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Abstract

The frequent rise of antibiotic-resistant bacteria is due to the increasing use of antibiotics in the healthcare system. Probiotics
could offer a potential alternative, although their efficacy tends to be diminished in the presence of antibiotics, rendering
co-fortification an impractical solution. Stand-alone probiotics cannot completely counteract the effects of antibiotics and
often die off in the stomach due to the lower acidic pH. Similarly, antibiotics significantly reduce the action of probiotics;
as a result, their therapeutic potential is diminished. Based on the biofilm protection characteristic, chitosan and alginate
nanogel are used to encapsulate probiotics with temporary protection against antibiotics, enabling the simultaneous delivery
of probiotics and antibiotics. This study involved encapsulation of the probiotic within chitosan-coated alginate nanoparti-
cles (Cs-Alg+ProB NPs), which were made using the ionic gelation technique. The physicochemical characteristics, probiotic
release profile across varying pH levels, swelling properties, coincubation of probiotics with antibiotics, and in vitro toxicity
evaluation of the produced nanocomplex were examined. The hydrodynamic size of nanoparticles increased from 295.3+7.13
nm to 328.7+13.07 nm after probiotic encapsulation, confirming successful loading, as supported by zeta potential changes.
Enhanced probiotic release and swelling were observed under acidic pH. The Korsmeyer-Peppas model indicated Fickian dif-
fusion as the release mechanism. Coincubation with amoxicillin demonstrated that encapsulation protects probiotics, a finding
that can be extended to provide therapeutic benefits against MDR bacteria to protect public health.
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Introduction

Due to the selective pressure that prolonged and extensive use of antibiotics has placed on
microbial populations, bacteria and fungi have developed resistance mechanisms against
multiple drugs, a phenomenon known as multidrug resistance (MDR) (1, 2). Owing in
large part to the extensive and frequently uncontrolled use of antibiotics in human med-
icine, veterinary care, aquaculture, and agriculture, antibiotic resistance has emerged as a
serious global health concern (3, 4). Antimicrobial-resistant bacteria have emerged and
spread more quickly as a result, making common infections harder to treat. Public health
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otics makes it more difficult to control infections, which raises the risk of serious or fatal
consequences, increases morbidity, and speeds up transmission (5, 6). Bacterial resistance
to currently available treatment strategies has made it difficult to treat against pathogens,
including Pseudomonas aeruginosa and multidrug-resistant Enterobacteriaceae, as most
of the antibiotics are no longer effective. The WHO has listed antibiotic resistance as one
of the top 10 global public health threats, underscoring its severe challenges to public
health. As this crisis continues to escalate, the importance of novel approaches to combat
resistance and preserve established antimicrobial treatments is heightened (7, 8). To con-
tain another wave of resistance, these spreading epidemics underscore the urgent neces-
sity to use antibiotics wisely and invest in alternative approaches to treatment as well as
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scientific discovery to understand and overcome them (9, 10). Antibiotic resistance has
been labelled as “the silent tsunami of modern medicine” (11). Resistance is a result of
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selection. In a population of parasites, there can be genetic het-
erogeneity, including mutations that are beneficial to the mi-
crobe's survival under antimicrobial exposure. Resistance to
the antibiotics may be the organism's intrinsic functional abil-
ity (12). Vancomycin is largely ineffective against Gram-nega-
tive bacteria because it cannot penetrate the outer membrane.
Klebsiella sp. has an intrinsic resistance to ampicillin due to be-
ta-lactamase synthesis. Pseudomonas aeruginosa is inherently
insensitive to tetracycline, trimethoprim, sulphonamides, and
chloramphenicol. Resistance can also develop extrinsically via
the development of mutations. These mutations occur as a sur-
vival mechanism in response to antibiotics. The widespread use
of antibiotics results in an increase in resistant strains, contrib-
uting to antimicrobial resistance (13).

Mutations occurring at the chromosomal level may lead to
greater expression of antibiotic-inactivating enzymes (14). Re-
sistance genes can be transferred from one bacterial species/
genus to another via horizontal gene transfer techniques such
as transformation, transduction, and conjugation. Mobile ge-
netic elements carrying one or more resistance factors can in-
clude plasmids, like the well-known resistance plasmid 1 or R1
plasmid found in Gram-negative bacteria (GNB), along with
transposons (for example, Tn5053) and integrons (such as the
Verona integron-encoded metallo-beta-lactamase identified
in GNB) (15, 16). In the case of GNB, particularly within the
Enterobacteriaceae family, evidence indicates that resistance
genes, along with associated insertion sequences, are frequently
clustered within extensive multiresistance regions (MRRs) on
plasmids (17). The Centers for Disease Control and Prevention
(CDC) stated that annually, more than 2 million individuals in
the USA suffer from infections caused by antimicrobial-resis-
tant pathogens, leading to over 23,000 fatalities (18). Globally,
around 700,000 deaths each year are attributed to antimicrobial
resistance, and projections suggest this number could rise to 10
million annually by 2050 (19-21).

