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Abstract

This study investigated the ability of Phyllanthus emblica encapsulated within chitosan-coated casein (CS-casein-
Amla) nanoparticles to inhibit the growth of multi-drug-resistant Pseudomonas aeruginosa (P. aeruginosa) bacteria
and prevent the formation of biofilms. The MDR strains underwent screening, and the morphological characteristics
of the resulting nanoparticles were assessed using SEM, DLS, and FTIR. In addition, the efficacy of encapsulation,
stability, and drug release were evaluated. The PpglL, BdlA, and GacA biofilm gene transcription quantities were
quantified by quantitative real-time PCR. Simultaneously, the nanoparticles were assessed for their antibacterial

and cytotoxic effects using the well diffusion and MTT procedures. CS-casein-Amla nanoparticles with a size of
500.73+13 nm, encapsulation efficiency of 76.33+£0.81%, and stability for 60 days at 4 °C (Humidity 30%) were
created. The biological analysis revealed that CS-casein-Amla nanoparticles exhibited strong antibacterial properties.
This was shown by their capacity to markedly reduce the transcription of PpglL, BdlA, and GacA biofilm genes at a
statistically significant value of p<0.01. The nanoparticles demonstrated decreased antibiotic resistance compared
to unbound Amla and CS-casein. Compared to Amla, CS-casein-Amla nanoparticles showed very little toxicity
against HDF cells at dosages ranging from 1.56 to 100 pg/mL (p<0.01). The results highlight the potential of CS-
casein-Amla nanoparticles as a significant advancement in combating highly resistant P aeruginosa. The powerful
antibacterial properties of CS-casein-Amla nanoparticles against P aeruginosa MDR strains, which are highly
resistant pathogens of great concern, may catalyze the development of novel antibacterial research approaches.
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Introduction

In several areas worldwide, plants with therapeutic attri-
butes have been used for millennia as conventional treat-
ments for various human disorders [1]. Currently, there
is a renewed interest in investigating safer biologically
active compounds originating from natural sources that

*Correspondence:

Hossein Sazegar

info.lactofeed1400@gmail.com; h.sazegar@iushk.ac.ir

'Department of Biology, Faculty of Basic Sciences, Shahrekord Branch,
Islamic Azad University, Shahrekord, Iran

K BMC

have an appropriate therapeutic index for the develop-
ment of novel pharmaceuticals [2]. Phyllanthus emblica
L., often referred to as Amla or Indian gooseberry,
belongs to the Euphorbiaceae family and is routinely used
in traditional medicine for its medicinal properties [3].
The constituents of P. emblica fruits mostly include tan-
nins, polyphenolics, alkaloids, and other phytochemicals.
The presence of tannins and polyphenols in P. emblica
fruit suggests that vitamin C is very stable [4]. These phy-
tochemicals increase antioxidant capability and efficiently
neutralize free radicals. They also have anti-cancer, anti-
bacterial, antifungal, antiviral, and anti-inflammatory
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effects [5]. The increasing threat of antibiotic resistance
in microorganisms has gotten severe in recent years.
Microbial resistance is affected by several factors, one of
which is biofilm [6].

Biofilms are complex structures formed by bacteria
using proteins and external polysaccharides [7]. These
biofilms are created by a variety of microorganisms
working together in nature [6, 7]. Pseudomonas aerugi-
nosa (P. aeruginosa) is a significant pathogen known for
its capacity to produce biofilm and other bacteria [8]. P
aeruginosa infections are challenging to cure, mainly
when they develop resistance to antibiotics and biofilm-
forming agents [8, 9]. Hospital-acquired infections,
particularly among individuals who are hospitalized
for extended periods and have been exposed to inva-
sive medical equipment, are prevalent [9]. Therefore, an
effective and well-planned treatment plan is necessary
[9, 10]. Moreover, the capacity of P aeruginosa to create
biofilms is a significant factor contributing to the inef-
fectiveness of treatments [10]. Biofilms protect bacteria
against a range of environmental pressures, including
UV radiation, drying out, lack of water, and antibacte-
rial substances, ensuring their survival [11]. Bacteria may
exhibit a significant decrease in antibiotic sensitivity, up
to a thousand times, when they grow as a biofilm [10, 11].
The formation of biofilm and its subsequent removal may
be complex due to several variables, including the surface
qualities of the substrate, temperature, and oxygen levels
[12]. Biofilms are more challenging to eradicate after they
have taken hold on a surface, necessitating more force-
ful techniques [10-12]. Bacterial-resistant strains are
becoming a significant problem due to the widespread
and improper usage of antibiotics. Antibiotics’ ability to
eradicate germs has gotten less and less efficient. Higher
dosages of antimicrobial agents are often needed to erad-
icate internal pathogens, which increases the risk of tox-
icity and adverse effects [13].

Biologically generated antibiofilm and antimicrobial
compounds that are biodegradable, toxic-free, non-aller-
genic, economical, and ecologically beneficial became the
subject of further research [14, 15]. Chitosan (CS), a bio-
polymer with numerous appealing reactive groups, has
made it possible to produce drug carriers with varying
physicochemical properties, including charge, hydropho-
bicity, and the dimension of particles [15]. CS has been
used as a nanocarrier for several medications and vac-
cinations for oral, nasal, and ocular delivery routes [16].
Drug absorption was aided by the CS-based nanopar-
ticles’ regulated release and extended residence dura-
tion, especially for oral and intranasal administration
[16, 17]. Additionally, these nano-systems demonstrated
significant antibacterial and anti-biofilm properties to
various microbes, such as Enterococcus faecalis and
Listeria monocytogenes. The antibiofilm action of CS
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nanoparticles coated with antibiotics such as gentamicin
versus L. monocytogenes biofilms was synergistic [18].
Furthermore, amikacin, vancomycin, and erythromycin
formulations were effective versus L. monocytogenes
[19], whereas oxacillin and chrysin CS-based composi-
tions were successful versus Staphylococcus aureus [20].
In addition to delivering antibiotics, the function of CS-
based nanoparticles also included the attachment of
inorganic and organic chemicals from liquid solutions
and the removal of other bacteria from water, such as S.
aureus and P, aeruginosa. The grafted CS nanocomposite
showed the efficient absorbance of lead ions (Pb+2) and
the colorant methylene blue from the water. These results
demonstrated the range of uses for CS nano-systems [21].

