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Abstract

Background/Objectives: The quest for effective therapeutic alternatives for infections caused by
multidrug-resistant (MDR) bacteria remains a major global health priority. In this context,
bacteriophage therapy has re-emerged as a promising strategy due to its high host specificity and
ability to infect and lyse targeted bacterial strains. However, clinical translation is limited by
biological and technological challenges, including phage instability and rapid inactivation after
administration. Alginate- and chitosan-based polymeric nanomatrices offer a practical way to
address these limitations. Properly engineered nanoparticles can improve phage stability, protect
against environmental stressors, reduce inactivation, and enable localized, controlled release at the
infection site. Methods: A polysaccharide-based nanocarrier composed of hydrophobically modified
alginate (mAlg) and chitosan was developed. Encapsulation of bacteriophage vB_Eco_K-02 within
mAlg-Cs nanoparticles was achieved by ultrasonication-assisted polyelectrolyte complexation.
Particle size, CP, and morphology were evaluated, and phage encapsulation efficiency and
antibacterial activity were assessed in vitro. Results: The mAlg-Cs formulation at a 1:0.625 mass ratio
yielded nanoparticles with the most favorable physicochemical properties, including improved size
distribution, high colloidal stability, and regular morphology. vB_Eco_K-02-loaded NPs (mAlg-Cs-
Phg) achieved a high encapsulation efficiency (99%) and preserved lytic activity after formulation,
resulting in strong inhibition of E. coli growth in kinetic assays. Conclusions: mAlg-Cs nanoparticles
provide an efficient platform for encapsulating vB_Eco_K-02 while preserving phage infectivity and
enabling effective antibacterial activity. This nanosystem represents a promising strategy to enhance
phage delivery for the treatment of bacterial infection.

Keywords: bacteriophage; alginate-chitosan nanoparticles; polyelectrolyte complexation

1. Introduction

One of the most relevant global health treats is infection caused by multidrug-resistant (MDR)
bacteria. The emergence and spread of MDR strains have been driven largely by the prolonged
misuse and overuse of antibiotics [1]. Patients with chronic pulmonary diseases, such as pneumonia,
chronic obstructive pulmonary disease (COPD), bronchiectasis and cystic fibrosis (CF), represent
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major risk groups, as they frequently experience recurrent bacterial infections over short time
intervals [2]. In these patients, eradication is particularly challenging because bacteria can deploy
multiple resistance mechanisms, including reduced drug uptake, active efflux, enzymatic drug
inactivation, and biofilm formation. Consequently, there is an urgent need to develop therapeutic
strategies that can more effectively control bacterial infections.

In this context, bacteriophages therapy (phage therapy) has re-emerged as a promising
alternative to, or adjunct to, conventional antibiotic treatment. In contrast to broad-spectrum
antibiotics, phages show high host specificity and infect and lyse targeted bacterial strains [3]. A key
advantage of this approach is its potential to eliminate pathogenic bacteria while largely preserving
the patient’s microbiota. However, phage therapy remains constrained by several biological and
technological challenges. For example, phages are highly sensitive to environmental and
physiological stressors, including temperature changes, pH extremes, enzymatic degradation, and
host immune clearance, which can reduce therapeutic activity after administration [4,5]. As result,
direct administration of free phages often leads to limited dose control, poor biodistribution, and
insufficient residence time at the infection site.