Probiotics have been introduced as an effective solution to
this problem. It has been successfully used for treating fatal in-
fections and also used in situations where antibiotics have been
rendered useless (22). Probiotics are essentially live, weak-
ened microbes that provide health benefits if administered in
appropriate quantities. They have come up with an impactful
solution to the problem of antibiotic-resistant bacteria (ABR).
Certain probiotics can inhibit pathogenic microorganisms by
producing antimicrobial compounds and organic acids (23,
24). The co-administration of probiotics with conventionally
used antibiotics has shown potential against ABR and other
complex infections. Probiotics are essentially bacteria; they
are very vulnerable to antibiotics and cannot coexist when ad-
ministered together (25). Transformation of probiotic strains
using recombinant plasmids carrying antibiotic-resistant genes
is a common but inefficient approach that leads to the develop-
ment of permanently resistant strains. This may cause threats
of pathogenicity and proclivity to transfer resistance genes to
other bacteria (26, 27).

An alternative strategy to overcome this issue is the encapsu-

lation or covering of probiotics to enhance their therapeutic ef-
ficacy in the presence of antibiotics. This encapsulation protects
probiotics against antibiotics without the need for genetically
modified organisms (28). While several encapsulation technol-
ogies have been developed to enhance probiotic survival, there
are still key limitations that remain unresolved. Conventional
encapsulation approaches often provide only partial protection
in the harsh gastrointestinal environment, resulting in low vi-
ability of probiotics at the site of infection. While certain anti-
biotic-resistant infections may survive after treatment using a
conventional antibiotic, we predict that the co-administration
of encapsulated probiotics and conventional antibiotics has
the potential to control drug-resistant pathogens and also en-
hance therapeutic efficacy. Encapsulation of probiotics secures
their vitality along with easing the delivery mechanism to the
target location (29). Vega-Carranza et al. Bacillus licheniform-
is entrapped in an alginate microparticle by the ionic gelation
method, which resulted in a significant increment in bacterial
stability (30). Their findings demonstrated that this encapsu-
lation method enhanced not only probiotic survival under
stressful conditions but also a more targeted release in the
mock shrimp gastrointestinal tract. The encapsulated probiot-
ics exhibited high encapsulation efficiency (~99.9%) and main-
tained better stability during storage compared to free bacteria.
Importantly, survival studies revealed that alginate microparti-
cles provided a protective effect, allowing approximately 51%
of viable probiotics to reach the shrimp intestine, in contrast to
only 27% viability observed with free bacteria (30). Yuan et al.
demonstrated that alginate hydrogel-encapsulated Bifidobac-
terium breve exhibited superior protection against simulated
gastric fluid and tetracycline exposure, conditions under which
unencapsulated bacteria failed to survive (31). Notably, this en-
capsulation strategy not only preserved probiotic viability but
also enabled a synergistic effect with tetracycline, leading to the
eradication of tetracycline-resistant Escherichia coli adhering
to intestinal epithelial layers while maintaining epithelial bar-
rier integrity. In comparison, other nanomaterial-based shells,
such as SiO, yolk-shells or ZIF-8 mineralization, offered less
protection or caused detrimental effects on bacterial cell walls.
These findings highlight the potential of nanomaterial-based
encapsulation, particularly alginate hydrogels, in safeguarding
probiotics through gastrointestinal transit and enhancing their
functional efficacy in combating pathogenic infections (31).
Our encapsulation strategy is based on alginate and chi-
tosan because biopolymers are a better choice for developing
nano-delivery systems to obtain biodegradability, biocompat-
ibility, hydrophilic, and protective nature (32, 33). Polyionic
hydrogel formation from biodegradable cationic and anionic
biopolymers is the most favorable method for drug entrap-
ment, drug solubility, and drug delivery in a controlled manner
(34, 35). Two natural biopolymers, chitosan and alginate, have
received huge attention in the pharmaceutical industries for
the nanoformulation of life-saving drugs to increase the drug's
half-life and bioavailability and protect the drug from enzymat-
ic degradation. Mixed polymer nanogels have proved to sol-

56 | VOLUME 10 ISSUE 2 | APRIL 2026



ubilize both hydrophilic and hydrophobic drugs readily (36).
Alginates are nonimmunogenic, non-toxic, biodegradable,
mucoadhesive, hemocompatible polymers that form hydrogels
under mild conditions, ensuring high probiotic viability during
encapsulation (37). Alginate is mostly used in wound dressing,
tissue, and bone engineering, artificial scaffolding for the fab-
rication of cells and tissues, and cellular drug delivery (38).
However, alginate beads alone can be porous and susceptible
to premature release or degradation in acidic gastric environ-
ments. Coating with chitosan enhances the structural integrity
of the hydrogel, reduces porosity, and provides an additional
protective barrier against harsh gastrointestinal conditions.
Chitosan's polycationic nature promotes strong electrostatic
interactions with negatively charged alginate, improving me-
chanical stability and modulating the release profile. Chitosan
has its own bioactive properties that promote the adhesion
and colonization of probiotics on the intestinal mucosa (39).
Chitosan has been used to coat alginate in order to enhance
the shelf life, half-life in the circulation, and bioavailability due
to the positive charge on the surface of nanoparticles (40, 41).
The alginate-chitosan system utilizes the high encapsulation
efficiency and biocompatibility of alginate, and the protective,
mucoadhesive, and stabilizing properties of chitosan, leading
to better probiotic delivery and therapeutic efficacy than either
polymer alone (32).