Chitosan nanoparticles have several applications, are
crucial for drug administration, and exhibit antibacte-
rial and antibiofilm properties; yet, due to their charge,
these nano-systems face stability issues [22]. A posi-
tive charge is added to the nanoparticles using the cat-
ionic CS polymer [23]. As a result, these nanoparticles
may significantly impact serum constituents. Also, these
nanoparticles may aggregate and clear quickly, which
would explain their poor activity [22, 23]. Casein sur-
face alteration of CS nanoparticles is a straightforward
and adaptable technique that may increase the stability
of tiny CS nanoparticles [24]. Casein is built in moder-
ate circumstances without heat or organic solvents [25].
Furthermore, by maintaining the integrity of the CS core,
this change may result in an efficient carrier that can load
medications like antibiotics efficiently. It is important
to note that these systems show pH-dependent solubil-
ity, which may help with medication targeting [24, 25].
Numerous CS-coated microspheres, such as CS-alginate
[11] and Cinnamaldehyde-coated chitosan, have been
described as systems of antibiofilm and antibacterial
action against multidrug-resistant microbial infections
[26].

The study’s main finding underscores the potential of
polymer complexes, particularly those including chito-
san, in enhancing efficiency. The pH of casein, which is
4.6, makes it an inadequate polyelectrolyte and protein.
However, it becomes negatively charged at higher pH val-
ues [27]. In water conditions above the critical micellar
concentration, casein can form micelles and demonstrate
film-forming, clumping, and foaming capabilities. Its bio-
degradability, as demonstrated by its safe use in biomedi-
cal applications, make it a promising component [28].
Casein can interact with a variety of molecules and has
both hydrophilic and hydrophobic regions [29]. Casein
and chitosan are effective complexing/complex-forming
partners due to their opposing charges at pH=6. The
resulting structures can form balanced, water-soluble
compounds or non-stoichiometric water-soluble com-
binations in excess of one of the complexation suppliers,
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depending on the proportion among the functional
groups inside the casein and chitosan structures [28, 29].
Casein is often used in medication delivery in the bio-
medical industry. Casein lacks reactive functional groups,
which makes it regarded as chemically inert. Combining
polycations and polyanions in solutions creates inter-
polymer compounds and casein independently (29, 30).
The intermolecular forces for complexation are driven
by the electrostatic contacts between oppositely charged
microdomains of polyionic constituents. Other interac-
tions, such as dipole interactions, hydrogen bonding,
hydrophobic bonds, and van der Waals forces, aid the
development of the complex. Casein coatings enhance
the biomaterial’s surface properties due to the interaction
among polymers with opposing charges. Polymers’ anti-
bacterial activity may be modulated by casein [27-29].
The need for discovering and developing new, potent
antimicrobial compounds is urgent. With the rise of
multidrug-resistant P. aeruginosa, the availability of effec-
tive alternative antimicrobial medications is scarce. This
underscores the critical importance of our research in
the field of antimicrobial compounds and nanotechnol-
ogy. This research aimed to examine the antibacterial
and antibiofilm properties of Phyllanthus emblica encap-
sulated CS-casein nanoparticles on P aeruginosa. Phyl-
lanthus emblica encapsulated CS-casein nanoparticles’
antibiofilm and antibacterial properties against various
pathogenic P, aeruginosa were assessed. The synthesis of
new biosynthesized Phyllanthus emblica encapsulated
CS-casein nanoparticles is reported in this paper, along
with an explanation of their morphological and structural
properties and potential applications in medicine.

Materials and methods

Materials

Phyllanthus emblica (Amla) powder was purchased and
phosphate buffer solution (PBS) from Merck (Germany).
Phyllanthus emblica fruit was prepared in powdered
form. Germany-based Merck provided the chitosan
(1526.5 g/mol), casein, tripolyphosphate (TPP) and chlo-
roform that were acquired. The following substances
were purchased from Gibco, USA: Trypan blue, Medium
RPMI-1640, Fetal Bovine Serum (FBS), and penicil-
lin/streptomycin 100X. Sigma Aldrich (USA) provided
the dialysis membrane with a molecular weight cut-off
(MWCO) of 12,000 Da and MTT (dimethylthiazol-
2-yl-)-2,5. We acquired H,SO,, Mueller Hinton Agar, and
Mueller Hinton Broth from Merck in Germany.

Microbial analysis
Preparation of strains
P. aeruginosa ATCC 12,453 and 10 clinical P. aeruginosa
strains were acquired from Parsian BioProducts Com-
pany. The bacteria strains were cultivated on Mueller
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Hinton agar (ZistYar Sanat Tech Dev Group, Iran) in
oxygen at 37 oC for 24 h. One colony from each bacte-
rial culture was transferred to Melluler-Hinton broth
(ZistYar Sanat Tech Dev Group, Iran) and incubated at
370C. A similar amount was then taken from each broth
to achieve an absorbance of 0.063 at 600 nm (10% CFU/
mL), which was utilized for co-culture.

Testing for the sensitivity of bacteria to antibiotics

The disk diffusion technique was used to evaluate each
bacterium’s susceptibility to antibiotics according to
the CLSI standard. Three to five colonies were chosen
from pure culture and transferred into a tube contain-
ing 5 ml of sterile PBS. The solution was incrementally
added while the temperature was consistently main-
tained at 37 °C until the suspension attained a density of
0.5 McFarland. The bacterial solution was applied to the
sterile cotton swab, and the germs were spread evenly
throughout the Mueller-Hinton agar. The plate surface
was covered with antibiotic disks from MAST in Eng-
land, which included imipenem (IMI, 10 pg), ceftazidime
(CAZ, 30 pg), cefepime (FEP, 30 pg), ampicillin-sulbac-
tam (SAM, 10 pg+10 pg), kanamycin (K, 30 pg), cip-
rofloxacin (CIP, 5 pg) and Colistin (COL, 10 ug). The
diameter of the non-growth halo on the plates was mea-
sured following a 24-hour incubation period at 37 °C.

Biofilm formation assay

Congo red agar (CRA)

The CRA composition we developed included BHI at a
concentration of 37 g/l, sucrose at 50 g/l, agar at 10 g/],
and a Congo red solution at 0.8 g/l. Subsequently, the
bacterial strains were inoculated into plates containing
the CRA media and incubated at 37 °C for 24 h. Under
these circumstances, bacteria capable of constructing
biofilms produce colonies that appear black, whereas
other bacteria form red colonies (7, 11].

