enabling shelf-life extension while reducing the need for
chemical additives (Singh & Nalwa, 2011). Nevertheless, the use of
synthetic, non-biodegradable lms raises environmental concerns,
reinforcing the importance of sustainable alternatives. A promising
strategy is the integration of established preservation techniques with
biobased packaging materials, thus combining effective food protection
with reduced ecological impact.

In this context, biological antimicrobial agents incorporated into
packaging are gaining prominence. These natural compounds offer
targeted action, lower reliance on synthetic additives, and compatibility
with eco-friendly materials (Wagh et al., 2023). Among them, bacte-
riophages stand out as innovative, selective bioadditives capable of
controlling bacterial pathogens in food systems. Recently, our group
developed a phage cocktail incorporated into sodium alginate matrices,
producing lms and coatings on parchment paper and polystyrene via
ultrasonic spray coating, which showed promising results for food
packaging applications (Coelho et al., 2025). Although alginate lms are
fully biobased, their use as coatings on conventional plastics highlights
the trade-off between functionality and sustainability.

Recent studies have increasingly explored the incorporation of bac-
teriophages and other biocontrol agents into edible and biodegradable
matrices, highlighting their potential to inhibit biolm formation and
enhance food safety (Dhulipalla et al., 2025; Figueiredo et al., 2021;
García-Anaya et al., 2023). For instance, Cui et al. (2017) demonstrated
that chitosan coating incorporated with a phage-loaded nanoliposomes
effectively reduced Escherichia coli on ready-to-eat meats, while Costa
et al. (2023) reported synergistic antimicrobial effects using alginate-
based nanocomposites in dairy applications. Despite these advances,
most investigations have focused on planktonic bacteria or single-
material systems, often neglecting the comparative performance be-
tween coatings and free-standing lms under realistic food storage
conditions. Furthermore, comprehensive biolm evaluation combining
metabolic, structural, and imaging analyses remains scarce. This study
addresses these gaps by integrating multiple quantication methods and
assessing functional performance in actual cheese matrices, thereby
advancing the current understanding of phage-based biopackaging
systems.

The present study advances this line of research by comprehensively
evaluating bacteriophage-loaded sodium alginate coatings and lms
against biolm-forming bacteria relevant to the dairy industry. Unlike
most previous studies focused on planktonic cells, here we assess biolm
inhibition and control through complementary methods, including col-
ony counts, biomass quantication, metabolic activity, and confocal

laser scanning microscopy with COMSTAT analysis. Furthermore, by
comparing coatings and free-standing lms, we emphasize their distinct
advantages: coatings offer a practical solution to modify existing pack-
aging, while lms represent standalone, biodegradable alternatives to
synthetic plastics. Finally, the evaluation of these materials in cheese
samples under realistic storage conditions strengthens the translational
relevance of this work by bridging laboratory ndings with practical
applications in the food industry.

2. Materials and methods

2.1. Materials

Alginic acid sodium salt and the sodium chloride were acquired from
Sigma-Aldrich (Portugal). Glycerol 99.5 % (v/v) was purchased from
Alfa Aesar (USA), Tris base and PEG 8000 were purchased from Fisher
BioReagents™ (USA), calcium chloride and MgSO4 from Panreac
Applichem (Spain). Tryptic Soy Broth (TSB): Corning® (USA), Tryptic
Soy Agar (TSA): Hardy Diagnostics, Criterion™ line (USA) Crystal Violet
(reagent grade): Carolina Biological Supply (USA), CHROMagar™ 
Orientation: CHROMagar (France), Resazurin (sodium salt): Biotium
(USA); also available from R&D Systems – Bio-Techne (USA). SYTO 9
and Propidium Iodide (PI): included in the LIVE/DEAD BacLight Bac-
terial Viability Kit, Thermo Fisher Scientic (USA).

2.2. Bacteria and phages

Pseudomonas uorescens ATCC 27663 and Escherichia coli BL21
(Invitrogen, Thermo Fisher Scientic) were used as host strains for
bacteriophage isolation. Cultures were maintained at 37 ◦C in tryptic soy
broth (TSB) or on TSB solid medium (TSB supplemented with 1.5 % (w/
v) agar).

The bacteriophages employed in this study had been previously
isolated and characterized (Coelho et al., 2025). The Pseudomonas phage
FSB24 belongs to the Studiervirinae subfamily, genus Pifdecavirus,
while the Escherichia phage North is classied within the family Stra-
boviridae, genus Krischvirus. These phages differ in plaque morphology
and replication traits, with phage FSB24 forming larger plaques (3.4 ±
0.6 mm) and exhibiting a higher burst size (142.2 ± 39.1 PFU/infected
bacterium) compared to phage North (0.78± 0.01 mm, 60.5± 4.1 PFU/
infected bacterium).

Both phages were incorporated into sodium alginate solutions to
produce antimicrobial lms and coatings, which were prepared as pre-
viously described (Coelho et al., 2025).

2.3. Films and coatings

Films and coatings were prepared following Coelho et al., 2025. An
antimicrobial sodium alginate solution (1–2 % w/v) was incorporated
with Pseudomonas phage FSB24 and Escherichia phage North (~107
PFU/mL) under stirring. The same volume of this solution was used for
both preparation approaches to ensure an equivalent initial phage load
per sample area. For lm formation, 20 mL of solution was cast onto 9.2
cm Petri dishes and dried at 30 ◦C for 24 h. Dried lms were cross-linked
by immersion in 0.2 % (w/v) CaCl₂ containing phages (~108 PFU/mL)
for 5 min, followed by drying at 30 ◦C for 24 h, resulting in lms 30–34
μm thick. For coatings, parchment paper and polystyrene substrates
were treated using an ultrasonic spray coater, where ten layers of the
same alginate–phage solution were applied and subsequently cross-
linked with CaCl₂. The coatings showed thicknesses of approximately
51 μm on parchment paper and 69 μm on polystyrene. Controls included
lms and coatings without phages, as well as uncoated substrates.

