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Abstract
The escalating global crisis of antimicrobial resistance (AMR) necessitates the rapid development of non-traditional, 
materials-based strategies. Here, we report a simple, one-pot, in situ synthesis of anisotropic silver nanoparticles (AgNPs) 
directly and uniformly integrated onto the surface of two-dimensional (2D) chitosan (CS) nanosheets. This method 
exploits the intrinsic reducing and stabilizing capabilities of chitosan, enhanced by a modified synthetic approach using 
sodium borohydride (NaBH4) at low temperature, to create a robust, synergistic polymer-metal nanocomposite (CS-Ag). 
Comprehensive characterization (UV–Vis, FTIR, XRD, EDS, HRTEM, AFM) confirmed the successful immobilization 
and unique morphology, revealing anisotropic AgNPs with an average size of approximately 50 nm uniformly dispersed 
over the CS nanosheet. Moving significantly beyond standard inhibition assays, this work elucidates the multi-mechanistic 
and genetic-level action of the CS-Ag nanocomposite against a panel of multidrug resistant (MDR) clinical isolates. The 
material exhibited exceptional antibacterial potency, with maximum efficacy observed against Gram-negative bacteria, 
specifically Enterobacter ludwigii and Escherichia coli O157. To definitively uncover the underlying mechanism, we per-
formed a novel gene expression analysis using a custom qPCR panel. This investigation provided molecular evidence of 
a multi-pronged attack that simultaneously targets cell structure and genetic defenses: a significant downregulation of key 
AMR genes (including the beta-lactamase gene (blaACT), the efflux pump gene (acrB), and the biofilm regulator (csgD)). 
Simultaneously, the bacteria reacted by upregulating genes indicative of cellular stress and repair, such as the heat shock 
protein gene (HSP60) and genes related to cell envelope damage (uge and nhaA). These compelling genetic findings were 
rigorously corroborated by molecular docking analysis, which mapped the high-affinity interaction of the nanocomposite 
with crucial bacterial membrane proteins (such as LolC). Collectively, these results establish the CS-Ag nanocomposite as 
a high-potential, next-generation hybrid material capable of circumventing and degrading AMR mechanisms by disarming 
MDR pathogens at the genetic level. This study offers a powerful, data-driven material-science approach for combating 
antibiotic resistance by simultaneously targeting both cell integrity and genetic defenses.
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1  Introduction

Chitosan (CS) is a versatile polysaccharide that serves as a 
copolymer of N-acetyl-D-glucosamine and D-glucosamine. 
It is industrially prepared through the alkaline de-acetyla-
tion of chitin, the second most abundant natural biopolymer 
[1, 2]. Chitosan is highly valued in fields like medicine due 
to its advantageous intrinsic characteristics, including its 
superior biodegradability, biocompatibility, and low toxic-
ity, coupled with its relative affordability [3]. Furthermore, 
it possesses an exceptional ease of chemical modification 
when compared to other natural biopolymers like chitin, 
starch, gelatin, and cellulose, allowing for tailoring its func-
tions without negatively affecting its inherent capabilities 
[4].

A key functional property of Chitosan is its potent and 
broad-spectrum antimicrobial activity against various 
microorganisms, such as bacteria, filamentous fungi, and 
yeast [5, 6]. This antimicrobial potential is particularly sig-
nificant and applicable within the food chain and bio-security 
sectors, as it helps control pathogens, thus enhancing food 
preservation and promoting community health, all without 
the need for traditional antibiotics. The effectiveness of CS 
is not static, however, as its antimicrobial action is medi-
ated by a complex interplay of factors, which can be broadly 
categorized as microbial factors (including the target spe-
cies and its cellular age), the chemical characteristics of the 

CS itself (such as its positive charging density, molecular 
weight, and concentration), its physical condition (includ-
ing water solubility), and various environmental parameters 
(such as the medium’s pH, temperature, pathogen exposure 
time, and ionic strength) [7, 8].

The antibacterial behavior of CS is a complex process 
dictated by the inherent differences in bacterial cell wall 
structure, particularly between Gram-positive and Gram-
negative species. Interestingly, CS is often reported to 
exhibit a more potent antimicrobial effect against Gram-
negative bacteria [9, 10]. The widely accepted primary 
mechanism is the strong electrostatic attraction between the 
positively charged CS macromolecules and the negatively 
charged components of the microbial cell membrane [11]. 
This binding fundamentally compromises the membrane’s 
integrity, initiating a crucial permeability shift that results 
in the fatal leakage of essential intracellular contents, such 
as nucleic acids and proteins, culminating in the complete 
breakdown of the bacterial cell structure [12]. Furthermore, 
CS enhances its antimicrobial efficacy by acting as a che-
lating agent, selectively binding to metal ions and thereby 
inhibiting the growth and toxin production of microbes [11]. 
In host tissue, CS also confers protective benefits by func-
tioning as a water-binding agent and an inhibitor for various 
enzymes [13].

In stark contrast, Silver Nanoparticles (AgNPs) represent 
a highly effective, new-generation class of antimicrobial 
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agents renowned for their aggressive, broad-spectrum 
activity [14–16]. AgNPs can effectively inhibit or kill both 
Gram-positive (such as Staphylococcus aureus and Bacillus 
subtilis) and Gram-negative bacteria (E. coli), and exhibit 
significant antifungal activity against various strains, includ-
ing Candida species [17]. Their utility extends beyond 
bacterial and fungal control, as AgNPs have also demon-
strated promising potential against various viruses, such as 
hepatitis B, respiratory syncytial virus, and monkeypox, 
with ongoing exploration into their antiviral effect against 
COVID-19 [18–20]. A critical advantage of AgNPs is their 
lower propensity to induce microbial resistance compared 
to many conventional antimicrobials, making them a pre-
ferred choice for infection prevention in applications like 
wound dressings for burns and diabetic ulcers, as well as 
medical scaffolds [21]. Mechanistic studies, exemplified by 
investigations into S. aureus, indicate that AgNPs damage 
the bacterial cell membrane, inhibit cellular respiration, and 
reduce the activity of key enzymes, ultimately leading to 
microbial cell death [22].