Applied nanotechnology offers practical ways to address these limitations through the design
of nanoparticle-based delivery systems. Properly engineered nanoparticles can improve phage
stability, reduce inactivation, protect against environmental stressors, and enable localized,
controlled release at target sites [6,7]. Among the biomaterials used to fabricate phage encapsulating
nanoparticles, polysaccharides, particularly alginate and chitosan, are widely used due to their
stability, biodegradability, biocompatibility, and low toxicity, which are critical for medical
applications. Alginate is a naturally occurring anionic polysaccharide that readily form hydrogels in
the presence of divalent cations, enabling efficient phage encapsulation while maintaining phage
viability. In contrast, chitosan is a cationic polysaccharide derived from chitin that exhibits
biocompatibility, biodegradability, intrinsic antimicrobial activity, and mucoadhesive properties,
which can enhance localized delivery through interactions with biological tissues and mucus layers.
Accordingly, alginate-chitosan-based matrices have been widely explored as versatile platforms for
encapsulating therapeutic drugs, photosensitive agents, bioactive compounds, essential oils, and
bacteriophages. For example, multifunctional alginate-chitosan nanosystems have been designed to
co-encapsulate doxorubicin and indocyanine green (ICG) for combined chemo- and phototherapy
applications [8]. Chitosan-alginate composites encapsulating thyme and garlic essential oils have
shown enhanced bactericidal performance against foodborne pathogens [9]. Moreover, alginate-
chitosan nanoparticles loaded with quercetin have demonstrated high encapsulation efficiency and
improved antibacterial activity against S. aureus and E. coli [10]. In the context of cystic fibrosis
pulmonary infections, alginate-chitosan nanoparticles have also been investigated as drug delivery
systems capable of improving interaction with thickened mucus and enabling controlled release of
therapeutics such as tobramycin, rifampicin, and ciprofloxacin [11,12]. Due to their biocompatibility
and protective capacity, these systems have also been explored as encapsulation matrices that
preserve phage infectivity during storage and transport while enabling release under relevant
physiological conditions. Importantly, such formulations can enhance phage resistance to harsh
environments and improve therapeutic performance, thereby broadening the range of feasible ad-
ministration routes [6,13,14].

In this study, a polysaccharide-based nanosystem composed of hydrophobically modified
alginate (mAlg) and chitosan was synthesized. Encapsulation of vB_Eco_K-02 within alginate-
chitosan particles was achieved by polyelectrolyte complexation. The formulation was optimized by
adjusting the pH of the alginate and chitosan solutions and the biopolymer mass ratio. The resulting
nanoparticles were characterized by dynamic light scattering (DLS), zeta potential (CP)
measurements, and atomic force microscopy (AFM). Using the double-layer agar assay, mAlg-Cs
nanoparticles showed high phage encapsulation efficiency (99%) and maintained a strongly negative
surface charge consistent with colloidal stability (CP = -42 mV). The antibacterial activity of phage-
loaded mAlg-Cs NPs against an Escherichia coli strain isolated from cystic fibrosis patient was
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evaluated under different pH conditions (3.0, 7.4, 11.0) and incubation temperatures (37, 40, and 50
°C). Interestingly, under alkaline conditions (pH 11.0) at 37 °C, the mAlg-Cs NPs formulation
markedly suppressed bacterial growth kinetics, supporting its potential as phage delivery platform
for antibacterial therapy.

2. Materials and Methods

Sodium alginate (Alg, average molecular weight 26 kDa, M/G ratio 1.56), chitosan (Cs, low
average molecular weight 120 kDa, 79% degree of deacetylation), 1-Decanol, sodium hydroxide, N,N-
Dimethylformamide (DMF), Luria-Bertani (LB) broth all where from Sigma Aldrich. Agar-agar was
from MCD LAB. Hydrochloric acid was from J.T. Baker. Spectra/Pro 1 dialysis Tubing, 6-8 kD
MWCO, 23 mm flat width, 14.6mm diameter.

2.1. Modified-Alginate (mAlg)

Sodium alginate was esterified with 1-decanol via Fisher esterification under mildly acid
conditions (pH 4.0, adjusted with 1M HCI), following the procedure reported by Broderick, et al. [15],
with slight modifications. The reaction was carried out for 72 h at room temperature under constant
magnetic stirring. The product was purified by dialysis, freeze-dried, and stored at room
temperature. Successful esterification was confirmed by FTIR-ATR spectroscopy.

2.2. Bacteria and Bacteriophage Strains

Escherichia coli strains were obtained from the “Centro Regional de Control de Enfermedades
Infecciosas” (CRCEI), School of Medicine, Universidad Autéonoma de Nuevo Leén (UANL). These
isolates were recovered from cystic fibrosis (CF) patients and had been previously characterized.
Bacteriophage vB_Eco_K-02, previously characterized [16], was also provided by CRCEI and was
isolated from the wastewater collected at the Hospital Universitario “Dr. José Eleuterio Gonzalez”
(School of Medicine, UANL).