2.4. Time kill assay

The Clinical & Laboratory Standards Institute (CLSI) M26-A protocol
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was followed to perform time-kill assays (Barry et al., 1999). Briey,
each bacterial culture, P. uorescens and E. coli (1 mL, 5× 108 CFU/mL),
was separately diluted in 9mL of TSB. Then, 100 μL of the corresponding
phage suspension (5 × 109 PFU/mL) or 100 μL of SM buffer (control)
was added. The mixtures were incubated at 30 ◦C (120 rpm) for
P. uorescens and 37 ◦C (120 rpm) for E. coli. Samples were collected at
0, 1, 3, 5, 7, and 24 h post-infection. Serial 10-fold dilutions of
P. uorescens and E. coli cells were prepared in saline solution containing
10 mM ferrous ammonium sulfate. Three independent experiments were
performed in triplicate.

2.5. Phage release

To assess the phage release prole from sodium alginate lms and
coatings, round samples (1 cm diameter) were placed in 500 μL of SM
buffer under continuous agitation at room temperature (22 ◦C). Samples
were collected at designated time points to evaluate phage release. The
quantity of released phage particles was determined by counting plaque-
forming units (PFU).

2.6. Biolm inhibition and biolm control experiments

Pre-inocula of P. uorescens and E. coli were prepared in TSB and
incubated overnight at 30 ◦C and 37 ◦C, respectively. The overnight
cultures were then diluted 106-fold in fresh medium, and ten microliters
of this dilution were added onto 0.2 μm pore-size membranes placed on
TSA agar to mimic biolm formation. This membrane-based model is
widely used to simulate biolm development on solid supports, offering
a standardized and reproducible setup that facilitates quantitative and
microscopic analyses (Han & Lee, 2023). Biolms of P. uorescens were
formed at 30 ◦C, while biolms of E. coliwere formed at 37 ◦C, with both
incubations lasting 24 h. The two experiments performed differ in the
time the lms/coatings were applied. For the biolm inhibition exper-
iments, after inoculation of the membranes with bacteria, these were
immediately exposed to the phage containing lms/coatings and incu-
bated for 24 h. After incubation, the samples were processed for viable
colony quantication (CFU), biomass quantication (crystal violet
(CV)), metabolic activity assays (resazurin) and visualized in CLSM to
determine the live/dead bacterial ratio. For the biolm control experi-
ments, the membranes were inoculation as above and incubated for 24 h
to allow the formation of biolm. After, lms/coatings were applied,
and the samples were incubated for an additional 24 h before the
quantication of CFU, CV and metabolic activity. Films and coatings
devoid of phages were used as controls for both experiments.

2.6.1. Assessment of biolm viable cells by colony count
After the respective incubation times for evaluating inhibition (24 h)

and control (48 h) of biolms under the inuence of lms and coatings,
the treatments were removed, and the membranes containing the bio-
lm were transferred to microtubes. Next, 1 mL of PBS solution was
added to the microtubes, and the biolm cells were resuspended by
vigorous pipetting. The suspended biolm was then transferred to a new
at-bottom 96-well microplate, followed by the preparation of tenfold
serial dilutions in PBS. Five 10-μL drops of each dilution were plated
onto agar media corresponding to the broths used for biolm production
(e.g., PIA for Pseudomonas biolm and ChromAgar Orientation for
E. coli). Colony-forming units (CFU) were enumerated after 24 h of in-
cubation at 37 ◦C. The experiment was performed twice, with three
replicates each.

2.6.2. Assessment of biolm biomass by crystal violet
Biolm biomass measurements were performed using crystal violet

(CV) staining. After the biolm incubation period, the membranes were
carefully removed and transferred to a 96-well plate. Each well received
190 μL of a 0.1 % aqueous CV solution (Sigma-Aldrich), followed by
incubation at room temperature for 30 min. To remove excess dye, the

wells were washed three times with sterile distilled water. Subsequently,
30 % acetic acid solution was added to each well to solubilize the bound
dye, and the plate was incubated at room temperature for 15 min.
Absorbance was measured using a microplate reader at 595 nm and 530
nm, respectively. The readings provided quantitative data on biolm
biomass based on dye retention. The experiment was performed twice,
with three replicates each.

2.6.3. Assessment of metabolic activity of biolm cells by resazurin
A resazurin solution (Sigma-Aldrich) was prepared at a concentra-

tion of 16 μg/mL in sterile PBS. For the assay, the membrane containing
the biolm was carefully transferred to a 96-well plate and washed with
200 μL of PBS. Subsequently, 100 μL of the diluted resazurin solution
were added to each biolm-containing well, along with their respective
negative controls. The microplates were incubated in the dark at 30 ◦C
and 37 ◦C for 2 h. A multimode microplate reader (Varioskan LUX,
Thermo Fisher Scientic) was used to measure relative uorescence
units (RFU) (λEx 530 nm and λEm 590 nm) after incubation. The
experiment was conducted twice, with three replicates each.

2.6.4. Assessment of biolm thickness and live/dead bacterial ratio using
confocal microscopy to analyze

Membrane samples with biolm and different treatments were used
for evaluation by confocal microscopy. For uorescent staining of bac-
teria, the live/dead BacLight-Bacterial Viability Kit 7012 (Invitrogen,
Mount Waverley, VIC, Australia) was used. The stain is composed of two
uorophores, SYTO9 (green) and propidium iodide (PI; red), which are
capable of detecting membrane integrity. PI is typically used to identify
dead cells in a population and SYTO9 for live cells. The excitation/
emission maxima for these dyes are about 480/500 nm for SYTO9
staining and 490/635 nm for propidium iodide. After staining the
samples according to the manufacturer’s protocol, biolm formation
was analyzed using a confocal laser scanning microscope (CLSM; Zeiss
LSM 780 Confocal Microscope, Zeiss, Jena, Germany). Biolm coverage
at four random locations at each site. The Zeiss ZEN Microscope Soft-
ware version 3.0 was used for generation of orthogonal and 3D images.