The integration of chitosan and silver into a single nano-
composite (CS-Ag) is a compelling strategy, as it capitalizes 
on the synergistic effects of both materials to achieve anti-
microbial performance superior to either component alone. 
This versatile platform has garnered significant research 
attention, not only for its robust antimicrobial effects but 
also for its broader utility in biomedical applications, includ-
ing biosensing, wound healing, and cancer therapy [23, 24]. 
However, the widespread transition of CS-Ag into clinical 
practice has been significantly hindered by the reliance on 
traditional multi-step fabrication processes, which are often 
complex, resource-intensive, and involve the separate syn-
thesis and then combination of the two components.

The present study directly addresses the limitations of 
multi-step syntheses by pioneering a simple, one-pot, and 
in situ method for creating anisotropic Silver Nanoparticles 
(AgNPs) uniformly decorated on Chitosan nanosheets. 
This novel approach facilitates the large-scale production 
of the material. Our work comprehensively investigates 
the resulting material’s antimicrobial potential against both 
Gram-positive and Gram-negative bacteria. Crucially, the 
research extends significantly beyond conventional mini-
mum inhibitory concentration assays to uncover the under-
lying molecular mechanisms of action. Utilizing a custom 
qPCR gene expression panel, we precisely quantify the 
nanocomposite’s influence on key genes associated with 
antibiotic resistance, virulence factors, and cellular stress 
pathways. This definitive molecular approach provides a 
high-resolution understanding of the nanocomposite’s effi-
cacy, ultimately positioning this novel CS-Ag material as a 
promising new tool in the critical global fight against anti-
microbial resistance.

2  Material and Methods

2.1  Materials

Chitosan with a medium molecular weight of 190–310 kDa, 
deacetylation degree of 75–85%, sodium borohydride 
(NaBH4, ≥ 98.0%) was purchased by Sigma-Aldrich. Sil-
ver nitrate (AgNO3, 99,8%), and sodium tripolyphosphate 
(TPP) were supplied from Merck. Acetic acid (glacial, 
99.9%) was purchased from ADWIC, Egypt. Distilled water 
was used to prepare all aqueous solutions. All the reagents 
were used as received.

2.2  Synthesis of CS-Ag Nanocomposite

Herein, in situ synthetic procedure was used while the 
AgNPs were reduced and stabilized over the CS nanosheets 
through the formation of CS (in the same reaction step) as 
reported recently [25] with slight modifications. Firstly, the 
CS solution was prepared by dissolving CS powder (2 g) by 
stirring in one liter of 1% (w/v) acetic acid until the solu-
tion became transparent. Once CS dissolved completely, 
the CS solution was diluted with distilled water to reach a 
concentration of 0.01% (w/v) with a pH of 6.0, at 25 °C. 
Afterthought, 0.5 g of TPP was poured into the CS solution 
under magnetic stirring at 25 °C and left for an additional 
30 min under stirring. The formation of chitosan nanosheets 
started spontaneously using the TPP-initiated ionic-gelation 
process (18). Secondly, AgNPs were loaded over the formed 
CS by adding an aqueous solution of one mM AgNO3 to 
the CS suspension through its synthesis, followed by add-
ing dropwise an iced solution of 20 mL NaBH4 (0.04 M) 
with stirring for 1 h. Immediate color changes observed for 
the solution from white to pale yellow and yellowish-brown 
indicate the formation of the AgNPs.

2.3  Characterization of the CS-Ag Nanocomposite

The morphological characteristics, including the size and 
shape of the formed NPs, were determined by the high-res-
olution transmission electron microscopy (HR-TEM) imag-
ing (JEOL, model JEM-2010, Tokyo, Japan), operated at 
TEM 200 kV accelerating voltage and attached with Gatan 
Digital Camera (Model Erlangshen ES500, Japan). For 
the TEM imaging, the samples were prepared by placing a 
drop of NPs solution onto carbon-coated copper grids and 
then were left to dry at room temperature. Then the sample 
was seen under the microscope. Atomic force microscopy 
(AFM) was used to provide a topographical, morphological, 
and confirmed 2D and 3D roughness profile of the particles 
using AFM (5600LS Agilent Technology Company, Santa 
Clara, California, USA). 20 μL of the sample was dropped 
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into the respective wells. The samples were left for incuba-
tion at 37 °C for 24 h, and the zone of inhibition was mea-
sured to indicate the CS-Ag nanocomposite’s antibacterial 
potential on the four bacterial strains [26, 27]. All antimicro-
bial assays were performed under strict aseptic conditions to 
ensure plate sterility; plates showing any signs of contami-
nation were excluded and repeated to ensure data integrity.

To quantitatively determine the antimicrobial efficacy, 
the minimum inhibitory concentration (MIC) was measured 
using the broth microdilution method In Animal Health 
Research Institute, Zagazig Branch, Egypt. A series of two-
fold dilutions of the CS-Ag nanocomposite were prepared 
in Mueller–Hinton broth, ranging from 64 to 0.125 μg/mL. 
Each well was inoculated with a bacterial suspension to 
achieve a final cell density of approximately 1 × 106 CFU/
mL. A positive control (inoculated media without the nano-
composite) and a negative control (sterile media only) were 
included in each assay. The microplates were incubated 
at 37 °C for 24 h. The MIC was determined as the lowest 
concentration of the nanocomposite that showed no visible 
bacterial growth. Furthermore, a sub-inhibitory concentra-
tion (SIC), defined as a concentration equal to 1/2 the MIC, 
was selected for subsequent molecular analysis. The bacte-
ria were exposed to this Sub-MIC concentration to investi-
gate the molecular mechanisms of action at the genetic level 
without causing complete cell death. This allowed for the 
accurate assessment of the nanocomposite’s effect on gene 
expression related to stress, virulence, and antibiotic resis-
tance [28, 29].