Microtiter plate assay (MPA)

In this research, 200 pl of the bacterium’s culture was
added to each well of a sterile 96-well polystyrene plate,
and the bacteria were cultured for 24 h at 37°C after-
wards. A 200 pl volume of crystal violet dye with a con-
centration of 1% was used for staining. After 15 min,
the dye was eliminated by rinsing it off with Phosphate-
buffered saline (PBS). After adding 200 pl of acetic acid
(33%), the optical density at 570 nm (OD570) was mea-
sured using the ELISA Reader Stat Fax2100 (Awareness
Technology, Ukraine) [7, 11]. The bacteria that developed
biofilms were categorized according to the data shown in
Table 1.
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Table 1 Classification of bacteria based on biofilm formation

capacity

Biofilm Class Results

OD >4x0Dc Strong biofilm
2x0Dc < OD <4x0Dc Medium biofilm
ODc “ 0D <2x0Dc Poor biofilm
OD<0Dc Negative biofilm

Table 2 Sequence of primers used for real-time PCR

Name  5'------------------—-->3’ Prod- Tm GenBank  Ref-
uct (°Q) er-
Size ence
T6SrRNA  F: AAGCAACGCGAAGA 203 bp 580°C FJ972535.1  This
ACCTTA study
R: CACCGGCAGTCTCC
TTAGAG
GacA F: CTGCGGTGAAGACT 148 bp 58.0°C U27988.1 This
GTCTGA study
R: GACGGTGACTACCA
CGACCT
BdlIA F: CAGATCACCTCGAT ~ 174bp 58.0°C PP355094.1 This
CGTCAA study
R: GATCTCCTTGGTCG
ACTTGC
Ppgl F: GCACTCTGTTCGTG  119bp 58.0°C OR855383.1 This
GTCAAC study
R: CTGGACCTGGCTGA
TCTGTT

Detection of BdIA,PpgLandGacAby PCR

The isolates were first introduced into LB agar and then
incubated at 37 °C overnight. The DNA was obtained
from isolated colonies using a genomic DNA extraction
kit (ZistYar Salamat Tech Dev Group, Iran) following the
directions provided by the manufacturer. This DNA was
then utilized as the template for all amplifications. The
genes associated with biofilm formation, namely BdIA,
PpgL, and GacA, were amplified using standard PCR.
Table 2 displays a compilation of primers, including their
sequences, annealing temperatures, and the sizes of the
amplified products used in this investigation [7, 11].

Nanobiotechnology analysis

Preparation of nanoparticles

The synthesis of Amla-coated CS-casein nanoparticles
was conducted in a two-step process. Initially, CS-TPP-
casein nanoparticles were synthesized using an ionic
gelation technique that relies on the electrostatic attrac-
tion of the positively electrically charged chitosan and the
negative-charged TPP. A suspension containing 0.01 mg/
mL of CS in a 10% acetic acid solution with a concen-
tration of 1% (w/v) was produced and allowed to sit on
the magnetic stirrer for 24 h. Subsequently, the acidity
level of the resulting solution was modified to 6.0 with
the addition of sodium hydroxide. The chitosan (CS,
1526.5 g/mol) in the produced liquid was chemically
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bonded with 1% TPP (tripolyphosphate) by cross-link-
ing. Next, the combination underwent centrifugation at
a speed of 15,000 revolutions per minute at a tempera-
ture of 4 °C for 1.5 h. After that, it was mixed with casein
utilizing an Ultrasonic mixer for 5 min. The Amla and
CS-casein were merged in the second phase by mag-
netic attraction. A concentration of 10 mg/mL Amla and
5 mg/mL carbodiimide was added to the previously pro-
duced CS-casein particles to facilitate cross-linking with
Amla. The solution was stirred overnight to ensure that
the Amla coating adhered to the CS-casein via the devel-
opment of an amide link between the carboxyl group
of Amla and the amino group of the chitosan substrate.
Ultimately, the pH was modified to fall between 4.2 and
6.5. Subsequently, the solution underwent ultracentrifu-
gation for 1.5 h at a temperature of 4 °C. The resulting
liquid above the sediment was removed, and the CS-
casein-Amla nanoparticles were reconstituted in sterile
water using ultrasonic processing. Free CS-casein was
also used as a control group [7, 11].

Characterization of nanoparticles

Zeta potential (ZP) and median particle size (MPS)
assessment

The ZetaPals instrument (Brookhaven Instruments
Corp., USA) used palladium electrodes and dynamic light
scattering machines to determine particle size and charge
at 25 °C and a light scattering angle of 90°. The Nicomp®
Nano ZLS System (Entegris, USA) was used to deter-
mine the MPS of the particles by laser diffraction. Water
was used as the dispersant, and the refractive index was
adjusted to 1.33. At a temperature of 250C, the nanosus-
pensions were diluted with distilled water. There were six
assessments done in parallel [7, 11].

Field emission scanning electron microscopy (Fe-SEM)

The size of the nanoparticles was determined by ana-
lyzing field emission scanning electron microscopy (Fe-
SEM) images. The morphology of the nanoparticles was
examined using the field scanning electron microscopy
(Fe-SEM) model MIRA3 (TESCAN, Czech Republic).
Palladium was sputter-coated onto the samples to create
a 5 nm thick layer, after which they were fixed to alumi-
num stubs using double-sided sticky adhesive disks made
of conductive carbon (Quorum Q 150 R, Sussex, UK).
The photos were taken at 10.00 kV [7, 11].

Attenuated total reflectance-fourier-transform infrared
spectroscopy (ART-FTIR)

CS-casein-Amla nanoparticles were freeze-dried to
assess the interaction between chitosan, Amla, and
casein. Free-drying was used to obtain dry CS-casein-
Amla nanoparticles using a Telstar, Lyo Alfa 15-85
plus type equipment (Telstar, Barcelona, Spain). The
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nano-suspensions were frozen for 24 h at -80 °C in a
deep freezer inside a round-bottom flask. Afterwards,
the samples underwent a 24-hour freeze-drying pro-
cess at 0.1 mbar to get a dry powder. The ART-FTIR
(Brucker Alpha, USA) spectrometer was used to inves-
tigate powdered CS-casein-Amla nanoparticles in the
400-4000 cm-1 frequency range [7, 11].

Encapsulation efficiency
Following encapsulation, the efficacy of Amla’s encapsu-
lation (EE%) in CS-casein was evaluated. In conclusion,
1 mL of CS-casein-Amla nanoparticles was centrifuged
for 1 h at 4 °C at a speed of 14,000 rpm. The maximum
adsorption of the precipitate at an emission wavelength
of 653 nm was used to calculate the encapsulated Amla
content in each sample [7, 11]. Next, the percentage of
the encapsulation efficacy was calculated using the fol-
lowing formula:

EE%= Total amount of initial Amla entrapped into the
CS-casein formulations — the amount of free Amla in
supernatant/ total amount of drug x 100.

Preparation of solution

Initially, 100 mg of amla, CS-Casein and CS-amela pow-
der was dissolved in 1000 ml of distilled water. Subse-
quently, serial dilution was performed three times until
the solution concentration reached 100 pg/mL. This solu-
tion was applied in experiments.