2.6.5. COMSTAT analysis
The 3D quantication of biolm was carried out using COMSTAT 2.1

(www.comstat.dk) (Heydorn et al., 2000; Vorregaard, 2008). Three
merged image stacks were used to get statistical difference. The number
of images in each z-stack varied depending upon the thickness of the
biolm. The pixel and voxel values were set after calibrating the images
by correlating the image pixel dimensions with the physical measure-
ments in ImageJ. The z-stack images were converted to 8-bit and saved
in OME-TIFF format through ImageJ to process through COMSTAT. A
threshold setting of the image stacks was carried out after visual ex-
amination. A xed threshold value of 20 was applied to all the image
stacks. Connected volume ltering was used to remove biolm patches
that were not attached to the substratum. Several biolm parameters
such as biomass, maximum thickness, average thickness (biomass),
roughness coefcient, and surface to volume ratio were calculated.

2.6.6. Antimicrobial activity of bacteriophage-loaded sodium alginate-
based lms and coatings in cheese sample

The antimicrobial activity assay was conducted in accordance with
ISO 22196, with minor adaptations. Cheese pieces (Parmigiano
Reggiano) were purchased from a local supermarket and aseptically cut
into smaller portions measuring 5 × 5 cm2, with an average weight of
14.5 ± 2.81 g. To reduce background bacterial levels prior to inocula-
tion, the samples were irradiated with UV-C light for 30 min (15 min per
side). Each cheese portion was then uniformly inoculated over the entire
surface with 100 μL of either P. uorescens or E. coli suspensions (~105
CFU/cm2). Sodium alginate-based lms and coatings containing phages
were cut into 5× 5 cm2 pieces and carefully placed in direct contact with
the inoculated cheese surface. Samples were incubated at 22 ◦C for 7
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days, while sodium alginate-based lms and coatings without phages
served as controls. Representative images of the experimental setup
(cheese coverage with lm and coating) are provided in the Supple-
mentary Material for clarity.

After 24 h and 7 days, the samples were aseptically transferred to
sterile Falcon tubes, and tenfold serial dilutions were prepared in saline
solution. The resulting suspensions were plated on Petri dishes con-
taining PIA medium for P. uorescens and ChromAgar Orientation me-
dium for E. coli. Plates were incubated overnight at 30 ◦C and 37 ◦C,
respectively, and CFU counts were subsequently performed.

2.7. Statistical analysis

Statistical analysis was conducted using the analysis of variance
(ANOVA) method, and Tukey’s test for mean comparison was performed
using Statistica software for Windows (version 12, StatSoft Inc., Tulsa,
OK, USA). A p-value of less than 0.05 was deemed statistically
signicant.

3. Results and discussion

In this study, the antimicrobial efcacy of bacteriophage-loaded
sodium alginate-based lms and coatings was evaluated through a se-
ries of assays, including time-kill kinetics, biolm inhibition and control,
and application on cheese samples.

3.1. Time kill assay

The efcacy of these two phages was assessed through time-kill

experiments (Fig. 1).
Time-kill experiments revealed that the phage North achieved a 3.7

log CFU/mL reduction (Fig. 1A) within 3 h. However, regrowth of E. coli
cells was observed after 3 h post-infection, with only a 1.1 log CFU/mL
reduction sustained after 24 h. In contrast, phage FSB24 exhibited su-
perior antibacterial activity, reducing bacterial counts by 4.3 log CFU/
mL within 1 h and the bacterial levels were maintained 5.5 log CFU/mL
lower for up to 24 h compared to the control (Fig. 1B).

3.2. Phage release

Phage release assays were performed to compare the release proles
across different groups (Fig. 2). The results show that the release kinetics
for both phages are similar across the three materials. For all samples,
there is an initial burst release followed by a stabilization.

The theoretical phage concentration was set at 100 % for both
phages, and the release from the lms closely matched this value,
whereas an underestimation was observed for the coatings. The release
from the lms was approximately the same for both phages (94.66 % for
the North phage and 94.77 % for the FSB24 phage). In contrast, the
release from the other two matrices was lower. The release from poly-
styrene paper varied between 83 % (phage FBS24) to 87.81 % (phage
North) and from parchment paper between 79 % (phage FSB24) and 86
% (phage North). One possible reason for this reduced release could be
phage loss due to deposition at of the sodium alginate solution con-
taining phages in areas outside the intended substrate area.

Phage release from lms and coatings plays a critical role in pro-
tecting food products from bacterial contamination by allowing phages
to interact with their bacterial targets. Our ndings align with the

Fig. 1. Time–kill experiment of each phage alone. (A) phage North, MOI of 10, 120 rpm, 37 ◦C. (B) phage FSB24, MOI of 10, 120 rpm, 30 ◦C.

Fig. 2. Phage release in different materials. A and B show the release proles of phages from lm, paper and plastic substrates over time. (A) focuses on phages
North, while (B) illustrates phages FSB24.
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literature, showing rapid phage release in the initial hours. For instance,
Alves et al. (2019) suggested that phage release from lms depends on
factors like phage size and lm swelling capacity. They assessed the
release of φIBB-PF7A phage from sodium alginate lms, where phage-
loaded lms were placed in SM buffer with continuous stirring at
4 ◦C. Aliquots taken at intervals revealed that most phages were released
within the rst 2–3 min.

Building upon these insights, the present study further explores the
role of lm composition in modulating phage release. As previously
observed in the characterization of the physical properties of alginate-
based lms (Coelho et al., 2025), the hydrophilic nature and solubility
of these lms play a crucial role in the dynamics of phage diffusion. The
lms crosslinked with 0.2 % (w/v) CaCl₂, which exhibited complete
solubility in the earlier study, now demonstrate an accelerated phage
release prole, reinforcing the role of moisture exposure in facilitating
diffusion. While a controlled and sustained release would indeed be
advantageous for long-term preservation, the rapid release observed in
this study can be benecial in specic food applications. In particular,
ready-to-eat or refrigerated products are often most vulnerable to
contamination during the early stages of storage and handling. A fast
and effective release ensures that a high number of active phages are
immediately available to interact with potential bacterial contaminants,
thereby providing a strong initial antimicrobial effect. This early pro-
tection is especially relevant for foods with shorter shelf lives or those
consumed within a few days, where rapid antimicrobial action out-
weighs the need for sustained release.