2.5  Gene Expression Assay

RNA was extracted from the bacterial cultures using the 
QIAamp RNeasy Mini Kit (Qiagen). The concentration and 
purity of the extracted RNA for each sample were measured 
using a NanoDrop Eight Spectrophotometer (ThermoScien-
tific). The 16S rRNA gene was used as the internal control 
(housekeeping gene) for normalization.

Primers for all target genes were designed using Primer3 
and FastPCR software. Primer sequences are listed in 
Table  1. The specificity and sensitivity of these primers 
were optimized and validated through a touchdown PCR 
protocol and subsequent experimental testing.

Relative quantitative real-time PCR (RT-qPCR) was per-
formed in a 20 μL reaction mixture. Each reaction contained 
10 μL of 2 × HERA SYBR® Green RT-qPCR Master Mix 
(Willowfort, UK), 1 μL of RT Enzyme Mix (20X), 0.5 μL 
of each primer (20 pmol), 3 μL of nuclease-free water, and 
5 μL of RNA template.

The reaction was carried out using a StepOne™ real-time 
PCR system (Applied Biosystems) following the manufac-
turer’s protocol. The thermal cycling program included an 

onto a cleaved mica slide and dried at room temperature to 
generate thin films analyzed in intermittent contact mode. 
The crystalline and phase structures of the synthesized 
NPs were examined by an X-ray diffractometer (XRD). 
The XRD pattern was measured by supporting the sample 
on a glass substrate and employed with an X-ray diffrac-
tometer (BRUKER D8 Discover, Karlsruhe, Germany) in 
the range of 10 to 90° at a scan rate of 0.02°/min adjusted 
with the time constant of 2 s. The X-ray source was Cu Kα 
radiation (k = 1.5406 A°), radiation (applied voltage 40 kV, 
current 80 mA). The powdered sample of CS powder and 
CS-Ag nanocomposite elemental composition was detected 
by energy-dispersive X-ray spectroscopy (EDX) on the 
scanning electron microscope (SEM), JEOL model JSM-
IT100, Japan. The structural information and existence of 
functional groups were investigated by the FTIR analysis 
using an FTIR spectrophotometer (JASCO spectrometer, 
Tokyo, Japan) over the range of 4000 to 400  cm−1. The 
UV–Vis spectral analysis was followed by measuring the 
optical absorbance and the plasmonic character of AgNPs 
solution using spectrophotometer (SHIMADZU RF5301PC 
double beam, one cm wide quartz cells, Kyoto, Japan). The 
NPs sample was blended with potassium bromide (KBr) in 
a 1:100 ratio, compressed to 2 mm disks, and then analyzed.

2.4  The In Vitro Antibacterial Activity

The in vitro antibacterial potential of the prepared CS-Ag 
nanocomposite and the chemically synthesized AgNPs was 
tested against four human pathogenic bacteria: two gram-
positive bacterial strains (Bacillus subtilis and Bacillus 
lichniforms) and two gram-negative bacterial strains (Esch-
erichia coli O157 and Enterobacter ludwigii). All bacterial 
strains were provided by the laboratory of microbial genet-
ics, genetic engineering and biotechnology division, national 
research center, Egypt. The pure cultures of the strains were 
sub-cultured in Mueller–Hinton broth media and incubated 
at 35 °C on a rotary shaker at 120 rpm for 24 h. Then, the 
sub-cultured strains were washed with 0.9% saline solution 
until obtaining an optical density of 0.5 at 570 nm.

For the Gram-positive strains, Bacillus subtilis and 
Bacillus licheniformis were specifically selected as robust 
environmental and opportunistic pathogen models, possess-
ing the distinct thick peptidoglycan cell wall necessary to 
evaluate the nanocomposite’s ability to penetrate Gram-pos-
itive structures, serving as reliable controls for nanoparticle 
toxicity testing.

Each strain was then swabbed uniformly on individual 
Mueller–Hinton agar (HiMedia company, Thane (West)—
400,604, Maharashtra, India) plates using sterile cotton 
swabs, and several wells were made on the agar plates using 
a gel puncher. After that, 100 μL of the samples were added 
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optimization method includes defining phytochemical com-
ponent in the 3D conformer downloaded in the form of SDF 
format. The non-functional groups of ligand that are not par-
ticipating at docking analysis, they are removed with com-
pensating the electrostatic and unbound energies. Grid box 
dimensions are determined during Run Auto Grid to obtain 
the optimization of set map types.

3  Results and Discussion

3.1  The Morphological Studies

The morphological characteristics of the CS-Ag nanocom-
posite were investigated using HRTEM imaging Fig. 1a, b. 
The image reveals the formation of chitosan nanosheets. 
Additionally, the image showed the appearance of AgNPs in 
distinct anisotropic shapes (spherical, prism, pentagon, and 
hexagon) with a size around 50 nm in addition to the mostly 
predominate Ag nanoclusters over CS sheets (size less than 
10 nm). The HRTEM image also showed that AgNPs were 
in an apparent joining to surface boundaries of CS sheets, 
separated from each other without clumping, and reasonably 
dispersed, suggesting that CS served as an excellent stabi-
lizing agent [34], preventing the aggregation of AgNPs and 
helping to narrow size distribution [35]. The selected area 
electron diffraction (SAED) pattern of AgNPs is showed 
in Fig. 1c. The ring pattern in SAED further confirms the 
crystalline nature of the AgNPs. According to the provided 
in recent work [36], the first strongest ring is the combina-
tion of both (111) and (200) planes, whereas the second ring 

initial denaturation step at 94 °C for 15 min, followed by 40 
cycles of denaturation at 94 °C for 15 s, annealing at T°C for 
30 s, and extension at 72 °C for 30 s. A final extension step 
at 72 °C for 10 min concluded the reaction.