The present study is directly aimed at filling this gap and is
using as well as developing a protective carrier system-Chi-
tosan-alginate nanoparticles. What was new about our meth-
od was the use of alginate and the complementary properties of
alginate with chitosan. Not only does this dual-polymer nano-
carrier bolster probiotic survival during gastric transit and
colonization upon reaching the infection site, but it also serves
as an alternative therapeutic mechanism against the resistant
bacteria. This method enables the simultaneous oral admin-
istration of probiotics and antibiotics (amoxicillin) to achieve
a higher therapeutic outcome. Amoxicillin was chosen for this
study because it is the most widely prescribed broad-spectrum
B-lactam antibiotic, used for gastrointestinal and respiratory
infections. Furthermore, the widespread use of this antibiotic
in humans has resulted in the emergence of resistant bacterial
strains, making it a clinically relevant model drug for the study
of probiotic-antibiotic interactions. Further research has also
been implemented to provide evidence of physical interac-
tions of antibiotics and gut microbiota, and examples such as
amoxicillin, which severely disrupt gut microbiota, emphasize
the need to develop approaches like co-delivering probiotics to
alleviate the side effects of antibiotics. In light of the importance
of this advancement and the available emerging nano-enabled
delivery systems, we evaluated the potential of the composite
chitosan-alginate nanoparticles (Cs-Alg NPs) for probiotic en-
capsulation.

2. Materials and methods
2.1. Materials
Sodium alginate (molecular weight =200-400 kDa), chitosan

(molecular weight =150-300 kDa), Lactobacillus De Man, Ro-
gosa, and Sharpe (MRS) broth, Lactobacillus MRS agar, Luria
broth (LB), Muller Hinton Agar (MHA), Alamar blue, and
amoxicillin were obtained from Himedia. Calcium chloride,
sodium hydroxide (NaOH), and acetic acid were purchased
from Rankem, India. Probiotics (containing Lactobacillus aci-
dophilus, Lactobacillus plantarum, Lactobacillus casei, and Lac-
tobacillus rhamnosus) were commercially purchased from Eris
Life Science Pvt Ltd., India.

2.2. Synthesis of probiotic-loaded mixed polymer nanopar-
ticles

Chitosan-alginate nanoparticles (Cs-Alg NPs) were synthe-
sized using a standard protocol with modifications (33). At first,
6 mM sodium alginate (Alg) was dissolved in 10 mL of distilled
water, and its pH was adjusted to 5.5. Then 0.01g/mL of chi-
tosan (Cs) was dissolved in 10 mL of 0.1% acetic acid, and its
pH was adjusted to 5.4 using sodium hydroxide. A 30mM cal-
cium chloride solution was made, and a probiotic capsule was
added and dissolved in it. Probiotic-loaded chitosan-alginate
nanoparticles (Cs-Alg+ProB NPs) were prepared by a two-
step method. 2 mL solution of calcium chloride containing the
probiotic was added dropwise to the Alg solution and stirred
for 10 mins. The chitosan solution was then added to the afore-
mentioned mixture after stirring, and stirred for another hour.
Post stirring, the resultant opalescent solution is left undis-
turbed to incubate overnight to form uniform-sized NPs. The
obtained monodispersed solution was centrifuged at 3500 rpm
for 25 mins, and the pellet was collected and resuspended in
distilled water. This procedure is repeated thrice to ensure com-
plete removal of unreacted reagents. Finally, the purified pellet
(Cs-Alg+ProB NPs) was dissolved in 10 mL of 7.4 pH PBS and
stored for further assessment.

2.3. Characterization

We used a Bruker-Alpha FTIR/ATR spectrometer to look for
functional groups in the Cs-Alg NPs we made. A scanning elec-
tron microscope (SEM) model number FEI Quanta 200-FEG
was used to look at the surface properties of the NPs. We used
a Malvern Nano ZS90 particle size analyzer (Worcestershire,
UK) to measure the particles' hydrodynamic size (dH) and sur-
face zeta potential. This analyzer works by using dynamic light
scattering.

2.4. Encapsulation efficiency and Release kinetics

We used a spectrophotometer to measure the absorbance at
600 nm to find out how well the probiotics were encapsulated
in Cs-Alg NPs in terms of encapsulation efficiency. We used a
standard protocol to study how quickly probiotics were released
from the synthesized Cs-Alg+ProB NPs in phosphate-buffered
solution (PBS) and HCI/KCl buffer to establish the release pro-
file (42). The Cs-Alg+ProB NPs were loaded into activated di-
alysis bags and suspended in 25 mL of buffers at room tempera-
ture under constant stirring conditions. After immersion, 2 mL
of the buffer was collected at regular intervals till 600 mins, and
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2 mL of fresh buffer was replaced immediately. The amount of
probiotics released from the Cs-Alg NPs was measured using
the spectrophotometric analysis (OD at 600 nm), and CFU/mL
of probiotic growth was done in an MRS agar plate.
Korsmeyer-Peppas (KP) model or the “power law” is em-
ployed to explain the driving force of molecular transport
from Cs-Alg+ProB nanoparticles. The potential use of this
semi-empirical model can be foreseen in cases where the re-
lease rate profile does not correspond to some easily interpre-
table mechanism or when the combined occurrence of several
diffusion and polymer relaxation phenomena is suspected (33,
43). Tt represents the net effects of multiple kinetic process-
es: penetration of water molecules into the polymeric network;
swelling, relaxation, and rigidification (loss of potential to de-
form plastically) by the solid matrix; and finally, erosion or
structural breakdown. Incorporating the simultaneous mech-
anisms, the KP model offers a comprehensive basis to ana-
lyze complex profiles of release experienced by systems. The
probiotic release profile from Cs-Alg nanoparticles was also
determined using this model by the following equation [1].