In vitro stability and drug release study

The medicine was discharged in a lab using a dialysis
bag with a molecular weight cut-off (MWCO) of 12 kDa.
To do this, 2 mL of Amla and 2 mL of CS-casein-Amla
nanoparticles were added to the dialysis bag. The whole
combination was then submerged in a 50 mL PBS solu-
tion with a pH of 7.4. At 37 °C and 50 rpm, the resultant
solution was gently mixed. It was then separated into
equal halves at regular intervals, and a new environment
was added. Moreover, an identical procedure was per-
formed for the unbound Amla. Throughout a two-month
storage period, measurements were taken at 0, 15, 30, 45,
and 60 days at 4 and 25 °C [7, 11].

Antibacterial analysis of nanoparticles

Broth microdilution assay

The broth microdilution method determined the mini-
mum inhibitory concentration (MIC). To summarize,
several concentrations of CS-casein, Amla, and CS-
casein-Amla, which varied from 0.781 to 100 pg/mlL,
were added to the 96-well plate. Afterwards, 100 pL of
the microbial solution was added to each well, and the
plates were incubated overnight at 37 °C. The turbidity
of all wells was measured using the ELISA Reader Stat
Fax2100 (Awareness Technology, Ukraine) equipment at
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a wavelength of 630 nm. Two wells were selected as the
negative control, consisting only of culture media, and
the positive control, consisting of culture medium with P
aeruginosa ATCC 12,453. The minimum inhibitory con-
centration (MIC) values, the lowest levels of medicine
that prevent bacterial growth, and the sub-MIC levels,
the highest levels of pharmaceuticals that do not affect
bacterial growth, were determined [7, 11].

Agar Well Diffusion assay

The antimicrobial activity of CS-casein, Amla, and CS-
casein-Amla was evaluated using the agar well diffusion
technique on Mueller Hinton Agar (MHA) plates. The
P aeruginosa strains were introduced into the Nutrient
broth and allowed to grow overnight at a temperature
of 37 °C until the turbidity reached a level equivalent to
0.5 McFarland standards, resulting in a final inoculum
concentration of 1.5x10% CFU/ml. Using a sterile cork-
borer (6 mm), 4 wells measuring 6 mm were bored into
the inoculation medium. Each well was filled with 50 pl
of CS-casein, Amla, and CS-casein-Amla and negative/
solvent control (PBS). The solution was let to disperse for
about 30 min at ambient temperature and then placed
in an incubator for 18-24 h at 37 °C. Following incuba-
tion, the plates were examined for a distinct area devoid
of growth surrounding the well, indicating the antimicro-
bial effectiveness of the investigated substances. The ruler
was used to measure areas where bacterial growth was
inhibited. The area of bacterial growth inhibition, known
as the zone of inhibition (ZOI), was visually inspected
and quantified in millimeters (mm) [7, 11].

Time kill assay

The time-kill experiment included subjecting bacteria to
CS-casein, Amla, and CS-casein-Amla at concentrations
below the minimum inhibitory concentration (MIC). To
summarize, the bacterial growth study included testing
the effects of CS-casein, Amla, and CS-casein-Amla at
concentrations below the minimum inhibitory concen-
tration (sub-MIC) on each bacterium being studied. To
summarize, 100 puL of each specimen was mixed with 100
uL of each bacteria solution, resulting in a final concen-
tration of 10° CFU/mL for each bacterium. The speci-
mens were subjected to a controlled environment with a
temperature of 37 °C, and the light absorption was moni-
tored at different time intervals over 24 h (0, 4, 8, 12, 16,
20, 24) [7, 11].

Analysis of Biofilm Growth Inhibition percentage (BGI%)

The efficacy of CS-casein-Amla nanoparticles in inhib-
iting biofilm formation by adhering to model biofilms
was assessed by quantifying the decrease in OD630
of biofilms after a 24-hour exposure to free CS-casein
and Amla. The wells harboring biofilm were exposed to
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200 pl of CS-casein-Amla solution at different concen-
trations (1/2MIC, MIC and 2 MIC). CS-casein and Amla
served as control samples. Following a 24-hour incuba-
tion period at a temperature of 37 °C, the liquid compo-
nents of each well were removed, and the biofilms were
cleansed using ethanol. Subsequently, a culture without
antibiotics was introduced into the wells, and the liquid
portion of the biofilm and aspirate were then treated with
a fixing agent and rinsed. The biofilms were then dyed
with violet crystal, and their light absorbance was quan-
tified using the LISA Reader Stat Fax2100 (Awareness
Technology, Ukraine) at a wavelength of 630 Amax nm
[7, 11]. The degree of inhibition of biofilm development
(%BGI) was calculated using the following equation:

Biofilm gene expression analysis

The effect of CS-casein, Amla, and CS-casein-Amla on
the transcription of PpgL, BdIA, and GacA biofilm genes
in P aeruginosa strain was assessed utilizing quantita-
tive Real-Time PCR. The whole RNA extraction was
done using a total RNX-Plus kit (Cinnagen Co., Iran) on
samples treated with sub-MIC quantities of CS-casein,
Amla, and CS-casein-Amla. The cDNA was synthesized
utilizing the YTA Kit Protocol given by Yekta Tajhiz, an
Iranian business. A real-time polymerase chain reac-
tion (PCR) assay was performed utilizing the YTA SYBR
Green master mix manufactured by Yekta Tajhiz, in Iran.
The 16STRNA gene was used as an internal control, as
shown in Table 2. For Real Time-PCR, a reaction consist-
ing of 15 uL was produced. The volume consisted of 0.5
uL of cDNA, 0.5 pL of forward primer, 0.5 puL of reverse
primer, 10 pL of master mix, and 3.5 puL of double ster-
ile distilled water. The temperature-dependent cycle
program included an initial denaturation stage at 95 °C
for 10 min, followed by 40 cycles at 95 °C for 30 s and
58 °C for 40 s. The primer sequences for the target genes,
namely PpgL, BdIA, GacA, and 16 S rRNA (used as an
internal control), can be found in Table 2 [7, 11].

Cytotoxicity assay

The MTT colorimetric examination, carried out by
Kalazist in Iran, evaluated the cytotoxicity of CS-casein,
Amla, and CS-casein-Amla. 20,000 healthy human der-
mal fibroblast (HDF) cells were cultured in 96-well plates
utilizing RPMI1640 media enriched with 10% fetal bovine
serum. After that, the plates were placed in a CO2 incu-
bator and incubated at a temperature of 370C. The cells
were subjected to CS-casein, Amla, and CS-casein-Amla
at concentrations ranging from 1.56 to 100 pg/mL. After
incubation, 20 pL of the MTT solution (5 mg/mL) in the
PBS (Kalazist, Iran) was added to each well. After 4 h of
incubation, the liquid in the container was removed, and
100 mL of DMSO was added to the 96-well plates. The
plates were agitated at a speed of 400 rpm for 6 min to
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dissolve the formazan crystals that had grown in DMSO
completely. The color intensity was measured utilizing
an ELISA Reader Stat Fax2100 (Awareness Technology,
Ukraine) at a wavelength of 570 nm. The cell viability was
quantified as the average+standard deviation (SD) (n=5).
As a control, HDF cells were grown using RPMI1640
media that did not include the test sample [7, 11]. The
proportion of viable cells was calculated using the follow-
ing equation:

Statistical analysis

The statistical analysis in this study was conducted using
SPSS software version 20, and the resulting data was eval-
uated utilizing one-way analysis of variance (ANOVA).
The transcription levels of target genes in both the con-
trol and treatment samples were assessed using Tukey’s
HSD post-statistical approach.