Similarly, Radford et al. (2017) observed high phage release rates,
with levels reaching up to 99.9 % from xanthan gum coatings. In their
study, the Salmonella phage Felix 01 and the Listeria phage A511 phages
were incorporated into xanthan gum coatings at a concentration of 9 log
PFU⋅cm2 and applied to meat. Results showed over 99.9 % of both
phages were released from the meat samples within 30 min at both 4 ◦C
and 10 ◦C, demonstrating effective phage delivery for antimicrobial
purposes. In comparison, the present study with sodium alginate-based
lms and coatings demonstrated similarly high release rates, with
complete diffusion occurring within 60 min due to their rapid solubili-
zation. Both studies highlight the effectiveness of polysaccharide-based
coatings in delivering phages quickly, achieving a near-total release in a
short time frame.

3.3. Biolm inhibition experiments

Both bacteria are known biolm formers where P. uorescens takes
advantage of its high motility due to its polar agella being able to
evenly colonize surfaces (Kumar et al., 2019). On the other hand, E. coli

is less motile due to its peritrichous agella relying on cell-cell aggre-
gation to form biolms (Kamdar et al., 2023). Biolm inhibition is thus
an important characteristic that antimicrobial packaging should possess.
Therefore, the inhibition efcacy of the developed lms and coatings
was evaluated by determining the viable cells, biomass, metabolic ac-
tivity of the phage-loaded samples and compared to the controls.

3.3.1. Assessment of biolm viable cells by colony count
Overall, both E. coli and P. uorescens colonize the matrices in rele-

vant numbers. Despite P. uorescens better motility, with E. coli reaching
slightly higher numbers than P. uorescens. This is explained by the
faster growth rate of E. coli (The specic growth rate is approximately
2.80 h1, and the doubling time is around 15 min) compared to
P. uorescens (The specic growth rate is 1.93 h1, and the doubling
time is approximately 21.56 min. All phage loaded lms and coatings
present antimicrobial activity compared to the control samples. For
E. coli, the best antimicrobial effect was observed with phage-loaded
lms (1.7-log10 CFU/cm2 reduction), and the worse effect was ob-
tained for polystyrene which showed a 1.02 log decrease compared to
the control (Fig. 3A). Phage FSB24 proved to be more effective than
phage North in inhibiting the growth of the respective bacterial host
achieving reductions in the range of 1.01log10 CFU/cm2 (polystyrene)
to 2.7 log10 CFU/cm2 (lms) (Fig. 3B).

The inhibition results for E. coli align with the 24-h kill-time assay for
phage North, which showed a 1.1-log reduction after 24 h. However, for
phage FSB24, although inhibition was observed, it did not reach the
strong antimicrobial activity (5.5-log reduction) seen in the kill-time
assay. This discrepancy may be due to differences in experimental
conditions. The time-kill assays are performed in liquid culture, where
the rotation during incubation may enhance phage adsorption to the
host (Sillankorva et al., 2008), particularly in the case of P. uorescens. In
contrast, in biolm inhibition experiments, once a phage lyses a bacte-
rium, the infection cycle may be limited if new susceptible hosts are not
within reach. Additionally, bacterial growth on surfaces promotes the
production of extracellular polymeric substances (EPS) (Simões et al.,
2007), which encase the bacteria and may obscure bacterial receptors,
preventing efcient phage binding, thereby reducing the number of
bacteria killed. It Is known that E. coli in general produce a thicker EPS
layer (Serra & Hengge, 2021) and that P. uorescens produces less (Xu
et al., 2024). This may be causing a higher cell lysis of P. uorescens
because due to a better diffusion of the phage in the presence of lower
amounts of EPS.

The type of substrate appears to play a crucial yet indirect role in
modulating bacterial inhibition. Although polystyrene and parchment
paper exhibited similar phage release kinetics, the antimicrobial efcacy

Fig. 3. Viable cell counts (CFU/mL) of E. coli (A) and P. uorescens (B) after 24-h inhibition assays on different materials. F_control: Film without phages; F_phage:
Film with phage cocktail; P_control: Parchment paper without phages; P_phage: Parchment paper with phage cocktail; PT_control: Polystyrene without phage
cocktail; PT_phage: Polystyrene with phage cocktail. Bars represent the mean CFU/mL with error bars indicating standard deviation. ****: P < 0.0001.
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of phages incorporated into the polystyrene-based coating was lower for
both P. uorescens and E. coli. This difference cannot be solely attributed
to direct bacterial adhesion to the substrate, since the inoculum was
applied on the alginate layer. Rather, it likely arises from substrate-
induced modications in the physicochemical characteristics of the
alginate coating itself. The substrate’s hydrophobicity, surface energy,
and microtopography can inuence the lm’s interfacial morphology,
porosity, and wettability, which in turn affect nutrient and moisture
diffusion, and consequently bacterial colonization patterns on the
coating surface (Costa et al., 2023; Kumar et al., 2019). In this context,
the hydrophobic nature of polystyrene may have promoted stronger
bacterial adhesion and the development of denser, more resistant bio-
lms on the coating surface, reducing phage accessibility and thus
limiting antibacterial efcacy. Supporting this hypothesis, Wiguna et al.
(2022) demonstrated that E. coli (enterohemorrhagic, enteropathogenic,
and enterotoxigenic) and Bacillus cereus formed more persistent biolms
on polystyrene compared with stainless steel. Although their study did
not include P. uorescens, the observed trends for E. coli corroborate our
ndings, emphasizing that substrate-related properties can indirectly
determine biolm resilience and modulate the antimicrobial perfor-
mance of phage-containing coatings.