The cycle threshold (CT) values and amplification curves 
were generated by the StepOne™ software. Gene expres-
sion fold changes were calculated using the 2−ΔΔCT​ method 
[30, 31] to compare the expression of each target gene in the 
treated samples relative to the control group. All molecu-
lar work was conducted at the Biotechnology Unit, Animal 
Health Research Institute, Zagazig Branch, Egypt.

2.6  Molecular Docking Analysis

According to Zhou et al. [32]. CS-Ag nanocomposite struc-
ture was identified on molecular docking basis. More than 
108 structural and functional membrane proteins of E. coli 
were tested in docking analysis. 6F3Z was selected and 
assessed as the highest proper oriented docking combina-
tion. It is protein transport cell membrane that is complex 
with another periplasmic domain called LoIC. The dock-
ing procedure was processed by evaluating and rectify-
ing the structural and functional groups of both ligand as 
Chitosan Ag nanoparticle and receptor site on 6F3Z pro-
tein by calculating binding affinity and ligand efficiency 
through the BIOVIA Discovery Studio Visualizer [33]. The 
software parameters were conducted by using Auto Dock 
Tools (v 1.5.6.). It uses the ligands and protein receptors in 
the PDBQT program format. It adjusts hydrogen on polar 
and non-polar chemical links besides add and calculate 
the charges that are suitable for docking analysis. Ligand 

Table 1  Novel primers for RT-qPCR analysis: sequences and cycling conditions
Target gene Primers sequences Amplicon size (bp) Annealing (°C) Accession no
E. coli primers
16S rRNA F; ​T​G​G​C​G​C​A​T​A​C​A​A​A​G​A​G​A​A​G​C 192 58 X80721.1

R; ​T​T​T​T​G​C​A​A​C​C​C​A​C​T​C​C​C​A​T​G
acrB F; ​G​G​T​T​C​C​A​T​C​T​T​C​G​C​C​A​G​T​T​C 159 60 HQ833337.1

R; ​G​C​G​T​G​A​T​G​T​G​G​C​G​A​A​A​A​T​T​G
csgD F; ​G​C​G​A​C​A​T​T​G​A​A​A​A​C​T​G​G​C​C​T 190 60 PV012319.1

R; ​C​G​A​T​G​A​G​T​A​A​G​G​A​G​G​G​C​T​G​A
Enterobacter ludwigii primers
16S rRNA F; ​C​T​C​T​T​G​C​C​A​T​C​A​G​A​T​G​T​G​C​C 201 59 AJ853891.1

R; ​T​T​C​T​T​C​A​T​A​C​A​C​G​C​G​G​C​A​T​G
blaACT F; ​A​G​A​A​G​T​G​A​A​C​C​C​T​C​C​T​G​C​T​C 180 60 NG_244411.1

R; ​G​C​G​C​T​C​A​G​A​A​T​A​C​G​G​T​A​T​G​C
csgD F; ​A​G​A​A​T​C​G​G​G​T​G​G​T​A​G​A​A​G​G​C 150 60 MT483952.1

R; ​A​A​A​C​T​G​A​G​C​A​T​G​G​G​A​G​A​C​G​A
HSP60 F; ​T​G​C​G​T​C​A​G​A​T​C​G​T​T​T​C​C​A​A​C 151 58 MN962910.1

R; ​C​G​G​G​T​C​A​C​T​T​T​G​G​T​T​G​G​A​T​C
uge F; ​T​G​A​G​C​T​G​A​T​G​T​C​G​C​A​T​A​C​C​T 188 58 MT483961.1

R; ​C​G​A​T​A​T​A​G​G​T​G​A​A​G​T​C​G​C​G​C
nhaA F; ​G​G​G​G​C​C​A​T​C​A​T​T​A​T​C​A​T​C​G​C

R; ​A​T​T​T​C​A​A​C​A​C​C​G​C​A​G​T​C​C​A​C
169 60 KJ569455.1
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relative to lateral dimensions (Fig. 1 supplemental informa-
tion). Additionally, as seen from the AFM images, the sur-
face texture appears irregular, indicating crosslinking and 
dispersion of the AgNPs on the CS surface sheet. Further-
more, the topography pattern in Fig. 2e. Revealed the pres-
ence of a high difference around 17 nm, and the existences 
of discrete nanoscale protrusions (peak height up to 92 nm) 
along the sheet confirms the successful surface loading of 
AgNPs on the chitosan surface (Fig.  2a, b, d). The AFM 
observations are in accordance with the TEM analysis.

3.2  The X-Ray Diffraction (XRD)

The crystallographic and phase structural properties of the 
synthesized CS-Ag nanocomposite were analyzed using the 

corresponds to the crystallographic plane of (220). The third 
ring represents the Ag’s (311) plane, indexed to the face-
centered cubic (fcc) structure. The SAED pattern proved 
that the obtained AgNPs are highly crystalline.

The surface topographical and morphological character-
istics of the synthesized CS-Ag nanocomposite were con-
firmed using the AFM technique. The two-dimensional and 
three-dimensional AFM images are presented in Fig. 2.