Results

Microbial analysis results

Antibiotic susceptibility profile

This study included the acquisition of 10 strains of P
aeruginosa, which were procured and identified by
ZistYar Salamat Tech Dev Group in Tehran, Iran. The
antibiotic susceptibility testing shows that imipenem
had the most significant resistance (100%, 10 strains)
among the 8 selected antimicrobial agents. Kanamy-
cin followed with a resistance rate of 90% (9 strains),
ceftazidime with 70% (7 strains), ampicillin-sulbactam
with 60% (6 strains), piperacillin-tazobactam with 50%
(5 strains), Colistin with 40% (4 strains), cefepime with
30% (3 strains), and the slightest resistance was detected
with ciprofloxacin at 30% (3 strains). Multidrug-resistant
(MDR) isolates were defined as those that exhibited resis-
tance to three or more antibiotic classes based on the
data shown in Table 3.

Biofilm formation assay

Among the 10 MDR strains, 10 strains (100%) showed
the development of rough black colonies, while the
remaining O strains (0%) were classified as non-producers
with smooth white colonies. The microtiter plate findings
showed that of the 10 strains examined, 8 strains (80%)
were categorized as strong biofilm producers, while 2
strains (20%) were categorized as moderate biofilm pro-
viders (Table 4).

PCR amplification of GacA, BdIA and Ppgl gene

Table 4 illustrates the GacA, BdIA, and PpgL gene ampli-
fication using polymerase chain reaction (PCR). In
addition, all 10 biofilm-positive strains of P. aeruginosa
capable of developing resistance to several drugs were
shown to possess the GacA, BdIA, and PpgL genes. PCR
amplification of genes yielded amplicons of different
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Class Symbol  Antimicrobial Agent Disk content Sus- Intermediate(l) Resistant(R) Number Percent- Total
(ng) cep- of re- age of
tible sistant  resistant
(S) strains  strains

Carbapenems IMI Imipenem 10 ug >22 19-21 18> 10 100% 10
Ureidopenicillins PTZ Piperacillin-tazobactam ~ 100/10ug >21 18-20 17 = 5 50% Strain
Sulfonamide +inhibitor ~ SAM Ampicillin-sulbactam 10ug+10pg =15 12-14 1> 6 60%
Aminoglycosides K Kanamycin 30ug >17 15-16 14> 9 90%
Cephalosporins CAZ Ceftazidime 30 ug >18 15-17 14 > 7 70%

FEP Cefepime 30 pg >18 15-17 14> 3 30%
Colistin CcoL Colistin 10 ug 2> >4 4 40%
Quinolones clp Ciprofloxacin 5ug >17 15-16 14> 3 30%
Table 4 Biofilm formation results in isolated MDR P. Aeruginosa
Isolated bacteria Biofilm formation ability Biofilm gene MDR

CRA test MPATEST
OD. oD Biofilm Class GacA BdIA PpgL

Strain 1(S1) + 0.082 0.352 Strong + + + +
Strain 2(S2) + 0.072 0.134 Strong + + + +
Strain 3(S3) + 0.009 0.026 Medium + + + +
Strain 4(54) + 0.013 0.153 Strong + + + +
Strain 5(S5) + 0.014 0.111 Strong + + + +
Strain 6(56) + 0.009 0.032 Medium + + + +
Strain 7(S7) + 0.011 0.131 Strong + + + +
Strain 8(S8) + 0.062 0.248 Strong + + + +
Strain 9(59) + 0.015 0.109 Strong + + + +
Strain 10(S10) + 0.009 0.116 Strong + + + +

sizes: 148 base pairs for the GacA gene, 174 base pairs
for the BdIA gene, and 119 base pairs for the PpgL gene
(Fig. 1A).

Nanobiotechnology analysis results

Size and ZP measurements of the nanopatrticles

The MPS of the CS-casein and CS-casein-Amla parti-
cles were 425+0.14 nm and 698+0.57 nm, respectively.
The results acquired from the FeSEM images indicated
that the CS-casein and CS-casein-Amla had an average
size of 402.25+22 nm and 500.73+13 nm, respectively.
The scanning electron microscopy (FeSEM) image of
CS-casein and CS-casein-Amla nanoparticles (Fig. 1B)
demonstrates the existence of approximately spherical
particles evenly dispersed within the nanometer scale.
Furthermore, Fig. 1C displays the particle size distribu-
tion analysis outcomes for CS-casein and CS-casein-
Amla nanoparticles. The CS-casein and CS-casein-Amla
exhibited Zeta Potential (ZP) values of -41.3+2.88 and
—35.7+3.41 millivolts (mV) respectively (Fig. 2A). Con-
sidering that chitosan has a positive charge, the presence
of a negative charge in CS-casein and CS-casein-Amla
compounds indicates the negative charge of casein.
Table 5 also displays the morphological features of the
CS-casein and CS-casein-Amla nanoparticles.

Fourier transform infra-red (FT-IR) analysis

Figure 2B displays an FTIR spectrum of Amla, CS-casein
and CS-casein-Amla nanoparticles. The CS-casein
exhibited distinct peaks at 3264.73, 1453.82 cm™! cor-
responding to O—H and 874.49, 1594.78 cm™! corre-
sponding to C=0 (amide). The peaks seen at 2944.84 and
1044.58 cm™! were identified as the result of C~H and
C-O bond stretching in CS-casein, respectively. Amla
exhibited distinct peaks at 2944.84, 1453.82 cm™! corre-
sponding to O-H and at 433.57, 601.61, 730.74, 877.19,
1664.78 cm™! corresponding to C=0 (amide). The peaks
seen at 1084.83 and 1044.58 cm™! were identified as cor-
responding to the stretching of C—H and C-O bonds in
CS-casein, respectively.