O _pen
o kt (1]

where Q, is the number of molecules released from the encap-
sulation at time t. Whereas Qe represents the sum of molecules
released over an infinite or indefinite amount of time. The con-
stant k reflects the structural and geometric attributes of the
nanoparticle-based delivery system, while the release exponent
n provides insight into the underlying mechanism governing
probiotic release from the synthesized polymeric nanoparti-
cles. Together, these parameters help characterize how the ma-
trix architecture influences the overall release behavior.

2.5. Swelling tests

The swelling properties of the nanoparticles were evaluat-
ed according to the method reported by Girigoswami et al.
(36). This test not only helps shed some light on how well the
nanoparticles interact in water, but through swelling, it can also
assess, to a degree , how much water absorption the particles
are capable of. These swelling behaviors are related to the drug
release behaviors; generally, drugs will be released more rapidly
with a higher swelling ratio and more slowly with a lower swell-
ing ratio. Equilibrium mass swelling (EMS) was measured at
various time intervals to estimate the degree of water uptake.
To do so, the dry Cs—Alg particles were immersed in two kinds
of medium: a hydrochloric acid/potassium chloride (HCI/KCl)
buffer set at pH 2.2 to mimic gastric conditions and a PBS
solution at pH 7.4 to simulate body conditions, bedroom en-
vironment, and a 95 °C control (both room temperature). The
nanoparticles were occasionally withdrawn from the medium,
gently blotted with absorbent paper to eliminate surface water,
and weighed. Upon weighing, they were transferred back to the
swelling medium and reincubated for subsequent determina-
tions.

%EMS = ”—Sﬂ; Md 100 (2]
d

Where %EMS is the swelling index, M and M, are the mass of
the swollen NPs and the dried NPs at 45 °C, respectively.

2.6. MIC of amoxicillin

To evaluate the minimal inhibitory concentration (MIC) of
amoxicillin, probiotics were used.

Mueller-Hinton agar plates were prepared, and the inoculum
(100pL) of probiotic strains was spread on the agar surface.
Then 6 wells were made into the agar, and 50 pL of different
concentrations of amoxicillin was added (OpuM, 10uM, 20puM,
40uM, and 50uM). Then the plates were then incubated over-
night at 37 °C. MIC was calculated by measuring the formed
inhibitory zone surrounding wells against the microbes.

2.7. Coincubation of probiotics with antibiotics

In MRS broth medium, free probiotics and NPs loaded probi-
otics were incubated with and without amoxicillin in a test tube
at 37 °C for 24 h. From this coincubated medium, 100 pL was
taken and inoculated in MRS agar and incubated for 12 h at
37 °C. The plating and counting of the probiotics' growth were
analyzed using the colony counting method and by measuring
optical density (OD) at 600 nm.

2.8. AlamarBlue assay

AlamarBlue dye 100 pg/mL was added to 2 mL of samples
(both free and NPs loaded probiotics) and then incubated at
37 °C for 3h. The fluorescence signal was recorded every lh
with a spectrofluorometer at 530 nm as excitation and 560 nm
as emission.

2.9. Coincubation of probiotics with antibiotics
Staphylococcus aureus (OD 2.4) was grown in Luria broth, from
which 10 mL was collected, centrifuged at 5000 rpm, and resus-
pended in PBS. For co-incubation, 1 mL of free and encapsu-
lated probiotics was added to 10 mL of Luria broth, followed by
the addition of 500 uL of S. aureus in the test tube. The tubes
were sealed and incubated for 24 h at 37 °C. The growth of pro-
biotics and pathogens was assessed through the catalase assay.

2.10. In vitro cell viability assay

The toxicity of synthesized Cs-Alg NPs was assessed by con-
ducting an MTT assay based on the procedure described by
Girigoswami et al. (44). Briefly, normal fibroblast (V79) cells
were maintained in complete DMEM and allowed to grow for
24 hours at 37 °C in a humidified incubator set to 5% CO..
Approximately 2.7 x 10° cells/well were seeded in 48-well plates
and allowed to incubate for an additional 24 h. The cells were
exposed to Cs-Alg NPs at varying concentrations of 10 to 100
pg/mL and incubated for another 24 h. After incubation, 50 uL
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of MTT solution (5 mg/mL) was added to each well in the dark
without light degradation. Following treatment, the plates were
incubated for 4 h to permit living cells to reduce MTT into for-
mazan crystals. Dimethyl sulfoxide (DMSO) was added to the
resulting formazan, and 570 nm absorbance was measured by
a microplate reader after incubation. Cell viability (%) was cal-
culated as follows [3]

OD of sample
oD of control

Cell viablity (%) = x 100 [3]
2.11. Statistical analysis

The graphical representation of the obtained values is shown
as the mean + SEM, based on three sets of experimental data.
One-way ANOVA was used to determine the significance (p <
0.05), and Microcal Origin was applied for the analysis.