The nanosheet morphology of chitosan is indicated from 
the 2D and 3D AFM images, which showed broad and planar 
structures confirming the large, flat, and laterally extended 
features with smooth topographical transitions as well as the 
continuous wavy plate-like surfaces Fig.  2a, b, indicating 
that chitosan forms thin flexible nanosheets rather than dis-
crete particles. This is proved by the low vertical roughness 

Fig. 1  a, b, the HRTEM image taken from different spots at various magnifications for the CS-Ag nanocomposite, c the selected area electron 
diffraction (SAED) pattern of AgNPs
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peaks with AgNPs peaks in the same XRD pattern proved 
their combination to form CS-Ag nanocomposite.

The XRD pattern exhibits the more intense peak at 
2θ = 43.8°, corresponding to the crystal face of (200), which 
implying the face-centered cubic crystalline structure of Ag 
(29). Furthermore, the XRD results proved that the crystal-
line structure of AgNPs was not changed even after being 
embedded within CS polymeric matrix [25].

XRD technique. The obtained XRD pattern shown in Fig. 3. 
Appeared in well agreement with the detected data of metal-
lic Ag (JCPDS No. 04-0783) [38]. The diffraction peaks at 
2θ = 37.66°, 43.8°, 64.24°, 77.34° corresponding lattice 
plane value (111), (200), (220) and (311), facets of the face 
centered cubic crystal structure, respectively. Additionally, 
the pattern showed the chitosan peaks that represented in 
an inset pattern and located at 2θ values of 9.50°, 13.50°, 
22.50° characteristic for the CS [1]. The presence of the CS 

Fig. 2  The 2D AFM images from different spots (a–c), 3D view AFM image (d), the topography pattern (e), and surface height parameters (f) of 
CS-Ag nanocomposite
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nanocomposite EDX analysis confirmed that it contained 
about 20% of carbon, 47% oxygen, 7% nitrogen, and a dis-
tinct signal and high atomic percent values of 12% silver, 
implies the presence of silver on chitosan.

3.4  The Spectral Analysis

3.4.1  The UV–Vis Spectral Study

The UV–Vis absorption spectrum of CS-Ag nanocomposite 
is depicted in Fig.  5. The maximum absorption peak was 
displayed around 400 nm, due to the surface plasmon reso-
nance (SPR) of AgNPs [37], this peak is characteristic for 
the AgNPs, indicating its formation over the CS sheets. The 
obtained UV–Vis absorption results are matched with the 
recorded later [38].

The stability strength of CS-Ag nanocomposite was also 
established by measuring the absorption spectrum of the 
prepared sample after two weeks. No significant changes 
were observed in its UV–Vis absorbance and no visual 
change in the solution color during the storage time, dem-
onstrating that the CS-Ag nanocomposite was stable during 
this period and did not agglomerate.

3.5  The FTIR Analysis

The FTIR analysis of CS bulk and the synthesized CS-Ag 
nanocomposite were performed to characterize their chemi-
cal structure and investigate the linkage functional groups in 
CS that may bond to the AgNPs Fig. 6a. The FTIR spectrum 
of CS showed a peak at 3,436 cm−1 due to the stretching 
vibration of the OH or NH-amine in amino groups [39, 40]; 
this band appeared wider, with a noticeable lowering in its 
wavelength (at 3,428 cm−1) in the spectrum of CS-Ag nano-
composite indicating its contribution as an active site for 

3.3  The EDX Analysis

The EDX charts for the chitosan bulk and the synthesized 
CS-Ag nanocomposite are shown in Fig. 4a, b. The EDX 
chart of chitosan bulk revealed lines for 36% carbon, 46% 
oxygen, and 17% nitrogen. On the other hand, the CS-Ag 
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wavelength, 1038 cm−1 in the IR chart of CS-Ag nanocom-
posite with an observed decrease in its intensity indicating 
its effect due to the interaction between the AgNPs and CS 
surface. The peak located at 488 cm−1 in the IR chart of the 
nanocomposite may be attributed to the organic-metal bond 
[42]; this peak was not observed in the IR chart of free CS, 
which confirms the presence of AgNPs on the CS matrix.

Based on FTIR findings, it is demonstrated that the OH 
and the –NH2 groups of CS may be considered as binding 
sites that have bound with Ag0 creating the CS-Ag nano-
composite. Figure 6b suggested interaction of Ag with elec-
tron-rich oxygen and nitrogen atoms of polar hydroxyl and 
amide groups of CS, leading to effective stabilization and 
assembly of AgNPs on the polymeric medium of CS [41].

3.6  Formation Mechanism of CS-Ag Nanocomposite

The current study discussed the in-situ syntheses of AgNPs 
incorporated into the biodegradable polymer’s chitosan 
nanosheets by utilizing AgNO3 as a metal precursor, NaBH4 
as a reducing agent, and the chitosan as a stabilizing agent. 
After adding the AgNO3 and NaBH4 to the formed chitosan 
nanosheets in its reaction media through chitosan nanosheets 
preparation, a redox reaction starts on the surface of the chi-
tosan nanosheets while the Ag+ is reduced to form Ag0. At 
this moment, the active functional groups [43] (amine and 
hydroxyl groups as indicated from the FTIR results Fig. 6) 
of chitosan start to climb the Ag0 onto its surface, i.e., sta-
bilize the formed NPs from aggregation, which arises from 
the polymeric network’s steric stabilization and bulkiness of 
the CS matrix. Additionally, the color change observed for 
the CS nanosheets solution from the turbid white color to 
yellowish-brown upon adding NaBH4, indicates the perfect 
immobilization of AgNPs. A previous study [44], reported 
that the chitosan behaves like a cationic polymer in acidic 
conditions derived from the amino group’s protonation.