The absorbance peaks at 2980.79, 2424.84, and
1628 cm™! were observed for CS-casein-Amla nanopar-
ticles, which may be attributed to the absorption of —
NH3+in CS-casein. Another distinct peak was seen
at 1084.83 cm™!, providing compelling evidence of the
existence of NH3+in CS-casein-Amla nanoparticles.
Furthermore, the other peaks seen in CS-casein-Amla
were comparable to those found in Amla. The peak seen
at 2924.88 cm™' corresponds to the stretching vibra-
tions of —OH and —NH groups, as well as intermolecular
hydrogen bonding, reinforcing our understanding of the
nanoparticles.
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Fig. 1 A) GacA, BdlA, and Ppgl gene amplification using polymerase chain reaction (PCR). B) The appearance and size of produced CS-casein and CS-
casein-Amla nanoparticles were measured using Field Emission Scanning Electron Microscopy (FeSEM). €) Quantifying the size dispersion of CS-casein
and CS-casein-Amla nanoparticles by DLS analysis
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Fig. 2 (A) The zeta potential values for CS-casein and CS-casein-Amla nanoparticles were —41.3+2.88 and —35.7 +3.41, respectively. (B) Fourier Trans-
form Infrared (FTIR) spectra of Amla, CS-casein and CS-casein-Amla nanoparticles
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Table 5 Characterization of synthesized nanoparticles. Data are represented as mean+SD, n=3

Nanomaterials Polydispersity index (PDI) Surface charge (mv) FeSEM (nm) DLS (nm) EE (%)
CS-casein 046+0.043 -413+2.88 40225+22 425+0.14
CS-casein-Amla 0314+0.074 -35.7+341 500.73£13 698+0.57 76.33+0.81

Encapsulation efficiency and in-vitro drug release

This study aimed to examine the influence of CS-casein
on the entrapment of Amla and its subsequent release
actions. CS-casein-Amla nanoparticles’ encapsulation
effectiveness (EE%) was determined to be 76.33+0.81, as
shown in Table 5.

Figure 3A depicts the emission profile of Amla from
the dialysis tube that holds the Amla solution and CS-
casein-Amla nanoparticles. Figure 3A illustrates that
including Amla in CS-casein successfully inhibits sud-
den and rapid release. The release profile exhibited an
early period of fast release extending up to 6 h, accom-
panied by a following phase of slower release reaching up
to 120 h. Based on the data in Fig. 3A, the percentage of
free Amla released during the first 6-hour period is 84%.
Subsequently, the release maintains a high level of con-
sistency, with the whole amount of Amla being released
within 72 h. The proportion of drug released in the CS-
casein-Amla nanoparticles is 57% during 72 h, and it sub-
sequently jumps to 97% after 120 h.

Physical stability study of nanoparticles

The dimensional stability of CS-casein and CS-casein-
Amla nanoparticles was assessed by measuring the size
of the encapsulated nanoparticles and the percentage
of medicine remaining after preservation at refrigerator
(4£2 °C) and room temperatures (25%2 °C). The motions
were slower at 412 °C than at 2512 °C, as can be seen
by looking at the difference in mean diameter. The drug
preservation in CS-casein-Amla nanoparticles exhib-
its a drug leakage rate of less than 20% from the initial
quantity in both circumstances, as shown in Fig. 3B.
The results indicate that the CS-casein-Amla nanopar-
ticles have strong physical stability and might be used
effectively to prevent medicine leakage. According to
the results demonstrated by Fig. 3B, the dimension of
the Free CS-casein grows in proportion to the amount
of time it is stored (P<0.01). The sample maintained at
a temperature of 412 °C demonstrates higher stability
in comparison to the sample kept at a temperature of
25+2 °C (Fig. 3C). The enhanced stiffness of the hydro-
phobic portion of CS-casein at lower temperatures might
explain this phenomenon [49].

Antibacterial tests

Determination of MIC and sub-MIC

The microbicidal and sub-microbicidal effects of Amla,
CS-casein, and CS-casein-Amla against biofilm-forming
P aeruginosa were investigated using a microtiter plate.

The Amla MIC determinations indicated that all strains
of P aeruginosa had MIC values ranging from 25 to
50 pg/mL, as shown in Table 6. The investigation of the
CS-casein-Amla nanoparticles MIC revealed that all iso-
lates of P aeruginosa had MIC concentrations ranging
from 1.56 to 3.125 pug/mL (Table 6). Table 6 shows that
CS-casein-Amla nanoparticles’ minimum bactericidal
concentration (MBC) values were consistently twice as
high as the MIC amounts. However, the CS-casein-Amla
nanoparticles demonstrated MIC and MBC levels versus
the tested strains of bacteria that were double the values
of free Amla. Table 6 shows that the MIC of free CS-
casein versus P. aeruginosa was 50 pg/mL.

Nevertheless, strain 1, strain 7, and strain 10 did not
show any MIC while exposed to free CS-casein. How-
ever, no growth inhibition was seen with CS-casein-Amla
nanoparticle concentrations of 3.125 pg/mL. The high-
est sub-MIC level for CS-casein-Amla nanoparticles
was 0.781 pg/mL. The studies used this concentration to
inhibit biofilm development (MBIC). Moreover, the MIC
was significantly reduced—by two to four times—when
CS-casein-Amla nanoparticles were used instead of free
CS-casein and free Amla. These findings demonstrate
that the CS-casein-Amla nanoparticles significantly
enhanced Amla’s antibacterial efficacy.

Antimicrobial activity of nanoparticles

The agar-well diffusion experiment demonstrated the
noteworthy antibacterial efficacy of CS-casein-Amla
nanoparticles versus the examined clinical strains. The
agar-well diffusion experiment demonstrated that add-
ing 50 pl of CS-casein-Amla nanoparticles successfully
suppressed the development of P aeruginosa, as seen
in Fig. 4. The antibacterial activity of CS-casein-Amla
nanoparticles showed equal effectiveness versus all inves-
tigated isolates (P<0.01). Notably, the CS-casein-Amla
nanoparticles exhibited the highest level of activity ver-
sus Strain2, Strain3, Strain6, Strain8, and Strain9, with a
zone of inhibition of over 40 mm*0.62 (P<0.0001). The
CS-casein-Amla nanoparticles exhibited the lowest level
of activity versus Strainl, Strain4, Strain5, Strain7, and
Strainl0, with a zone of inhibition (mm) greater than
30 mm=0.62 (P<0.001).

Time kill assay

Figure 5 displays the growth profile and bacterial eradica-
tion achieved by CS-casein, Amla, and CS-casein-Amla
nanoparticles at various amounts of each formulation.
Each species has a different growth curve. P aeruginosa
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Strains 2, 3, 5, 6, 8, and 9 had a lag phase of 4-8 h, and
in every experiment, its maximal growth exceeded the
growth of Strains 1, 4, 5, 7, and 10. The lag phase dura-
tion for P aeruginosa Strainl, Strain4, Strain5, Strain7,
and Strain10 was around 4 h. Overall, the bacterial popu-
lation number of Strainl, Strain4, Strain5, Strain7, and
Strain10 decreased less when exposed to CS-casein-Amla
nanoparticles compared to Strain2, Strain3, Strainé,
Strain8, and Strain9, as seen by the time-kill curves.