3.3.2. Assessment of biolm biomass by crystal violet
The CV biolm quantication method revealed that the phages

inhibited biolm formation compared to the control (Fig. 4).
For E. coli, the most signicant biolm reduction after 24 h was

observed in lms, with a 70.8 % decrease in biolm mass compared to
the control, followed by parchment paper (28.4 %) and polystyrene
(22.4 %). The results from both the CV staining and CFU analysis reveal
interesting trends in the effectiveness of phage-incorporated lms and
coatings, depending on the material used. Both parchment paper and
lms resulted in similar viable cells numbers present after 24 h, however
the CV staining results differ. One possible explanation for the discrep-
ancy between the CV staining and CFU analysis could be related to the
presence of dead cells and the efciency of cell removal. Since CV stains
both live and dead cells, a higher CV staining on parchment paper,
despite similar viable cell numbers in the CFU analysis, may indicate a
higher proportion of dead cells remaining attached to the biolm matrix
(Castro et al., 2022). Additionally, the difference in material properties
might affect the removal of dead cells, with lms potentially promoting
more effective cell detachment and biolm disruption, leading to a
lower CV staining compared to parchment paper. This highlights how
material properties inuence not only phage activity but also the dy-
namics of biolm formation and eradication.

Fig. 4. Assessment of biolm biomass using crystal violet staining. The graphs illustrate the inhibition of E. coli (A) and P. uorescens (B) biolms on different
materials. F_control: Film without phages; F_phage: Film with phage cocktail; P_control: Parchment paper without phages; P_phage: Parchment paper with phage
cocktail; PT_control: Polystyrene without phage cocktail; PT_phage: Polystyrene with phage cocktail. Data are presented as mean with error bars indicating standard
deviation. (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this article.)

Fig. 5. Assessment of the metabolic activity of biolms cells using the resazurin assay. The graphs show the inhibition of metabolic activity in E. coli (A) and
P. uorescens (B) biolms on different materials. F_control: Film without phages; F_phage: Film with phage cocktail; P_control: Parchment paper without phages;
P_phage: Parchment paper with phage cocktail; PT_control: Polystyrene without phage cocktail; PT_phage: Polystyrene with phage cocktail. Data are presented as
mean with error bars indicating standard deviation.
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For P. uorescens, the trend was somewhat similar but with varying
reductions across the materials. After 24 h, lms exhibited the highest
inhibition (66.62 %), followed by polystyrene (36.17 %) and parchment
paper (31.90 %). For P. uorescens, the most substantial CFU reduction
was observed in lms, with a reduction of 2.72 logs compared to the
untreated control, followed by parchment paper with a 2.56 log
reduction compared to the untreated control.

3.3.3. Assessment of metabolic activity of biolm cells by resazurin
The data obtained from the resazurin colorimetric assay demon-

strated a reduction in the metabolic activity of all the groups tested with
phages, to varying extents, when compared to the control group (Fig. 5).
The results further support the trends observed in CFU counts and bio-
lm biomass reduction, reinforcing the inuence of material type on
phage efcacy.

For E. coli, lms incorporated with phages exhibited the highest
reduction in metabolic activity (44.81 %), followed by polystyrene

(23.16 %). Surprisingly, parchment paper presented only a 4 % differ-
ence in metabolic activity compared to the control, which shows that
cells remain metabolically very active. For P. uorescens, metabolic ac-
tivity reductions reached a 44.56 % decrease in lms, 39.67 %, in
parchment paper and 21.19 % in polystyrene.

These ndings align with CFU reduction data, where lms also
demonstrated higher reductions in bacterial counts, suggesting that this
material may provide a more effective and sustained release of phages,
leading to prolonged inhibition of metabolic activity. However, the
discrepancy between metabolic activity and biomass reduction indicates
that even though viable bacterial cells were still present, their metabolic
state may have been altered, potentially due to stress induced by the
phages.

3.3.4. Assessment of biolm thickness and live/dead bacterial ratio using
confocal microscopy and COMSTAT analysis

To evaluate the effectiveness of the coatings and lms against E. coli

Fig. 6. Effect of phage treatment on bacterial biolm inhibition in E. coli and P. uorescens on different materials. F_control: Film without phages; F_phage: Film with
phage cocktail; P_control: Parchment paper without phages; P_phage: Parchment paper with phage cocktail; PT_control: Polystyrene without phage cocktail;
PT_phage: Polystyrene with phage cocktail. (A) Inhibition of biolm formation after 24 h in E. coli. (B) Inhibition of biolm formation after 24 h in P. uorescens.
Representative 3D images of biolms were obtained via confocal laser scanning microscopy (CLSM), with live bacteria shown in green and dead bacteria in red. Scale
bars in 3D-CLSM images are 1 cm. The graphs below show the quantitative analysis of live and dead bacterial cells, highlighting the effectiveness of phage-based lms
and coatings in controlling E. coli and P. uorescens biolms. (For interpretation of the references to colour in this gure legend, the reader is referred to the web
version of this article.)
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and P. uorescens, confocal laser scanning microscopy (CLSM) was
employed after staining the bacteria to assess their viability (Fig. 6).

In the E. coli inhibition experiments, the 3D confocal images revealed
a promising performance in the groups treated with phage-infused lms
and phage-coated parchment paper. These ndings were further
corroborated by quantitative Live/Dead analysis, demonstrating a
reduction in live cells of 18.65 % for F_phage-treated samples, 17.11 %
for P_phage-treated samples. The F_control samples were strongly
viable, PT_control had mostly viable cells while the P_control had
already a high number of dead cells. The live/dead results obtained with
PT_control were comparable to the phage treated samples. This may
indicate that the biolm formed is either stronger of that the phages may
be non-specically binding to the substrate and thus not interact with

the bacteria.
In the P. uorescens, inhibition experiments a similar trend was

observed, where the 3D confocal images also demonstrate the efcacy of
phage-infused lms and phage-coated parchment paper samples in
reducing biolm formation. These observations were conrmed by
quantitative Live/Dead analysis, which revealed a reduction in live cells
of 22.15 % for F_phage-treated samples, 48.10 % for P_phage-treated
samples, and 8.15 % for PT_phage-treated samples. Furthermore, all
control samples are strongly viable compared to the E. coli experiment,
even the P_control samples (~87 %). The higher viability of
P. uorescens is likely to be related with its motility characteristics which
aid the bacteria to have better access to nutrients and oxygen (Zegadlo
et al., 2023; Kumar et al., 2019), while E. colimay be having oxygen and
nutrient limitations due to the formation of clusters and thus a higher
number of dead cells in these regions (Amato & Brynildsen, 2014;
Rooney et al., 2020).