2.3. Synthesis of mAlg-Cs Nanoparticles (mAlg-Cs NPs)

Nanoparticles were prepared by electrostatic complexation between the two polysaccharides,
assisted by ultrasonication. Briefly, a chitosan solution (0.2%, pH 5.0) was added dropwise into an
aqueous mAlg solution (5 mL, 0.2% pH 4.5) under sonication using a probe sonicator (Q500 Sonicator,
QSonica, Newtown, CT, USA) operated at 20% amplitude for 5 min. The amount of mAlg was kept
constant across all formulations, while the volume of chitosan solution was varied to obtain mAlg:Cs
mass ratios of 1:0.455, 1:0.500, 1:0.555, 1:0.625 and 1:0.710. After sonication, the colloidal suspensions
were centrifuged at 7607 xg for 30 min at 15 °C. The supernatant was discarded and the nanoparticles
were resuspended in sterile water for further characterization.

2.4. Preparation of vB_Eco_K-02-Loaded Nanoparticles (mAlg-Cs-Phg)

Phage-loaded nanoparticles were prepared using the same protocol. Briefly, a vB_Eco_K-02
aliquot (~10¢ plaque-forming units per milliliter, PFU/mL) was first mixed with the chitosan solution
and then added dropwise to the mAlg solution under ultrasonication. After centrifugation, the
supernatant was collected to quantify the encapsulation efficiency (%EE) and the nanoparticles were
resuspended in sterile water for subsequent characterization.

2.5. Encapsulation Efficiency

Encapsulation efficiency (EE) was calculated from the difference between the initial phage titer
(Protar) and free vB_Eco_K-02 phage titer in the supernatant (P, ), determined by the double-layer
agar method. EE was calculated as:

PTotal - PFree

%EE = x100

Total
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2.6. Antibacterial Activity

To assess the stability and the antibacterial activity of mAlg-Cs-Phg, they were exposed to
different temperature conditions (37, 40, and 50 °C) and pH values (3 and 11). Samples were
incubated for 48 h in a ThermoMixer C (300 rpm). Aliquots were collected after 24 h and analyzed by
the double-layer agar method (drop) assay to evaluate phage-mediated bacterial lysis. vB_Eco_K-02
phage-positive suspensions were further tested in vitro by monitoring bacterial growth kinetics. For
the growth inhibition assay, samples of LB broth (control), vB_Eco_K-02 suspension (1:100 dilution),
mAlg-Cs nanoparticles, and mAlg-Cs-Phg nanoparticles were loaded in a 96-well microplate. An E.
coli inoculum (OD =0.1) was added to each well. Plates were incubated at 37 °C in a microplate reader
(Multitskan sky, Thermoscientific), and ODsw was recorded every 30 minutes for 12 hours.
Experiments were performed in triplicate.

2.7. FTIR-ATR Spectroscopy

FTIR-ATR spectra were acquired using a PerkinElmer spectrophotometer (Connecticut, USA),
over the range 4000 to 400 cm! at a resolution of 2 cm.

2.8. Particle Size and Zeta Potential

Hydrodynamic diameter and zeta potential were measured by dynamic light scattering (DLS)
and electrophoretic light scattering using a Zeta Nano ZS (Malvern instruments), equipped with a
633 nm He-Ne laser (4mW). Measurements were performed in triplicate at 25 °C. Results are reported
as mean + standard deviation (n = 3); the number of sub-runs per measurement was set automatically
by the instrument.

2.9. Nanoparticle Morphology

Nanoparticle morphology was examined by atomic force microscopy (AFM) using a JSPM-4210
instrument (JEOL) with a Mikromasch HQ:NSC15/Al BS cantilever with a nomina spring constant 40
N/m and a resonance frequency around 325 kHz. Images were obtained in non-contact mode. An
aliquot of the nanoparticle suspension was deposited onto freshly cleaved mica. After 1-minute,
excess liquid was removed with adsorbed paper, and the sample was allowed to air-dry prior to
imaging.