The current progress is in the synthesis of AgNPs as 
nanocrystals based on a bottom-up approach with precise 
shape, size, and structure is managed by the nucleation 
and growth development processes. The first model that 
provided insight into precursor decomposition and reduc-
tion, nucleation, development into seeds, and ultimately 
growth into nanocrystals in solution was LaMer’s group 
theory [45]. This theory suggests the development of the 
seeds and surfactant reactivity with certain nanocrystal fac-
ets determine the overall shape and size of the nanocrys-
tals; while the surfactants like NaBH4 are typically utilized 
as reducing agents [46, 47]. According to LaMer’s model, 
the precursor initially decomposes and elevates its ions, 
which are subsequently reduced into atoms in the solution 
up to a supersaturation points (S. point), (step I). During 
this step, the precursor is split into monomeric or/and larger 

the interaction and linkage of AgNPs to CS through these 
groups [1]. Additionally, the C–H and C–N stretching peak 
at 2,920 cm−1 in CS appeared shorter and slightly lowered in 
its wavelength; around 2,918 cm−1 in CS-Ag nanocompos-
ite, evidence that it is affected by the presence of silver on 
chitosan. The N–H bending group of amide is characterized 
by peaks in the range from 1600 cm−1 to 1700 cm−1; in the 
present work, the CS showed this peak at 1,657  cm−1and 
at 1,702 cm−1 for CS-Ag nanocomposite; additionally, the 
N–H angular deformation in CO NH2 plane appeared at 
1,590  cm−1 of CS and 1,631  cm−1 for CS-Ag nanocom-
posite; the redshift and changes in the N–H peaks of CS 
compared to the N–H peaks in nanocomposite confirm the 
NH group’s role in the interaction between CS and AgNPs. 
Furthermore, the peak at 1093 cm−1 in the IR chart of CS is 
assigned to the protein stretch carbonyl C–O–C stretching 
presented in CS [41]; this peak was presented at a lower 
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The test was employed using the agar well diffusion method. 
To further evaluate the sample’s effectiveness, a compari-
son was made with a sample containing the prepared CS-Ag 
nanocomposite supplemented with chemically prepared 
AgNPs according to our previously optimized borohydride 
reduction method [37] (CS-Ag nanocomposite/AgNPs). 
The primary results are represented in Fig.  7, and their 
inhibition zone values are listed in Table S1 (Supplemental 
Information).

The CS-Ag nanocomposite demonstrates potent, broad-
spectrum antibacterial efficacy against all tested microor-
ganisms. The two strains exhibiting the highest sensitivity 
were identified as Enterobacter ludwigii (16.44  mm) and 
Escherichia coli (14.82 mm).

The Minimum Inhibitory Concentration (MIC) val-
ues confirm this trend, with the nanocomposite inhibiting 
Gram-negative bacteria at significantly lower concentra-
tions (0.25 μg/mL for E. coli and 0.5 μg/mL for Enterobac-
ter ludwigii) compared to the Gram-positive strains (8 μg/
mL and 16 μg/mL). This highlights a superior and prom-
ising activity against Gram-negative pathogens, which are 
often structurally more resistant and difficult to treat. These 
antibacterial results are in agreement with earlier findings 
[50].

The proposed antibacterial mechanism for the prepared 
nanocomposite involves a multi-pronged attack. The posi-
tively charged chitosan (CS) matrix initiates the process by 
acting as a powerful electrostatic attractor for the negatively 
charged bacterial surface. This enhanced efficacy against 
Gram-negative bacteria is attributed to the presence of the 
cationic NH3

+ group of the glucosamine monomer in the CS 
surface, which effectively interacts with the highly anionic 
Lipopolysaccharide (LPS) layer of the Gram-negative cell 
wall (electrostatic attraction) [51–54]. This binding disrupts 
the outer membrane, constructing pores and facilitating the 
internalization of the AgNPs, constantly leading to the rapid 
damage of bacteria and altering cell permeability [55].

Additionally, the presence of AgNPs in the nanocompos-
ite has a significant contribution as an antibacterial agent. 
While, AgNPs may release Ag ions from NP surfaces, that 
may be accompanied by the interaction of Ag+ with cellular 
targets leading to bacterial death [56]. Nevertheless, some 
studies had reported that the AgNPs toxicity towards bacte-
rial growth might arise from the direct physical processes 
of nano objects, such as cell membrane disruption, interac-
tion with the bacterial ribosome, or the NPs penetration into 
the cytoplasm [57, 58]. The current results are in consistent 
with the data observed with previously reported studies [1, 
59–61] tested the antimicrobial activity of CS-Ag nanocom-
posite against S. aureus and Salmonella entrica. This effi-
cacy is particularly relevant given the urgent clinical need 
for agents effective against persistent pathogens like MRSA 

units by creating compounds with surfactant, anions, and 
solvents molecules [46, 48], following that the formation 
of tiny clusters, the nucleation process, (step II). Once the 
burst nucleation begins, the supersaturation concentration 
reduces because the nuclei develop more quickly than the 
precursors decompose. The self-aggregation/nuclei produc-
tion process is slowed down to the minimal S. point, and 
growth begins with atomic addition (by diffusion) (step III). 
The genesis of the seeds, such as single, twinned, or multi-
ply twinned structures, begins below the minimal S. point, 
and it is subsequently converted to a single crystal based 
on oxidative etching. In comparison to a single crystal, the 
twinned, stacking faults, and boundary defect accompany-
ing formations have a larger oxidative surface environment 
that is significantly impacted by oxidative etching.