COMSTAT analysis was performed to quantitatively assess biolm
structural parameters and compare differences between experimental
conditions. This approach enables a detailed evaluation of biolm ar-
chitecture, providing insights into variations in biomass distribution,
thickness, roughness, and surface-to-volume ratio.

The quantitative analysis (COMSTAT) of the 3D images obtained for
the inhibition of E. coli biolm (Table 1) revealed that all parameters
analyzed (total biomass, maximum thickness, average thickness
[biomass], and surface-to-biovolume ratio) showed signicant differ-
ences between the phage-treated groups and the control group.

In contrast, the quantitative analysis of the average thickness
(biomass) parameter for P. uorescens inhibition (Table 1) revealed no
signicant difference between PT_control and PT_phage. This nding
aligns with the Live/Dead assay data, which showed only a 8.15 %
reduction in live cells for PTC-treated samples.

Polystyrene is commonly used for packaging meat and fruits due to
its durability, low cost, and ease of production, making it a widely uti-
lized material in the food industry. Our ndings align with the study by
Wiguna et al. (2022), which demonstrated that polystyrene surfaces
exhibited stronger biolm formation compared to stainless steel. Surface
properties signicantly inuence bacterial adhesion, and biolms
formed on polystyrene are more robust and resistant to removal than
those formed on stainless steel.

3.4. Biolm control experiments

3.4.1. Assessment of biolm viable cells by colony count
Eliminating mature biolms from surfaces is more challenging than

preventing their formation, as the extracellular polymeric substances

Table 1
Different biolm parameters analyzed during the inhibition E. coli using COM-
STAT 2.1 software.

Bacteria Matrix Total
biomass
(μm3/
μm2)

Maximum
thickness
(μm)

Average
thickness
(biomass)
(μm)

Surface to
biovolume
ratio (μm2/

μm3)

E. coli F_control 3.40 ±
0.55 A

9.00 ±
0.76 A

2.75 ±
0.32 A

8.06 ±
0.34 A

F_phage 2.56 ±
0.37B

4.54 ±
0.98 B

1.68 ±
0.45B

6.49 ±
0.53B

P_control 4.72 ±
0.43C

18.00 ±
0.63C

8.82 ±
0.52C

7.68 ± 0.
66C

P_phage 1.04 ±
0.06D

5.00 ±
1.3B

2.66 ±
0.32D

5.21 ± 0.
28D

PT_control 6.59 ±
0.62E

18.00 ±
1.76C

14.22 ±
0.27E

4.53 ± 0.
33E

PT_phage 5.31 ±
0.21F

17.00 ±
1.25D

3.16 ±
0.42F

3.31 ±
0.53F

P. uorescens F_control 1.97 ±
0.02A

3.00 ±
0.45 A

2.06 ±
0.74A

5.76 ±
0.03 A

F_phage 0.80 ±
0.00B

1.00 ±
0.02B

1.00 ±
0.04B

3.33 ±
0.20B

P_control 4.80 ±
0.43C

7.00 ±
0.34C

7.79 ±
0.87C

4.90 ±
0.15C

P_phage 4.10 ±
0.32D

5.00 ±
0.54D

2.08 ±
0.20A

4.07 ±
0.12D

PT_control 5.90 ±
0.21E

20.00 ±
1.02E

7.06 ±
0.09CD

7.15 ± 0.
35E

PT_phage 5.10 ±
0.65F

16.00 ±
1.22F

6.83 ±
0.11D

5.26 ± 0.
23F

Superscript letters (A-F): Within each respective material group, values in the
same column not sharing upper case superscript letters indicate statistically
signicant differences between each other (p < 0.05).

Fig. 7. Viable cell counts (CFU/mL) of E. coli (A) and P. uorescens (B) after 48-h assays on different materials. F_control: Film without phages; F_phage: Film with
phage cocktail; P_control: Parchment paper without phages; P_phage: Parchment paper with phage cocktail; PT_control: Polystyrene without phage cocktail;
PT_phage: Polystyrene with phage cocktail. Bars represent the mean CFU/mL with error bars indicating standard deviation. ****: P < 0.0001.
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(EPS) in biolms shield bacteria from inactivation or removal under
stress conditions (Shen et al., 2021). Therefore, beyond biolm pre-
vention, this study systematically assessed the eradication of pre-
established biolms (24 h) that were treated for 24 h using a phage
cocktail incorporated into lms or substrate coatings. Given the pro-
tective nature of biolms, evaluating the same multiple parameters as in
3.3 was essential to gaining a comprehensive understanding of the
phages’ antimicrobial action.

Control experiments showed that for E. coli, the greatest reduction in
CFU occurred on phage-loaded lms, with a 0.72 log decrease, followed
by parchment paper with a 0.21 log reduction, and polystyrene with a
0.13 log decrease compared to the control (Fig. 7). In contrast, for
P. uorescens, the highest inhibition was observed on phage-loaded
parchment paper, resulting in a 1.39 log reduction, followed by lms
with a 0.65 log decrease, and polystyrene with a 0.38 log reduction.
CFU/mL values for E. coli and P. uorescens during the 48-h evaluation
deviated from the previously observed trends (inhibition studies). In
general, inhibition studies for both E. coli and P. uorescens phage-
treated samples a higher reduction of viable cells, particularly in the
case of lms and parchment paper.

The lower efcacy observed against pre-formed biolms is consistent
with the complex nature of phage–biolm interactions. Several studies

have demonstrated that the extracellular polymeric substances (EPS)
matrix can act as a diffusion barrier, limiting phage penetration and
reducing their ability to reach and lyse embedded bacterial cells.
Moreover, components of the EPS, such as polysaccharides and proteins,
may inactivate or sequester phages, further reducing their effectiveness.
In addition, the physiological heterogeneity of bacterial populations
within biolms plays a critical role: cells in different metabolic states (e.
g., stationary-phase cells) can exhibit lower susceptibility to phage
infection compared to actively dividing cells (Melo et al., 2018; Pires
et al., 2021). Taken together, these factors provide a plausible expla-
nation for the reduced antimicrobial performance observed in our study
when phages were applied against mature biolms.