3. Results
3.1. Chemical Modification of Alginate

The FTIR-ATR spectra of native alginate and modified alginate (mAlg) are shown in Figure 1.
Both spectra show a broad -OH stretching band around 3500-3000 cm region, characteristic
asymmetric and symmetric stretching vibrations of the carboxylate group --COO- at 1595 and 1407
cm?, respectively, and C-O-C stretching vibrations in the 1100-1000 cm™ region. Notably, an
additional peak at 1733 cm, assigned to the ester carbonyl (-C=0O) stretching vibration, appears only
in mAlg spectrum. These results confirm successful esterification of alginate and indicate the covalent
incorporation of 1-decanol moieties via ester bond.

3.2. Hydrodynamic Size and Zeta Potential of mAlg-Cs Nanoparticles

Modified alginate-chitosan nanoparticles (mAlg-Cs Np) were synthesized by electrostatic
complexation at different mAlg:Cs mass ratios. Table 1 summarizes the average hydrodynamic
diameter (D), polydispersity index and zeta potential (CP) for the formulations (1:0.455, 1:0.500,
1:0.550, 1:0.625, and 1:0.710). As the chitosan fraction increased from 1:0.455 to 1:0.625, the particle
size progressively decreased from 749 nm to 631 nm and the PDI narrowed from 0.351 to 0.295,
indicating improved colloidal uniformity. Within this range, CP remained essentially constant (ca. -
41 to -42 mV), suggesting that particle surface composition is dominated by anionic mAlg. At the
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highest chitosan content (1:0.710), both the hydrodynamic size (651 nm) and CP (-38 mV) shifted,
consistent with partial enrichment of chitosan in the outer shell, which slightly alter the surface
composition.
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Figure 1. FTIR-ATR spectra of native Alg (blue) and mAlg (green).

Table 1. Dy, PDI, and (P of mAlg:Cs particles prepared at different biopolymers mass ratios. Values are mean +
SD (n =5).

mAlg:Cs DH (nm) PDI CP (mV)
1:0.455 749 +8 0.351 42+1
1:0.500 690 +18 0.310 -41+2
1:0.550 649 +9 0.304 42+1
1:0.625 631+8 0.295 -42+0.5
1:0.710 651 +23 0.300 -38+1

AFM images (Figure 2) showed that mAlg-Cs particles prepared at ratios up to 1:0.625 showed
predominantly regular ovoid morphologies, whereas the 1:0.710 formulation showed irregular
particles shapes. Considering the size, (P, and morphology, the 1:0.625 mAlg:Cs formulation was
selected as the optimal polymeric matrix for phage loading.

3.3. Bacteriophage-Loaded mAlg-Cs Nanoparticles

The 1:0.625 mAlg-Cs formulation showed a high capacity for encapsulating the vB_Eco_K-02.
The physicochemical properties of unloaded and phage-loaded particles (mAlg-Cs-Phg) are
summarized in Table 2. Interestingly, phage-loading reduces the Du of nanoparticles from 631 nm to
538 nm. Meanwhile, the (P remained essentially unchanged at approximately -42 mV. AFM analysis
supported this trend, with the apparent ovoid dimension decreasing from approximately 180 x 300
nm (unloaded particle) to 140 x 220 nm (mAlg-Cs-Phg particle) (Figure 3). Collectively, these results
suggest that virions may act as templates, promoting Cs adsorption onto the phage surface prior to
complexation with mAlg, thereby yielding a more ordered assembly and smaller particles.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. AFM micrographs of mAlg-Cs particles at mAlg:Cs ratios a) 1:0.455, b) 1:0.500, ¢)1:0.550, d) 1:0.625, and
e) 1:0.710.

Table 2. Comparation of Du, PDI, (P, polydispersity index and zeta potential for unloaded and phage loaded
mAlg-Cs particles (mAlg:Cs = 1:0.625). Values are mean + SD (n = 5).

Sample DH (nm) PDI CP (mV)
mAlg-Cs 1:0.625 6318 0.295 -42+05
mAlg-Cs-Phg 1:0.625 538 +8 0.279 -42+05

100nm 100nm
— =

Figure 3. AFM micrographs of a) mAlg-Cs particles and b) mAlg-Cs-Phg particles.

3.4. Encapsulation Efficiency

Encapsulation efficiency was estimated indirectly by quantifying free vB_Eco_K-02 in the
supernatant recovered after centrifugation of the mAlg-Cs-Phg NPs suspension. The supernatant
titer was compared with the initial phage input (~10¢ PFU/mL). The double-layer agar assay showed
~10° PFU/mL in the supernatant, corresponding to an encapsulation efficiency of approximately 99%
(Figure 4). These results demonstrate that mAlg-Cs matrix is highly effective for phage loading.