3. Results and discussion

The copolymer and polycationic material nanocomposites
have demonstrated potency as a drug carrier. An alginate core
was produced in this work using the ionotropic gelation meth-
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od. Alginate consists of sequences of monosaccharide residues,
including both mannuronic and guluronic acid moieties, ca-
pable of ionic crosslinking with divalent cations. In a single
film, calcium (Ca?*) was incorporated as a divalent cation for
the formation of a crosslinked hydrogel. Subsequently, the sur-
faces were coated with a polycation chitosan to produce sta-
ble probiotic delivery units. Due to unique physicochemical
and biological properties, including hydrophilicity, high water
holding capacity comparable to that of native soft tissues, ob-
vious bioresponses, and versatile structure, among others, al-
ginate and chitosan have gained much attention as promising
candidates for therapeutic purposes in tissue regenerative med-
icine as well as wound healing. Both polymers exhibit excellent
biocompatibility and biodegradability, making them well-suit-
ed for biomedical use. The incorporation of alginate into chi-
tosan matrices significantly enhances the mechanical integ-
rity of the composite system. Furthermore, as a polyanionic
polymer, alginate can form polyelectrolyte complexes with
the cationic chitosan via electrostatic interactions between the
carboxyl groups of alginate and the amino groups of chitosan,
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Figure 1. (A) FTIR spectra of Cs-Alg NPs. (B) SEM image of Cs-Alg NPs. (C) Hydrodynamic diameter of Cs-Alg NPs and Cs-Al-
g+ProB NPs. (D) Zeta potentials of Cs-Alg NPs and Cs-Alg+ProB NPs.
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thereby improving the material's physicochemical stability and
functional performance in biological environments.

3.1. Physicochemical characterization

The surface functional groups and chemical composition
found in the synthesized Cs-Alg NPs are shown in Figure 1A.
The FTIR spectra were obtained over the range of 500 to 4000
cm! using KBr as a standard. The band at 671 and 580 cm
corresponds to the C-Cl stretching vibrations of alkyl groups.
The distinct band at 1022 cm™ signifies C-O-C stretching, sug-
gesting the presence of saccharide moieties within the alginate
structure. Furthermore, the bands at 1423 and 1614 cm™ are
assigned to symmetric and asymmetric stretching of carboxyl-
ate groups, respectively. The amine-II bands of chitosan appear
at 1554 cm™ in the Cs-Alg complex, while the stretching vibra-
tions of -OH & -NH, are observed at 3451 cm, indicating the
successful formation of blended polymer NPs. The presence of
all these characteristic IR bands confirms the effective synthesis
of Cs-Alg nanoparticles.

The surface morphology of the Cs-Alg NPs was determined
by SEM images. Figure 1B illustrates the formation of Cs-Alg
nanoparticles, which appear uniformly distributed and exhibit
a spherical morphology. The average particle size of the Cs-Alg
NPs was determined to be 287 nm + 09 nm. By using the par-
ticle size analyzer, the colloidal properties in terms of hydro-
dynamic diameters and zeta potential of the chitosan-alginate
NPs and probiotics-loaded chitosan-alginate NPs were identi-
fied based on the major scattering peak. Figure 1C shows that
the average hydrodynamic diameter (dH) of the Cs-Alg NPs
was recorded at 295.3+7.13 nm, whereas the Cs-Alg+ProB NPs
exhibited a dH of 328.7+13.07 nm. The polydispersity index
(PDI), a unitless measure, was employed to assess the distri-
bution of particle sizes. The PDI derived from the autocorrela-
tion function varied between 0.01 and 0.7 for defining mono-
dispersed distribution in colloidal nanoparticle solutions (45).
The PDI was found to be 0.384 for the Cs-Alg NPs and 0.329
for the Cs-Alg+ProB NPs. This PDI value suggests that both
the synthesized Cs-Alg NPs and the probiotics-loaded Cs-Alg
NPs are monodisperse and relatively uniform as per the above
range. The zeta potential of the Cs-Alg NPs was measured at
-18.3 mV, indicating a stable colloidal system. In contrast, the
Cs-Alg+ProB NPs displayed a slightly lower negative zeta po-
tential of -22 mV (Figure 1D). Measuring zeta potential is es-
sential for understanding NPs stability, as their surface charge
influences their colloidal properties. The variations in dH and
surface charge values between the blended polymer NPs and
probiotics-loaded NPs can be attributed to changes in their
microenvironment, confirming the successful encapsulation of
probiotics within the Cs-Alg NPs.

3.2. Release kinetics

The encapsulation efficiency (EE) of Cs-Alg+ProB NPs was
calculated spectrophotometrically by recording the OD of the
probiotics at 600 nm, and it was found to be 97.3 %. In vitro
probiotics release rate was calculated via the spectrophotomet-

ric and colony count (CFU/mL) method. The cumulative re-
lease of probiotics from the synthesized blended polymer NPs
in two release media for 600 mins is shown in Figure 2A. It was
noted that the release of probiotics amounted to 65% at 2.2 pH
and 47% at 7.4 pH from the Cs-Alg NPs, indicating a superi-
or release in acidic environments, which resembles the gastric
environment. An initial burst release was observed within the
first 100 minutes, likely attributed to weakly bound probiotic
cells on the exterior surface of the nanocarriers. The increased
release at low pH arises from protonation, which induces weak-
ening of the electrostatic interaction between chitosan and al-
ginate. Acidic conditions cause polymer swelling and partial
destabilization of the Cs-Alg matrix, leading to rapid release
of surface-bound probiotics, followed by a controlled and sus-
tained release phase over an extended period (46, 47). Notably,
the increased probiotic release under acidic conditions suggests
the system's suitability for oral delivery targeting the gastric en-
vironment, making it a promising approach for stomach- and
gastric-related therapeutic applications.