3.4.2. Assessment of biolm biomass by crystal violet
The CV biolm quantication method revealed that biolm forma-

tion was reduced under the tested conditions with phages compared to
the control, Fig. 8.

After 48 h, biolm reduction in E. coli remained evident across all
materials, though to a lesser extent. Films exhibited the highest reduc-
tion (42.88 %), followed by polystyrene (39.20 %) and parchment paper
(32.45 %). For P. uorescens, biolm reduction was lower across all
materials, with lms showing a 19.44 % reduction, parchment paper

Fig. 8. Assessment of biolm biomass using crystal violet staining. The graphs illustrate the biolm control of E. coli (A) and P. uorescens (B) on different materials.
F_control: Film without phages; F_phage: Film with phage cocktail; P_control: Parchment paper without phages; P_phage: Parchment paper with phage cocktail;
PT_control: Polystyrene without phage cocktail; PT_phage: Polystyrene with phage cocktail. Data are presented as mean with error bars indicating standard deviation.
(For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this article.)

Fig. 9. Assessment of the metabolic activity of biolms cells using the resazurin assay. The graphs show the inhibition and reduction of metabolic activity in E. coli
(A) and P. uorescens (B) biolms on different materials. F_control: Film without phages; F_phage: Film with phage cocktail; P_control: Parchment paper without
phages; P_phage: Parchment paper with phage cocktail; PT_control: Polystyrene without phage cocktail; PT_phage: Polystyrene with phage cocktail. Data are pre-
sented as mean with error bars indicating standard deviation.
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24.98 %, and polystyrene 23.28 %. The overall reduction was signi-
cantly smaller compared to E. coli, possibly due to differences in biolm
structure or bacterial response to phage treatment.

CV values after 48 h deviated from expected trends (inhibition ex-
periments). Overall, there was a signicant difference in biolm biomass
in both experiments, with a lower reduction of biomass in the assays
performed on 24 h pre-formed biolms. This decline in antimicrobial
efcacy in the control experiments may be due to the lm or coating
matrix limiting phage access to bacterial cells located in deeper biolm
layers. Additionally, as described above, the metabolic state of bacteria
may play a role in phage effectiveness.

3.4.3. Assessment of metabolic activity of biolm cells by resazurin
The data obtained from the resazurin colorimetric assay demon-

strated a reduction in the metabolic activity of all the groups tested with
phages, to varying extents, when compared to the control group (Fig. 9).

The metabolic activity results for biolm inhibition contrast with the

biomass reduction observed in the biolm control. For E. coli, metabolic
activity decreased by 19.44 % in lms, 7.22 % on parchment paper, and
10.57 % on polystyrene. For P. uorescens, the reductions were 8.76 % in
lms, 12.09 % on parchment paper, and 9.25 % on polystyrene. These
ndings suggest that while the biolm structure was somewhat dis-
rupted, a portion of the bacterial population remained metabolically
active. The variations across different materials further highlight the
inuence of the matrix on phage-bacteria interactions. These ndings
underscore the complexity of phage-based antimicrobial strategies and
the need for optimized material formulations to enhance phage release
and long-term effectiveness.

3.4.4. Assessment of biolm thickness and live/dead bacterial ratio using
confocal microscopy and COMSTAT analysis

To evaluate the effectiveness of the active packaging against E. coli
and P. uorescens biolms, CLSM was employed to assess bacterial
viability (Fig. 10).

Fig. 10. Effect of phage treatment on bacterial biolm control in E. coli and P. uorescens on different materials. F_control: Film without phages; F_phage: Film with
phage cocktail; P_control: Parchment paper without phages; P_phage: Parchment paper with phage cocktail; PT_control: Polystyrene without phage cocktail;
PT_phage: Polystyrene with phage cocktail. (A) Control of mature biolms after 48 h of treatment in E. coli. (B) Control of mature biolms after 48 h of treatment in
P. uorescens. Representative 3D images of biolms were obtained via confocal laser scanning microscopy (CLSM), with live bacteria shown in green and dead
bacteria in red. Scale bars in 3D-CLSM images are 1 cm. The graphs below show the quantitative analysis of live and dead bacterial cells, highlighting the effec-
tiveness of phage-based lms and coatings in controlling E. coli biolms. (For interpretation of the references to colour in this gure legend, the reader is referred to
the web version of this article.)

F. Coelho et al. Food Research International 223 (2026) 117859

10



When assessing biolm eradication for E. coli, the 3D confocal im-
ages indicated greater resistance to biolm removal. Nonetheless, the
quantitative Live/Dead ratio analysis showed a reduction in live cells of
41.70 % for phage-infused lms, 55.15 % for phage-coated parchment
paper, and 19.14 % for PT_phage-treated samples.

In the biolm eradication experiments for P. uorescens, however,
the 3D confocal images showed greater resistance to biolm removal
compared to the inhibition experiments. This was reected in the
quantitative Live/Dead analysis, which indicated a reduction in live
cells of only 2.88 % for phage-infused lms, 24.16 % for phage-coated
parchment paper, and 1.47 % for PT_phage-treated samples

Quantitative analysis (COMSTAT) of the 3D images obtained for the
E. coli and P. uorescens (Table 2) biolm controls revealed signicant
differences in all analyzed parameters—total biomass, maximum
thickness, average thickness (biomass), and surface-to-biovolume
ratio—between phage-treated groups and the control. These ndings
indicate that while biolm eradication was less pronounced, phage

treatment still led to measurable reductions compared to untreated
samples.

3.5. Antimicrobial activity of bacteriophage-loaded sodium alginate-
based lms and coatings in cheese samples

The antibacterial activity of the samples was evaluated according to
the ISO 22196 standard in cheese samples. As per this standard, anti-
bacterial activity (A) is classied as follows: A < 2 indicates low anti-
bacterial efcacy, 2 ≤ A < 3 indicates signicant efcacy, and A ≥ 3
indicates strong antibacterial efcacy.