3.5. Antibacterial Activity Phage-Loaded mAlg-Cs Nasnoparticles

After formulation, the lytic activity of mAlg-Cs-Phg particles was evaluated against E. coli
isolated from CF patients. As an initial assessment, freshly prepared mAlg-Cs-Phg suspensions (pH
5.5) were tested at room temperature. However, no plaques or lysis zones were observed by the
double-layer agar assay (data not shown). This suggests that phages were strongly retained within
the mAlg-Cs matrix under these conditions, limiting their immediate release.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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PFU/mL

Titer Phage Phage in supernatant

Figure 4. Encapsulation efficiency and lytic activity of free phage before and after encapsulation in mAlg-Cs
nanoparticles. a) Phage titer comparison between the initial phage concentration (~10° PFU/mL) and free phages
collected in the supernatant (~10° PFU/mL), yielding approximately 99% encapsulation efficiency. b)
Representative agar plates showing lysis after serial dilution (10° - 101%). For plating, 100 uL of diluted samples
were mixed with soft LB agar and poured onto solid LB agar, followed by incubation at 37 °C for 18 hrs. PFU/mL

was calculated from plaque counts using plated volume and dilution factor.

Therefore, additional experiments were performed to study the influence of pH and temperature
on phage release and lytic activity. Under alkaline conditions (pH 11.0), mAlg-Cs-Phg particles
exhibited detectable lytic activity after 24 h of incubation at 37 °C and 40 °C (Figure 5), whereas no
antibacterial activity was observed at 50 °C or acidic pH (pH 3.0). These results define a functional
stability window for encapsulated phages and indicate that extreme acidity or elevated temperature
compromises the viral activity.

Figure 5. Representative agar plates showing antibacterial activity of phage-loaded particles under different pH
and temperature conditions. Clear lysis zones (yellow arrows) were observed after incubation at 37 °C and 40
°C at pH 11.0, where no lysis was detected at 50 °C or at pH 3.0.

Based on these results, the condition that yielded lytic activity (37 °C and pH 11) was selected to
evaluate bacterial growth kinetics. Four treatments were tested in a 96-well microplate: LB broth
(control), free vB_Eco_K-02 phage, mAlg-Cs NPs and mAlg-Cs-Phg NPs. E. coli was added to each
well (initial OD = 0.1), and growth was monitored at 37 °C by measuring ODsoo every 30 min for 12 h
(Figure 6). In the absence of phage, E. coli shows a lag phase (0 — 3 h), followed by exponential growth
(3 = 7 h) and reaching the stationary phase. Unloaded mAlg-Cs NPs slightly altered the growth
profile, shortening the exponential phase. In contrast, both free vB_Eco_K-02 and mAlg-Cs-Phg NPs
fully suppressed measurable growth over the experimental time assay, indicating that phages
retained lytic activity after encapsulation and could effectively inhibit proliferation under the tested
conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. E. coli growth kinetics monitored by ODew over 12 h at 37 °C. Treatments included LB broth (positive
control), free phage (~10°PFU/mL; negative growth control), unloaded mAlg-Cs NPs (pH 11), and phage loaded
mAlg-Cs NPs (pH 11). Initial bacterial density: ODsoo = 0.1 (~1x108 CFU). No detectable growth was observed in

the presence of free phage of mAlg-Cs-Phg NPs, confirming preserved antibacterial activity after encapsulation.

4. Discussion

Alginate esterification was successfully achieved through covalent attachment of 1-decanol.
FTIR spectra confirmed the modification by comparison of the characteristic bands of pristine
alginate and modified alginate (mAlg). In particular, the mAlg spectrum showed a new peak near
1700 cm™, attributable to ester carbonyl (-C=O) stretching, consistent with the formation of ester
linkages between -OH group of 1-decanol and -COOH groups on the alginate backbone [17].
Introducing hydrophobic alkyl chains is expected to alter alginate physicochemical properties
(solubility and gelation behavior), which can facilitate nanoparticle formation[18] and improve
encapsulation of peptides, proteins, and other bioactive compounds, thereby broadening drug-
delivery applications of this natural polysaccharides [19,20].