The data collected from the release kinetics study was fur-
ther examined using the KP model to determine the exact
release mechanism working in the formulated nanoparticles.
This model helps to understand whether the drug release pro-
cedure is governed by diffusion, erosion, or a combination of
both. The following plots, shown in Figures 2B and 2C, de-
pict Qt/Qeo plotted against time. The correlation coefficient (r),
release rate constant (k), and release exponent (1) parameters
calculated from the KP model for two different pH mediums of
probiotics in Cs-Alg NPs are shown in Table 1. Atn < 0.45, the
release follows the mechanism of case I transport (Fickian dif-
fusion). Alternatively, when n is equal to or greater than 0.89,
the release profiles follow Case II transport, i.e., relaxation of

Table 1. The r, k, and n were assessed with the KP model
to describe how probiotics are released from Cs-Alg NPs in
various release conditions.

Release medium pH 2.2 pH7.4
r 0.930 0.922
k 11.085 8.340
n 0.240 0.353

the polymer network after swelling, referred to as anomalous
diffusion and non-Fickian diffusion, respectively. An n in
the range from 0.45 to 0.89 means an irregular or anomalous
transport. These results proposed that the release control type
could be a combined form of Fickian diffusion and polymer
matrix erosion. More precisely, the release exponent for probi-
otics from Cs-Alg NPs was 0.240 at pH 2.2 and 0.353 at pH 7.4.
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60 mins (F), 90 mins (G), and 120 mins (H) to find their CFU/mL.

As both values are less than 0.45, the release behavior is indic-
ative of Fickian diffusion, and the release rate of probiotics was
mainly limited by the diffusion of probiotics through the poly-
mer rather than polymer relaxation or degradation, leading to a
relatively slow and sustained release manner. Probiotic release
rate was also monitored via colony count (CFU/mL) as shown
in Figure 2 D, E, F, G, and H. Dialysis solution of the probiotics
released from the NPs was collected at regular intervals (10,
30, 60, 90, and 120 mins). The collected samples were diluted
and evenly distributed over prepared MRS agar media plates,
then incubated at 37°C for a duration of 12 h. Post incubation,
colonies were counted, and CFU/mL was recorded as 1.2x10°,
2.0x10°%, 3.7x10°, 4.8x10°, and 5.6x10> respectively. Thus, it can
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be concluded that the probiotic was released in a constant flow
from the NPs.

3.3. Swelling assay

The swelling assays of Cs-Alg NPs were carried out in PBS and
HCI/KCl medium at ambient temperature. The equilibrium
mass swelling of Cs-Alg NPs was determined following a 10 h
incubation period using Equation [2]. Initially, the mass swell-
ing at pH 7.4 increased over time, but eventually, it plateaued
(Figure 3A). The hydration of hydrophilic groups in alginate
and chitosan primarily drives the swelling behavior of the Cs-
Alg complexes. There has been the penetration of free water
into the Cs-Alg, which has filled the voids within the polymer-

.1..W
0 T | T | I
0 20 40 60 80 100

Concentration (pg/mL)

Figure 3. (A) Percentage swelling of Cs-Alg NPs in PBS and HCI/KCI buffer. (B) MTT assay for assessing cell viability in V79
fibroblast cells. (C) Antibiotic sensitivity to find MIC using the well-diffusion method.
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ic matrix, leading to the observed swelling. When substantial
interaction takes place between two polymer chains within
the blended polymer NPs, the extent of swelling diminishes
accordingly. The maximum swelling was observed at pH 2.2
due to the increased protonation of the -NH, groups found in
chitosan, transforming them into ammonium ions. The osmot-
ic pressure decreases at lower pH because the repulsive forces
from the charged ammonium ions increase, thereby promoting
the swelling behavior of Cs-Alg NPs.

3.4. Toxicity assessment

The biocompatibility of Cs-Alg NPs as a potential nanocarrier
was assessed using the MTT assay to measure cellular viability
in V79 cell lines (Figure 3B). The mixed polymer NPs demon-
strated negligible toxicity (more than 85% of cells are viable)
following 24 h of incubation at various concentrations from
10-100 pg/mL under physiological conditions in a CO, incu-

bator (48, 49). The results suggest that synthesized Cs-Alg NPs
can be used as vehicles for delivering probiotics. At higher con-
centrations, cationic polymers might interact with extracellular
matrix components and alter cell membrane integrity, thereby
hindering nanoparticle internalization.

3.5. MIC of amoxicillin for probiotics

The well-diffusion technique was employed to find the minimal
inhibitory concentration of amoxicillin (Amx) against probiot-
ics by determining the zone of inhibition. Five wells were cre-
ated, and amoxicillin was added at increasing concentrations
as 0, 10, 20, 40, and 50 uM (Figure 3C). After overnight incu-
bation, the zones were measured at different angles, and their
average was taken to find out the MIC. At 0 and 10 uM concen-
trations, there was no zone observed. The zone of inhibition
started from a 20 uM concentration, and this was chosen as the
MIC to inhibit the growth of probiotics.