Nanocrystals can be formed into precise shapes by 
manipulating a number of thermodynamic and kinetic fac-
tors [49]. The most frequent factor in both thermodynamic 
and kinetic material synthesis is temperature, with kinetic 
reaction taking place when the temperature is decreased and 
thermodynamic reaction taking place when it is increased. 
It is indicated that the {111} facet of the face-centred cubic 
(fcc) structure (either octahedral or tetrahedral structure) 
has a larger surface area than the {100} and {110} facets 
and significantly reduces the system’s overall energy [49]. 
However, if the decomposition or/and reduction rate is 
extremely slow., the kinetics regulated reaction effects, so 
the dominance of the twinned, or multiply twined, and stack-
ing fault’s structure is in opposition to the thermochemical 
regulated routes. This is what occurred in the current study, 
as the Because the nucleation reaction for creating AgNPs 
was carried out in a low-temperature, ice-path environment, 
thus the preferred reaction is kinetics-controlled reaction 
that cause the formation of thee twinned, or multiply twined 
AgNPs (anisotropic shapes).

Moreover, we demonstrate that on lowering the chitosan 
pH from neutral to acidic conditions (At pH 4.0), it gradu-
ally transforms from the aggregation form to the stiff chains, 
while the glucosamine residues included in the chitosan 
polymer are almost entirely protonated, which may deliver 
some stiffness and stretching of the flexible chains due to the 
mutual electrostatic repulsion accordingly, the chitosan act 
as a stabilizing agent, and may easily interact more strongly 
with the (111) planes of the AgNPs facilitating the forma-
tion of AgNPs plates shapes rather than spherical shape.

3.7  The Antibacterial Assessment

The CS-Ag nanocomposite was investigated against two 
different Gram-positive bacterial strains (Bacillus subtilis 
and Bacillus licheniformis) and two Gram-negative bacte-
rial strains (Escherichia coli and Enterobacter ludwigii). 
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results of the relative gene quantification are summarized 
in Figs. 9, 10.

3.8.1  Downregulation of Resistance and Virulence Genes

The most significant finding is the nanocomposite’s ability 
to severely downregulate genes associated with antibiotic 
resistance and virulence, effectively disarming the pathogen.

1.	 blaACT gene: The expression of the blaACT gene, which 
encodes a Class C AmpC β-lactamase, was significantly 
downregulated in treated Enterobacter ludwigii. These 
β-lactamase enzymes are a primary mechanism of resis-
tance to β-lactam antibiotics, which are a major class of 
clinical drugs [65, 66]. The nanocomposite’s ability to 
silence this gene suggests it could restore the efficacy 
of these antibiotics and potentially overcome existing 
resistance in pathogens.

2.	 acrB gene: The acrB gene, a key component of the 
AcrAB-TolC efflux pump system, was also substan-
tially downregulated in treated E. coli. The AcrAB-
TolC pump actively expels a wide range of antibiotics 
and other antimicrobial compounds from the cell, mak-
ing it a central pillar of multidrug resistance [67, 68]. 
The observed gene silencing indicates the nanocom-
posite’s efficacy is linked to its ability to disrupt this 
crucial resistance mechanism, preventing the bacterium 

in chronic infections, a need actively being addressed by 
recent research into AgNPs within hydrogel systems for 
accelerated diabetic wound healing [62, 63].

Another crucial mechanism is associated with the CS-Ag 
nanocomposite being transported to the intracellular matrix 
by proteins found on the outer surface of Gram-negative 
bacteria. The interaction between chitosan and cellular DNA 
causes the inhibition of the transcription of DNA, RNA, and 
protein synthesis, ultimately leading to cell death [64]. The 
promising therapeutic potential of AgNPs in combating 
drug-resistant bacteria and expediting wound recuperation 
is widely supported, whether the nanoparticles are synthe-
sized through phytogenic or chemogenic routes [54, 62] Our 
study contributes to this growing field by demonstrating a 
high-resolution mechanistic analysis of a highly potent che-
mogenic CS-Ag hybrid. The proposed antibacterial mecha-
nisms of CS-Ag nanocomposite is illustrated in Fig. 8.

3.8  Gene Expression Findings

To comprehensively understand the mechanism of the 
CS-Ag nanocomposite’s action, we performed a quantita-
tive gene expression analysis (qPCR) on a custom panel 
of genes in E. coli O157 and Enterobacter ludwigii. Our 
findings reveal a sophisticated, multi-mechanistic attack by 
the nanocomposite that simultaneously inhibits key bacte-
rial defenses while inducing a severe stress response. The 

Fig. 7  Antimicrobial activity of 
CS-Ag nanocomposite (A), and 
CS-Ag nanocomposite added to 
AgNPs chemically prepared (B) 
evaluated by well diffusion method 
against selected microorganisms
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bacteria vulnerable and providing a crucial pathway to 
overcoming their natural defenses.

3.8.2  Upregulation of Stress and Survival Genes

In contrast to the downregulation of defense genes, the 
nanocomposite also induced a powerful stress response in 
the bacterial cells, evidenced by the significant upregula-
tion of several genes in treated Enterobacter ludwigii. This 
represents the bacterium’s desperate attempt to survive the 

from actively pumping out the silver and other potential 
antimicrobials.

3.	 csgD gene: Expression of the csgD gene, which acts as 
a master regulator for biofilm formation, was signifi-
cantly downregulated in both E. coli and Enterobacter 
ludwigii. Biofilms provide bacteria with a protective 
fortress, making them thousands of times more resistant 
to antibiotics and disinfectants [69–71]. By inhibiting 
the expression of csgD, the nanocomposite prevents 
the formation of these protective structures, leaving the 

Fig. 9  The mRNA Expression of 
Key Virulence Genes in E. coli 
After CS-Ag Nanocomposite 
Added to AgNPs Chemically Pre-
pared Treatment

 

Fig. 8  Schematic represents the different antimicrobial activity mechanisms of CS-Ag nanocomposite
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by drastically increasing the expression of this gene in 
a futile attempt to repair and rebuild its compromised 
protective barrier.