In aqueous media, alginate and chitosan carry opposite charges due to their ionizable functional
groups, enabling the formation of polyelectrolyte complexes through electrostatic interaction.
Accordingly, chemical modification of alginate can influence its complexation with chitosan (Cs) and
promote the formation of stable nanoparticles [21,22]. Moreover, alginate-chitosan systems have been
widely explored as carrier matrices for drugs, proteins, and biological agents such as bacteriophages.
Bacteriophages are viruses that specifically infect prokaryotic cells and represent a promising
alternative for treating infections caused by MDR bacteria [23].

Based on these considerations, mAlg:Cs NPs were engineered as phage-loading and delivery
platform. The nanoparticles were produced by electrostatic complexation at different biopolymers
mass ratios, with ultrasonication assisting assembly and reducing aggregation. Based on DLS, (P,
and AFM results, the 1:0.625 mAlg:Cs formulation generated particles with the most favorable size
distribution and morphology. Considering the approximate size of vB_Eco_K-02 (160 nm [16]), the
nanoparticle dimensions suggest that multiple virions could be accommodated within nanoparticle.
In addition, the strongly negative (P (-42 mV) is consistent with the good colloidal stability of the
suspension [24,25].

Notably, relative to unloaded mAlg:Cs NPs, vB_Eco_K-02-loaded NPs exhibited a reduced
hydrodynamic diameter (from 630 nm to 537 nm). This decrease suggests that virions may act as
nanoscale scaffolds that promotes chitosan adsorption onto the phage surface, followed by the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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deposition of mAlg onto the Cs -coated phage, yielding a more compact and organized nanostructure
as compared to the unloaded particles.

The mAlg:Cs matrix showed excellent phage loading performance, as evidenced by the high
encapsulation efficiency (EE ~99%). Since the recovered supernatant contained ~10° PFU/mL, the vast
majority of phages from the initial titer (~10¢ PFU/mL) were effectively incorporated into the mAlg:Cs
NPs. This high EE suggests strong interactions between positively charged chitosan chains and
negatively charged regions on the phage surface. This suggests that preformed phage-Cs complexes
may serve as templates for the subsequent ionic adsorption of mAlg. Moreover, hydrophobic
interaction between the alkyl chains of mAlg may further drive the formation of a compact
polyanionic shell around the preformed phage-Cs cores. In addition, hydrophobic modification with
1-decanol may influence mAlg chain conformation and interpolymer packing, favoring adsorption
onto the phage-Cs complex, increasing structural compactness, and decreasing network
permeability. Together, these effects could reduce premature phage release. the structural
compactness and decreasing the permeability of the polymeric network, thereby reducing phage
release. Comparable EE values have been reported for related polysaccharide-based systems in which
polyelectrolyte complexation provides a favorable microenvironment for viral or proteinaceous
cargo [13,26,27]. Furthermore, the mild aqueous processing conditions and absence of organic
solvents has contributed to preserving phage viability during formulation [7,26]. Overall, the 99% EE
observed here highlights the effectiveness of the alginate—chitosan matrix as both a protective barrier
and potential controlled-release carrier for bacteriophages.

Given the high EE, it is expected to be strong antibacterial activity under standard culture
conditions. However, when tested against E. coli strain isolated from cystic fibrosis patients at 37 °C
and 7.4 pH, the nanosystem showed limited activity, consistent with negligible lytic activity detected
in the double-layer agar assay. Two hypotheses could explain this behavior: (i) partial loss of phage
infectivity due to ultrasonication, or (ii) an excessively strong retention of phages within the
polymeric matrix that prevented their release into the medium. The first scenario is hardly probably
because the recovered supernatant exhibited clear lytic activity, indicating that ultrasonication was
sufficiently gentle to preserve virion infectivity. Therefore, the hypothesis of a strong entrapment
within the polymeric network is the most plausible explanation.