Table 2. The CFU/mL was calculated to establish the effective role of Cs-Alg+ProB NPs in the presence of antibiotics

S. No. Sample Absorbance at 600 nm CFU/mL
Free Probiotic + Amoxicillin (FPB+Amx) 0.270 2.7 £ 0.05 x 108

Cs-Alg+ProB NPs + Amoxicillin (CPB+Amx)

1.413 1.4 +0.1 x 10°

Figure 4. Cs-Alg NPs encapsulation protects probiotics against antibiotics (amoxicillin). (A) Coincubation of free probiotics &
encapsulated probiotics with amoxicillin for 24 h. (B) 12 h incubation of free probiotics. (C) coincubation of free probiotics and
amoxicillin. (D) 12 h incubation of Cs-Alg NPs loaded probiotics. (E) 12 h coincubated of Cs-Alg NPs loaded probiotics with
amoxicillin (p < 0.05).
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Figure 5. Effect of Cs-Alg NPs encapsulation on metabolic activity of probiotics after incubation in broth and amoxicillin, as
quantified by Alamar Blue assay (a-Nanoformulated probiotics+drug, b-Free probiotics+drug, and c-probiotics). (A) 3h incubat-
ed tubes with Alamar blue dye. (B) Fluorescence intensity of the incubated samples.

3.6. Co-incubation of drugs and probiotics

To illustrate the benefits of co-administration of antibiotics
alongside encapsulated probiotics, we assessed this combined
treatment strategy. Injuries can create clinical challenges due
to an enhanced inflammatory response caused by mixed in-
fections, which hinders the typical healing process. While nor-
mal wound recovery typically takes two to four weeks, chronic
wounds do not achieve skin integrity for over three months.
The two antibiotic-resistant bacteria most commonly associ-
ated with chronic wounds are Staphylococcus aureus (SA) and
Pseudomonas aeruginosa (PA). Both SA and PA are known to
produce biofilms that reduce the effectiveness of antibiotics,
disrupt wound healing, and are resistant to various antibiotic
classes. We predicted that the co-incubation of antibiotics and
probiotics would help to treat these infections. By releasing an-
timicrobial compounds, including organic acids, bacteriocins,
and biosurfactants, probiotics generally help fight pathogenic
bacteria. These substances not only stop harmful pathogens
from adhering to bodily surfaces but also dissolve the protec-
tive biofilm these pathogens employ to guard themselves. Once
the biofilm is weakened, antibiotics can more effectively kill the
harmful bacteria. However, there is a significant downside: an-
tibiotics do not distinguish between good and bad bacteria, so
they often end up killing the beneficial probiotics as well. This
can disrupt the balance of the gut microbiome and reduce the
overall effectiveness of the treatment. That is why it is import-
ant to find ways to protect probiotics during antibiotic therapy
so they can continue to support the body's defenses without
being wiped out themselves.

As a proof of concept, free and encapsulated probiotics, with
or without antibiotics, were introduced into the broth and in-
cubated for 24 hours, as shown in Figure 4A. In the absence

of amoxicillin, both free (FPB) and Cs-Alg+ProB NPs (CPB)
show similar growth by measuring their absorbance at 600 nm
(Figure 4B and D). From this, 100 pL was taken and inoculated
in MRS agar, and the CFU/mL was counted as 2.0 x 10° and
1.9x10°. These results suggest that encapsulation did not affect
the growth of probiotics. In the presence of amoxicillin, free
(FPB+Amx) and Cs-Alg+ProB NPs (CPB+Amx) were added
to the medium and incubated. After incubation, the growth of
probiotics in FPB+Amx was inhibited by antibiotics; however,
in CPB+Amx, the growth was almost similar to that of FPB
and CPB (Table 2). Then, the CFU/mL was found to be 2.7x108
for FPB+Amx (Figure 4C) and 1.4x10° for CPB+Amx (Figure
4E). These results show that the chitosan alginate NPs encap-
sulation method discussed above was effective in protecting
probiotics from the antibiotic amoxicillin.

3.7. AlamarBlue assay for metabolic activity study

The Alamar blue assay is based on the reduction of resazurin, a
non-fluorescent blue dye, into resorufin, a pink and highly flu-
orescent compound, by metabolically active cells. This reduc-
tion is a direct indicator of cellular respiration and metabolic
activity. After incubation, the colour change was observed from
blue to pink, and pale yellow reflects the viability and meta-
bolic state of the probiotics (Figure 5A). This colour change is
due to bacterial metabolic activity, which reduces resazurin to
resorufin, a pink compound. The higher bacterial activity fur-
ther reduced resorufin to hydroresorufin, which is colourless
or pale yellow. The fluorescence was further quantified using a
spectrofluorometer (excitation at 530 nm), where higher fluo-
rescence intensity corresponded to greater bacterial metabolic
activity (Figure 5B). The major advantage of the Alamar blue
assay is that it is non-destructive, highly sensitive, and allows
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Figure 6: (A) Co-incubation of probiotics with S. aureus in the presence of amoxicillin (a-blank, b-S. aureus with Amx, c-S.
aureus with free probiotics and Amx, and d-S. aureus with encapsulated probiotics and Amx). (B) Catalyse test of S. aureus incu-
bated with amoxicillin. (C) Catalyse test of S. aureus incubated with free probiotics and amoxicillin. (D) Catalyse test of S. aureus

incubated with Cs-Alg+ProB NPs and amoxicillin.

real-time monitoring of cell viability without harming the cells.
Unlike other assays, such as MTT or trypan blue exclusion,
Alamar blue does not require cell lysis or termination, making
it particularly suitable for probiotics, where maintaining via-
bility is critical. Additionally, it provides both qualitative (col-
orimetric) and quantitative (fluorometric) readouts, ensuring
accuracy and reproducibility. The study shows that free probi-
otics growth was used as a control, compared with which, pro-
biotics incubated with amoxicillin showed only 40% growth.
The Cs-Alg+ProB NPs showed significantly higher metabolic
activity compared to free probiotics under antibiotic stress,
confirming that encapsulation offers protection and enhances
viability.