Anti-biofilm activity

P aeruginosa strains were exposed to drug formulations
for a short time, and the ability of free CS-casein and
CS-casein-Amla nanoparticles to inhibit their growth by
sticking to biofilm was compared to that of free Amla.
Unlike the study of minimum biofilm inhibitory con-
centration (MBIC), the condition for inhibiting biofilm
formation was more difficult. In this scenario, the bio-
film was initially subjected to medication formulations
or free Amla for merely two hours. Afterwards, the bio-
films were rinsed and cultivated in a drug-free media for
24 h. The study used minimum inhibitory concentration
(MIC) dosages for each strain. The concentration of the
medication formulations was calculated based on the
minimum inhibitory concentration (MIC) of free Amla.
The findings were quantified as the percentage of inhibi-
tion of biofilm formation (BGI%) and shown in Fig. 6.

Biofilm gene transcription analysis
Quantitative Real-Time PCR was employed to investigate
the transcription of PpgL, BdIA, and GacA biofilm genes
utilizing subMIC dosages of Amla, CS-casein, and CS-
casein-Amla. The findings indicate that the transcription
of PpgL, BdIA, and GacA biofilm genes showed the most
significant decrease following treatment with CS-casein-
Amla (p<0.01) (Fig. 7). Furthermore, Amla exhibited
a substantial decrease in the amount of transcription of
biofilm genes when compared to CS-casein (p<0.05).
The findings demonstrate a substantial reduction in the
mRNA levels of PpgL, BdIA, and GacA after administra-
tion with free Amla and CS-casein-Amla nanoparticles
compared to the CS-casein group. These findings indicate
that both free Amla and CS-casein-Amla nanoparticles
have antibiofilm properties compared to P aeruginosa
strains.

Cytotoxicity

The cytotoxic properties of Amla, CS-casein, and CS-
casein-Amla nanoparticles were assessed in PBS on the
HDF normal cell line. The CS-casein-Amla nanoparticles
exhibited little cytotoxicity compared to free Amla at all
evaluated doses. Approximately 76+1.33% of the cells
injected with Amla remained alive 24 h after exposure to
the MIC concentration (50 pg/ml) treatment. In contrast,
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Fig. 5 Time—kill curves of CS-casein, Amla, and CS-casein-Amla nanoparticles against clinical Strains of P aeruginosa

more than 90+1.37% of the cells remained alive 24 h after
being incubated with the MIC concentration (3.125 pg/
ml) of CS-casein-Amla nanoparticles. The cell survival
rates after 72 h were determined to be 88.5+1.44%,
71+2.14%, and 88.7+2.18% for the MIC concentration
of CS-casein, Amla, and CS-casein-Amla nanoparti-
cles, respectively (Fig. 8). In contrast, the proportion of
cells that survived 72 h after being treated with PBS was
93.712.71%. The flow chart of the synthesis steps of CS-
casein and CS-casein-Amla nanoparticles was shown in
Fig. 9.

Discussion

The desiccated fruits of amla are used in the Unani sys-
tem of medicine for the management of haemorrhage,
diarrhoea, and dysentery [30]. Amla is known to pos-
sess antiviral, antibacterial, antifungal, antihelminthic,

and anti-inflammatory effects, as stated [31]. Several
bioactive chemicals found in amla have been discov-
ered, including flavonoids such as quercetin, ascorbic
acid, gallic acid, alkaloids like phyllantine and phyllanti-
dine, hydrolysable tannins such as emblicanin A and B,
punigluconin, and pedunculagin. The presence of tan-
nins in amla is responsible for its antioxidant action [30,
31]. This work aimed to quantitatively evaluate the anti-
bacterial activity of amla fruit extracts against P aerugi-
nosa, according to its known medicinal and antimicrobial
capabilities.

Chitosan (CS) is a crucial product of chitin obtained
by eliminating the acetate component. Chitosan is
derived from fungi’s cell walls and crustaceans’ exo-
skeletons, such as crabs and prawns [32]. In this study,
we produced CS nanoparticles using the ionic gelation
method by combining chitosan with tripolyphosphate



g
=
Q

= MIC
= 12MIC

= 2 MIC

Page 15 of 21

Strain 9

Strain 3
Strain 6

= 12 MIC

o
Z g
o 2
= &
I}

= 2MIC

Strain §
Strain 8

Strain 2

(%IOM) UOBIqIYUI A0S WgoId

(2024) 24:101

= 112 MIC

= MIC
= 2 MIC

= 12 MIC
= MIC

*
¥
3

Strain 1
Strain 4

*x

0

(% TO) TONIGIqUT YyM0.15 WOl

(2%198) uomquyu; y) w03 wiyorg

Ramezani et al. BMC Biotechnology

= 12MIC

H 2 s & <
(%%IO8) uonIqIquT Yps0J5 worgy
I .
-
Qg ~
-~
goao "
o
2 3z = = = K
k = & “a,
(%I08) vonIqIqul Y)moI3 upjorg @,n
¥,
s
z
a

Strain 7

2 2 2 & & = Y,
] 3l @ -+ ~ Y,

%,
(%198) uoBIqIyus YIA0.5 wyyoly *r

s

2 MIC

MIC

Average BGI% of 10 stra
1/2 MIC

CS-casein-Amla
CS-casein
PBS

c
=
Z g
Q=
==
onn

= 2MIC

Strain 10

plus or minus the standard deviation (SD) of three separate and independent studies. The significance threshold was established as *** p<0.001, **
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and casein anions. Understanding particle sizing might
need to be clarified due to the various methodologies and
accompanying instruments [33]. The size of CS-casein
nanoparticles is significantly influenced by the produc-
tion parameters, including the pH of the preparation
medium and the amount of CS, TPP, and Amla. Within
this particular context, the data presented here demon-
strate that the freeze-drying procedure applied stress to
the particles throughout the preparation, resulting in
a noticeable particle size enlargement [34]. The notable
disparity between the two measurements may be attrib-
uted to FeSEM observations capturing configurations in
the dehydrated state. At the same time, those acquired
using laser diffraction represent the hydrodynamic
diameter. In addition, the areas of chitosan that are not
covered with Amla undergo swelling, which can distort
particle size determination.

The present study aimed to enhance the antibacte-
rial efficacy of P aeruginosa strains by using CS-casein-
Amla nanoparticles. CS-casein-Amla nanoparticles were
synthesized by combining negative-ionic casein with

chitosan. To ensure consistency in the formulations and
maintain a uniform surface load of Amla, the amount of
casein was maintained consistently throughout all formu-
lations. This was done since varying quantities of casein
may lead to varied effects and actions in the formulations.
Conversely, different combinations of peptides resulted
in nanostructures exhibiting diverse morphological prop-
erties [35]. Varying outcomes were achieved when the
proportions of casein and chitosan were equivalent. The
disparity in ZP values may be ascribed to the decrease in
the quantity of unbound amino groups on CS resulting
from the grafting of casein. This indicates the creation
of the CS-casein nanoparticles [21]. Nevertheless, some
chitosan chains were present in surplus and had a role
in maintaining the stability of the particles [36]. ART-
FTIR verified the development of the CS-casein complex.
The existence of -NH3+in CS-casein was confirmed by
the appearance of peaks associated explicitly with the
absorption of -NH3+in CS.