To address this limitation, additional experiments were performed to identify incubation
conditions (temperature and pH) that promote phage release from mAlg:Cs matrix. Interestingly,
phage-loaded nanoparticles showed detectable lytic activity under alkaline conditions (pH 11.0) at
37 °C and 40 °C, further supporting that ultrasonication did not compromise phage activity. In
contrast, no lysis was observed under the other tested conditions (50 °C and pH 11.0; 37, 40 and 50
°C at pH 7.4 or 3.0), consistent with the thermal sensitivity and reduced stability of many phages at
elevated temperature and under acidic conditions [16]. Collectively, these findings indicate that
encapsulation preserves infectivity and may provide moderate protection against environmental
stressors, potentially extending usability across relevant storage and handling conditions.

The doble-layer agar-based results were corroborated by growth kinetics (ODsg) over 12 h.
Under the selected condition (37 °C, pH 11.0), mAlg-Cs-Phg NPs strongly inhibited E. coli growth
throughout the incubation period. In contrast, unloaded nanoparticles (mAlg-Cs NPs) produced a
modest effect, mainly shortening the exponential growth phase. These results indicate that
antibacterial activity is driven by encapsulated phage rather than the biopolymeric matrix. Sustained
growth suppression is also consistent with time-dependent release of active phages from the
nanoparticle system, maintaining inhibitory action during the assay.

Overall, these results demonstrate the potential of mAlg-Cs-Phg NDPs as a delivery platform for
bacteriophages, providing protection against environmental stress and enabling sustained
antibacterial activity. Prior studies have reported phage encapsulation and bactericidal effects using
polysaccharide-based carriers, although polymer architectures and length scales differ from the
present formulation [13,26,28-30]. For instance, Abdelsattar et al. encapsulated phages in an alginate
matrix coated with chitosan, reporting improved protection in acidic conditions and reduced
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bacterial viability under simulated intestinal conditions. That system used microscale beads with
relatively large pores, whereas nanoscale carriers typically exhibit tighter polymer networks that can
enable more controlled release. Similarly, Kaur et al. reported alginate-Cs nanoparticles for endolysin
delivery, achieving controlled release and enhanced antibacterial activity. In this context, the
nanosystem developed here combines efficient vB_Eco_K_02 encapsulation, partial protection under
harsh conditions, and sustained antibacterial effects. Nevertheless, further studies are required to
fully validate performance, including quantitative phage release profiling, evaluation of phage
stability over time, and determination of multiplicity of infection, which are critical to link release
kinetics with antibacterial efficacy.

5. Conclusions

Polysaccharide-based nanoparticles composed of hydrophobically modified alginate and
chitosan were developed as a cargo matrix for bacteriophage vB_Eco_K_02. Among the formulations
prepared by varying pH of the mAlg and Cs solutions and the polymer mass ratio, the 1:0.625 mAlg-
Cs formulation yielded nanoparticles with the most favorable physicochemical properties, including
narrowed size distribution, high colloidal stability, and regular morphology. Importantly, phage-
loaded mAlg-Cs NPs achieved a high encapsulation efficiency (99%) and preserved vB_Eco_K_02
lytic activity after formulation, resulting in strong inhibition of E. coli growth in kinetic assays.
Interestingly, the mAlg—-Cs—Phg system exhibited enhanced antibacterial activity at pH 11 and 37 °C.
While these conditions deviate from physiological pH, they are clinically relevant in specific medical
scenarios, most notably in endodontic therapy. During root canal treatments, calcium hydroxide is
the gold standard medication, creating a highly alkaline environment (pH 11-12.5) to eliminate
persistent pathogens. The superior performance of our phage-loaded nanoparticles under these
conditions suggests they could serve as a potent adjunct to intracanal disinfection, overcoming the
alkalinity that often inactivates conventional biological agents. Furthermore, such alkaline resilience
is valuable for treating chronic infected wounds, where the formation of bacterial biofilms can shift
the local microenvironment toward alkaline values (pH 8.5-10.5). Therefore, the m Alg—Cs matrix not
only stabilizes the bacteriophages but also potentially potentiates their lytic activity in alkaline
clinical niches where antibiotic efficacy is often compromised. Overall, mAlg-Cs nanoparticles
provide an efficient platform for vB_Eco_K_02 encapsulation, maintaining phage infectivity and
enabling effective antibacterial activity. This nanosystem represents a promising strategy to enhance
phage delivery for the treatment of bacterial infection.
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