3.8. Co-incubation of probiotics

To demonstrate the utility of the co-administration of amoxi-
cillin with encapsulated probiotics, we evaluated this approach
with bacteria that are relevant to chronic infections (Figure 6A).
Chronic infections pose clinical complications because bacteria
can evade host defences and persist for weeks or months. Such
infections are often caused by Mycobacterium tuberculosis,
Helicobacter pylori, Staphylococcus aureus, and Pseudomonas
aeruginosa. Among these, S. aureus is considered particularly

dangerous due to its unique virulence factors, survival strat-
egies, and antibiotic resistance mechanisms. Methicillin-resis-
tant Staphylococcus aureus (MRSA), a multi-resistant strain of
S. aureus, represents a major therapeutic challenge. We there-
fore chose the culture of S. aureus as our model system.

The antibacterial efficiency of S. aureus was evaluated using the
catalase assay. Typically, S. aureus is catalase-positive (vigorous
bubbles), whereas most probiotic strains are catalase-negative
(no bubbles). After 24 h incubation, S. aureus incubated with
the antibiotic showed catalase positive (Figure 6B), indicating
antibiotic resistance. When free probiotics were co-incubated
with S. aureus in the presence of amoxicillin, they showed cat-
alase-positive, suggesting that the antibiotics killed probiotics
while S. aureus was alive (Figure 6C). In contrast, when en-
capsulated probiotics were co-incubated with S. aureus in the
presence of antibiotics, catalase activity was negative (Figure
6D). This indicates that encapsulated probiotics have shown
antimicrobial effects on S. aureus, attributed to the production
of organic acids, bacteriocins, and biosurfactants. These find-
ings demonstrate that encapsulation protects probiotics from
amoxicillin and enhances their antibacterial efficacy, which is
needed for successful eradication of pathogens.
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4. Conclusion

In summary, the ionic gelation technique was utilized to
synthesize probiotic-loaded chitosan-alginate nanoparticles
(Cs-Alg+ProB NPs) to address the challenges associated with
the combined administration of antibiotics and probiotics. The
DLS analysis indicated that the hydrodynamic diameter and
zeta potential of Cs-Alg NPs are 280+7.10 nm and -18.3 mV,
and it became 328.7+13.07 nm and -22 mV for Cs-Alg+ProB
NPs. This increase in size and alteration in surface charge sug-
gest changes in the microenvironment, confirming the success-
ful encapsulation of probiotics within Cs-Alg NPs. Release ki-
netics revealed an initial burst release and then a sustained
release for 600 minutes, while a higher rate of release was
found in an acidic compared to a neutral environment. Based
on the Korsmeyer-Peppas model, the release process of pre-
pared Cs-Alg NPs was Fickian diffusion. In addition, the NPs
demonstrated better swelling properties in an acidic medium
compared to a neutral one. The safety of the delivery system,
Cs-Alg NPs, was confirmed by performing the cell viability as-
says (bovine fibroblasts). But the difficulty for this work is that
it was difficult to search for a CFU of S. aureus specific strain
when co-incubating with probiotics together. To overcome this
issue, we performed a catalase test because probiotics are cat-
alase-negative and S. aureus is catalase-positive. Coincubation
experiments demonstrated that the nanoparticles effectively
shield probiotics from the antibacterial effects of antibiotics.
Consequently, the mixed polymer nanoparticles improve sol-
ubility, biocompatibility, pH-responsive release, and protect
probiotics from antibiotics/harsh environments, presenting a
promising alternative for addressing multidrug resistance and
enhancing therapeutic efficacy.

When taken orally, probiotics are susceptible to oxygen, bile,
and stomach acid, as well as antibiotic therapy used in con-
junction with the administration of the probiotics. Although
classic tools, as nutrient and Streptococcus thermophilus re-
sistant strain selection, are useful, micro- and nano-encapsu-
lation nowadays is the most efficient technology. Introducing a
process to increase the stability, survival , and targeted delivery
of probiotics through protective encapsulation. It enriches their
bioavailability and product value. But there are serious and
valid safety issues with nanotechnology. Size, presence of sur-
face-bound moieties, and dosage are among the variables that
influence the behavior of nanomaterials. Once inside the body,
they can pass through fragile barriers or have adverse effects
on cells, which can result in inflammation, oxidative stress,
and protein or nucleic acid injury. Similarly, selecting suitable
materials for nanoencapsulation formulation is another signifi-
cant challenge. Every nano-based system must therefore be de-
signed using biocompatible materials and thoroughly tested in
both laboratory and animal experiments. Although regulatory
frameworks exist, such as those of the FDA and the European
Commission, more stringent guidelines are needed to ensure
the safety, efficacy, and environmental responsibility of nano-
materials used in probiotic formulations.
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