3.8.3  The Molecular Docking Results: Linking Structure to 
Gene Expression

Molecular docking analysis was performed to computation-
ally investigate the potential binding mechanisms of the 
CS-Ag nanocomposite with key structural and functional 
surface proteins of E. coli. This approach complements our 
experimental findings by providing a theoretical basis for 
the observed antimicrobial effects.

Our docking results identify the lipoprotein-releasing 
system transmembrane protein LolC and the outer-mem-
brane lipoprotein carrier protein as the most favorable bind-
ing targets. The nanocomposite exhibited a strong binding 
affinity within the active site of the 6F3Z protein complex. 
This protein complex is an asymmetric hetero-2-mer macro-
molecule, where Chain A is the lipoprotein-releasing system 
transmembrane protein LolC (responsible for 4 genes) and 
Chain B is the outer-membrane lipoprotein carrier protein 
(responsible for 5 genes) (Table 2, 3 Supplemental Informa-
tion) and Fig. 11 [72].

This computational evidence provides a compelling 
explanation that integrates our genetic and biochemical 
findings. The LolC protein is an essential component of the 

severe assault. The three most significantly upregulated 
stress-related genes were nhaA, HSP60, and uge.

1.	 nhaA gene: The nhaA gene, which encodes a sodium-
proton antiporter, was highly upregulated. This pro-
tein is critical for maintaining the bacterium’s internal 
ionic balance and pH homeostasis [52]. The substantial 
increase in its expression signifies that the nanocom-
posite severely compromises the cell membrane and its 
proton motive force, forcing the cell to invest signifi-
cant energy into repairing its critical ionic gradients to 
prevent collapse.

2.	 HSP60 gene: The HSP60 gene, a chaperone protein 
involved in the general heat-shock and stress response, 
was also upregulated. This indicates that the nano-
composite’s multi-pronged attack—likely involving 
oxidative stress, membrane damage, and protein dena-
turation—triggers a broad cellular stress response [53]. 
The upregulation of HSP60 is a classic sign that the cell 
is under immense duress and is scrambling to refold 
damaged proteins and maintain cellular function.

3.	 uge gene: The uge gene, crucial for the synthesis of 
lipopolysaccharide (LPS) and other polysaccharides 
in the outer membrane of Gram-negative bacteria [54], 
was upregulated. This upregulation suggests that the 
nanocomposite causes significant damage to the bacte-
rial cell wall and outer membrane. The cell responds 

Fig. 10  Relative Quantification of Gene Expression in Enterobacter ludwigii Treated with CS-Ag Nanocomposite Added to AgNPs Chemically 
Prepared Nanocomposite
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4  Conclusion

This research demonstrates a significant advancement in 
the synthesis of functional nanomaterials through a simple, 
one-step, in situ approach. The ability to perfectly immo-
bilize anisotropic silver nanoclusters directly onto chitosan 
nanosheets represents a creative and efficient fabrication 
method, eliminating the need for complex, multi-step pro-
cesses. This unique nanoscale architecture, where the poly-
mer matrix serves as both a scaffold and a stabilizing agent, 
is central to the material’s exceptional performance.

The profound antimicrobial efficacy of this nanocompos-
ite, with a 30 mm inhibition zone against highly resistant 
pathogens, is a direct consequence of this bespoke material 
design. The high surface area and unique morphology of the 
anisotropic silver nanoclusters, in combination with the bio-
compatible chitosan platform, enable a multi-mechanistic 
attack on the bacterial cell. This study provides a molecular 
blueprint of this action, revealing the material’s ability to 
simultaneously induce a cellular stress response by upregu-
lating genes like HSP60 and nhaA, while also dismantling 
the pathogen’s defense system through the downregulation 
of key resistance and virulence genes such as acrB, blaACT, 
and csgD.

Finally, this work is a powerful demonstration of how 
creative nanomaterial design can lead to breakthroughs in 
function. We show that by engineering a nanoparticles-
polymer composite, we can create a powerful antimicro-
bial agent that not only kills but also genetically disarms 

LolABCDE system, which is responsible for the crucial 
trafficking and localization of outer membrane lipoproteins 
necessary for bacterial viability. The high-affinity binding 
and proposed denaturation of the LolC/LolCDE complex by 
the CS-Ag nanocomposite directly inhibit essential energy 
transport and disrupt cell envelope formation.

The resulting molecular-level disruption of the outer 
membrane barrier is consistent with the exceptionally large 
inhibition zones observed in our study (30 mm) against E. 
coli O157). Furthermore, and critically, this binding directly 
supports our gene expression data:

The disruption triggers the cell’s urgent response to repair 
its compromised cell envelope, evidenced by the significant 
upregulation of the nhaA and uge genes (as LolC disruption 
causes hydrolysis of nucleotide binding domain from nhaA 
and uge genes mentioned in literature [72]).

The generalized damage leads to protein misfolding 
stress, which correlates with the upregulation of the HSP60 
gene.

Thus, the docking result (binding to LolC) identifies the 
initial high-affinity target that ultimately cascades into the 
observed genetic stress response (nhaA, uge, HSP60) and 
confirms that the nanocomposite’s primary point of attack 
is the bacterial cell membrane, leading to a fatal energy 
imbalance.

Fig. 11  a, 6F3Z protein structure, red 
bonds; amino acids residues, green 
bonds; carbon carbon bonds, blue bonds; 
polar bonds, while bonds; Sulphur 
Sulphur bonds, b Chain A and chain B 
for 6F3Z protein expression, c Docking 
between Protein and ligand
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