The results summarized in Table 3 reveal signicant variability in the
antibacterial efcacy of phage-based treatments depending on the ma-
terial matrix, bacterial strain, and time. At the 24-h mark, phage-coated
parchment paper and phage-infused lms demonstrated signicant
antibacterial (2 ≤ A < 3) activity against both P. uorescens and E. coli.
Parchment paper exhibited antibacterial activity values of 2.49 and 2.25
for P. uorescens and E. coli, respectively, indicating its effectiveness as a
short-term phage delivery system. Similarly, lms achieved signicant
activity values of 2.35 for P. uorescens and 2.36 for E. coli, showcasing
their efciency as a delivery matrix. On the other hand, polystyrene
substrates exhibited only low antimicrobial activity (A < 2), suggesting
that this matrix is less effective in facilitating phage-biolm interactions
compared to parchment paper and lms. After 7 days, a noticeable
decline in antibacterial efcacy was observed (Table 4). The antibacte-
rial activity of parchment paper decreased from signicant at 24 h to low
at 7 days. Polystyrene substrates, which initially showed low efcacy
(1.47), maintained this trend but also, the value observed reduced from
24 h to 7 days. The results of the antibacterial activity tests align with
the biolm inhibition and eradication data presented in Figs. 6 and 10.

Although sensory properties such as texture, avor, and overall
acceptance were not evaluated in this study, literature suggests that
sodium alginate coatings generally have minimal impact on taste and
may improve visual and textural attributes of cheeses (e.g., improved
softness, gloss, reduced weight loss) (Kampf & Nussinovitch, 2000; Xue
et al., 2025; Pieretti et al., 2019).

Overall, these ndings emphasize the critical role of material prop-
erties in determining the success of phage-based antibacterial in-
terventions. Parchment paper and lms emerged as the most effective
delivery systems, particularly against E. coli, while polystyrene sub-
strates exhibited limited antibacterial performance. Moreover, the data
underscore the necessity of tailored approaches to target resilient bio-
lms, such as those formed by P. uorescens.

4. Conclusion

The present study demonstrated that incorporation of bacterio-
phages into alginate-based lms and coatings for paper and plastic
substrates effectively inhibited and reduced biolms of E. coli and
P. uorescens, as conrmed through viable cell counts, biomass

Table 2
Different biolm parameters analyzed during the reduction E. coli using COM-
STAT 2.1 software.

Bacteria Matrix Total
biomass
(μm3/
μm2)

Maximum
thickness
(μm)

Average
thickness
(biomass)
(μm)

Surface to
biovolume
ratio (μm2/

μm3)

E. coli F_control 2.71 ±
0.32 A

7 ± 0.89 A 2.66 ±
0.65 A

7.96 ±
0.23 A

F_phage 1.5 ±
0.43B

2 ± 0.35B 1.02 ±
0.08B

6.53 ±
0.18B

P_control 8.0 ±
0.28C

26 ±
1.67C

12.06 ±
0.12C

9.47 ±
0.31C

P_phage 4.04 ±
0.63D

10 ±
0.86D

8.12 ±
0.15D

4.97 ±
0.27D

PT_control 3.73 ±
0.21E

24 ±
1.93E

10 ±
0.17E

8.72 ±
0.25E

PT_phage 2.27 ±
0.11F

8 ± 0.92F 8.77 ±
0.02F

5.53 ±
0.12F

P. uorescens F_control 4.6 ±
0.15 A

8 ± 0.63 A 10.28 ±
0.12 A

5.31 ±
0.35 A

F_phage 2.1 ±
0.04B

4 ± 0.82B 1.01 ±
0.03B

4.30 ±
0.27B

P_control 8.88 ±
0.29C

31 ±
0.61C

24.61 ±
2.88C

31.35 ±
1.45C

P_phage 6.88 ±
0.11D

7 ± 0.89D 11.19 ±
0.98D

5.84 ±
0.31D

PT_control 5.5 ±
0.21E

8 ± 0.76 A 12.09 ±
0. 21D

8.16 ±
0.23E

PT_phage 4.3 ±
0.17F

7 ± 0. 35D 10 ±
0.11E

5.77 ±
0.13F

Superscript letters (A-F): Within each respective material group, values in the
same column not sharing upper case superscript letters indicate statistically
signicant differences between each other (p < 0.05).

Table 3
Antibacterial efcacy of various material matrices against FSB24 and North
phages after 24 h.

Matrix
(Cheese)

Antibacterial
activity (A)

24 h

Efcacy of antibacterial
property

FSB24
phages

Parchment Paper 2.49 Signicant
Polystyrene
substrates

1.47 Low

Film 2.35 Signicant

North
phages

Parchment Paper 2.25 Signicant
Polystyrene
substrates

1.73 Low

Film 2.36 Signicant

Table 4
Antibacterial efcacy of various material matrices against FSB24 and North
phages after 7 days.

Matrix
(Cheese)

Antibacterial
activity (A)
7 days

Efcacy of antibacterial
property

FSB24
phages

Parchment Paper 1.91 Low
Polystyrene
substrates

0.35 Low

Film 0.83 Low

North
phages

Parchment Paper 1.33 Low
Polystyrene
substrates

0.26 Low

Film 1.27 Low
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quantication, metabolic activity measurements, and live/dead stain-
ing. Application of these phage-loaded materials to cheese samples over
a 7-day period further showed that antibacterial efcacy is inuenced by
the type of material matrix, bacterial strain, and duration of exposure.
While phage release from coatings was similar across substrates, dif-
ferences in coating-substrate interactions and surface topography may
also affect biolm control, highlighting an important aspect for future
investigation. These ndings underscore the potential of phage-infused
alginate materials as antimicrobial strategies in food-related applica-
tions and emphasize the need for further optimization of phage formu-
lations, complementary antimicrobials, and material surface properties
to achieve sustained and effective biolm management.
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