P. aeruginosa is a common hospital pathogen that has
become more widespread worldwide in the last thirty
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years. It presents a significant risk as a nosocomial infec-
tion. P. aeruginosa strains have a high resistance level to a
broad spectrum of antimicrobial drugs, with some strains
demonstrating multi-drug resistance [37]. The formation
of biofilms in P aeruginosa strains hinders the entry of
antimicrobial drugs and adds complexity to treating ill-
nesses caused by these bacteria [38]. The synthesis of
exoenzymes and secondary metabolites in Pseudomo-
nas species depends on the global activator GacA, an
extremely conserved reaction regulator in Gram-negative
bacteria. The BdIA protein has an MCP (methyl-accept-
ing chemotaxis protein) region and two PAS (Per-Arnt-
Sim) domains, which are critical for environmental signal
response in other proteins. Periplasmic gluconolactonase
PpgL has been implicated in the control of the quorum-
sensing (QS) system in P. aeruginosa. These proteins col-
laborate to form biofilm and facilitate quorum sensing in
Pseudomonas aeruginosa, hence enhancing its resistance
to many drugs [38, 52]. Consequently, it is crucial to
research novel treatment options and methods to reduce
resistance in P. aeruginosa. The findings of P. aeruginosa
biofilm development in a controlled environment are
consistent with a recent study, which observed an ele-
vated rate of biofilm formation in P. aeruginosa [39]. Our
investigation revealed that P aeruginosa strains had the
capacity to generate biofilm with significant robustness.
Recent research has shown that auto-regulatory mole-
cules may affect the structure of biofilms, the response to
stress, and the tolerance to polymyxins in P aeruginosa
[40].

The resistance of bacterial biofilms to antimicrobials
is a crucial subject of study in several research programs
that aim to explore alternate sources of biocompatible
materials derived from live organisms. Prior research has
shown the efficacy of chemically modified chitosan deriv-
atives, which include N- and O-substitution, copolymer-
ization, and grafting, in combating bacteria that form
biofilms. Nevertheless, the fundamental mechanisms still
need better understood [41]. Research has shown that
incorporating lipophilic moieties into quaternary ammo-
nium-modified chitosan greatly enhances the material’s
ability to prevent the formation of biofilms. The most
potent antibiofilm agent against S. aureus was N-Acetyl-
N-stearoyl-N’, N"/, N-trimethyl chitosan, a compound
with two hydrophobic groups, namely acetyl and stearoyl
[42]. N-acetyl-N-stearoyl-N’, N”’, N'’-trimethyl chito-
san has a greater capacity to enter biofilms, resulting in a
four-fold decrease in minimum biofilm eradication con-
centration (MBEC) compared to a control without lipo-
philic components [43].

Prior research has shown that ZnO nanoparticles had
antibiofilm properties. This is because ZnO nanopar-
ticles are characterized by their tiny size and large spe-
cific surface area, which results in their strong oxidation
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ability [44]. The findings of this investigation were simi-
lar to another study, which showed that chitosan-algi-
nate (CS/ALG) microspheres effectively prevented the
development of bacterial biofilms in S. aureus, E. faeca-
lis, P aeruginosa, and P. vulgaris following a single treat-
ment with 40 pg. Chitosan may readily interact with the
cell membrane of bacteria with a negative charge. This
interaction can disrupt the permeability of the bacterial
cell membrane and interfere with the function of mem-
brane proteins, ultimately disrupting the structure and
function of the bacteria [45]. Based on the results of
this study, it can be shown that CS-casein nanoparticles
effectively hinder the formation of the biofilm layer and
demonstrate significant inhibitory properties. Chitosan
nanoparticles, which included several forms of chitosan,
such as low- and high-molecular-weight chitosan com-
pounds, exhibited antibacterial properties that inhibited
the establishment of bacterial biofilms.

The CS-casein-Amla nanoparticles, synthesized using
chitosan, demonstrated strong antibacterial activity
against gram-negative strains of P aeruginosa. The posi-
tively charged composition of the chitosan improved the
uptake into the negatively charged membranes of cells of
harmful bacteria [46]. Undoubtedly, the CS-casein com-
plex may shield chitosan from degradation by glycoside
hydrolyzing enzymes such as chitinases or chitosanases
synthesized by these bacteria [47]. The research demon-
strated strong suppression of S. aureus and E. coli uti-
lizing CS-nanoparticles in the presence of TPP [48-50].
Chitosan compounds with a significant amount of sub-
stitution and moderate molecular weight showed bet-
ter antibacterial activity when compared to commercial
antibiotics. Moreover, it was shown that chitosan with
different molecular weights had improved antibacterial
effectiveness when the degree of substitution was raised
[47, 48]. Nevertheless, studies have shown that polymers
like starch and starch-stabilized Ag nanoparticles have
proven effective in fighting bacteria. These polymers
can disrupt biofilm formation and eliminate intracellular
mycobacteria at concentrations lethal to bacteria but do
not harm mammalian macrophages. This was linked to
the human cationic antibacterial peptide LL-37 [47, 48].
The inhibitory effect on bacterial growth is caused by the
positively charged chitosan’s capacity to break the bacte-
ria’s negatively charged cell membranes [48, 50-52]. It is
important to note that comprehending the antibacterial
process is difficult because of the differences in cell sur-
face features between Gram-positive and Gram-negative
bacteria.

Conclusion

Nanoparticles have developed as novel instruments that
provide a viable alternative to antibiotics for directly or
indirectly battling dangerous bacterial diseases. CS has
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also been investigated as a medication carrier because of
its biocompatible characteristics. This work aimed to cre-
ate CS-casein-Amla nanoparticles by crosslinking casein
onto the surface of CS-TPP particles. This nano-system
exhibited exceptional antibiofilm activity and antibacte-
rial efficacy against several strains of P. aeruginosa. These
encouraging findings establish this innovative technology
as a cost-effective, secure, and efficient approach to com-
bat bacterial infections and a viable vehicle for delivering
antibacterial medications to enhance their effectiveness.
Given the novelty of employing nanoparticles, it is crucial
to assess potential dangers carefully. In future studies, it
is important to conduct in vitro experiments that exam-
ine the essential characteristics of CS-casein, including
their bio-persistence and potential processes.
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