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Synthesis of Eco-friendly Silver Nanoparticles (AgNPs) by Lacticaseibacillus rhamnosus for Combating Antibiotic Resistance and Boosting Antioxidant Activity.




Abstract:
Antimicrobial resistance (AMR) is an imperative global health threat, prompting the need to design novel therapeutic options. In this work, silver nanoparticles (AgNPs) were biosynthesised from Lacticaseibacillus rhamnosus using a green synthesis method. Characterisation was ensured by a colour change visible to the naked eye and a UV–Visible absorption maximum at 429 nm. The antimicrobial activity of the biosynthesised AgNPs (AgNPs-LR) was tested against standard and multidrug-resistant (MDR) strains of bacteria through agar well diffusion and MIC assays. The findings showed potent, dose-dependent antibacterial potential, with clear zones of inhibition recorded in Escherichia coli (ESBL, 19 mm) and Klebsiella pneumoniae (MDR, 17 mm) at 150 µL. MIC analysis showed high sensitivity in E. coli and Pseudomonas aeruginosa ATCC strains (MIC <2 µg/mL), whereas Serratia marcescens and K. pneumoniae (MDR) were inhibited at ≤8 µg/mL, validating the broad-spectrum potential of AgNPs-LR, especially against Gram-negative and MDR pathogens. Gram-positive strains manifested variable resistance, suggesting the necessity for further optimisation of formulation. Moreover, AgNPs-LR manifested concentration-dependent antioxidant activity in the DPPH radical scavenging assay, exhibiting comparable performance to ascorbic acid at elevated concentrations. The above findings reinforce the dual functionality of AgNPs-LR as a potent antimicrobial and antioxidant compound, and thus underscore its potential as a viable candidate for the fight against AMR and oxidative stress management in biomedical applications
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Introduction
The Centers for Disease Control and Prevention (CDC) and the World Health Organisation (WHO) have named antimicrobial resistance (AMR) as one of the most severe worldwide health threats of the twenty-first century [1]. Such drug resistance in most Gram-negative bacteria, particularly the multidrug-resistant (MDR) pathogens of the family Enterobacteriaceae and Pseudomonas aeruginosa [2] and Gram-positive such as Methicillin-resistant Staphylococcus aureus (MRSA) and Vancomycin-Resistant Enterococci (VRE), is a big public health hazard[3]. Although several antibiotic stewardship programs exist, rational antimicrobial use, together with effective diagnosis and treatment, would help in the battle against drug-resistant infections. The complexity of antimicrobial resistance (AMR) is compounded by limitations in medication development and a lack of new antimicrobial treatments [4]. As commonly used antibiotics become ineffective due to resistance, there is a critical need to explore alternative approaches for treating drug-resistant bacteria. Probiotics, phages, cationic peptides, phytochemicals, nanoparticles, antibodies, predatory bacteria, and endolysins are among the most commonly used alternative ways to combat multidrug resistance. One potential option is nanotechnology, which has recently piqued the interest of academics because of its advantages and benefits in domains such as energy conservation, environmental safety and healthcare [5]. 
Nanotheranostics is a scientific innovation in nanomedicine that connects nanomaterials and nanotechnology for therapeutic purposes with increased effectiveness [6]. Nanoparticles are commonly used as host-targeting alternatives to antibiotics due to their unique physicochemical features, focused delivery, and lower risk of resistance development. It may also circumvent resistance mechanisms, allowing for an alternate therapy [7]. A lot of research is being done on making metal nanoparticles because they have many bioactive properties, such as antibacterial, antifungal, antiviral, anticancer, antioxidant, and anti-inflammatory [8]. Medicine, food, and the environment extensively employ several metal nanoparticles, including silver (Ag), gold (Au), and zinc (Zn) [9]. Being a popular nanoparticles of their antimicrobial mechanism of silver nanoparticles (AgNPs) is based on four established mechanisms: (1) binding of AgNPs to cell wall and membrane surface, (2) AgNPs entry into cells to cause damage to intracellular structures such as mitochondria, vacuoles, and ribosomes, as well as to essential biomolecules like proteins, lipids, and DNA, (3) induction of cytotoxicity and oxidative stress through the production of ROS and free radicals, and (4) disruption of cellular signal transduction processes. Alongside these main mechanisms, AgNPs also affect the human immune system by regulating inflammatory reactions, further assisting in microbial inhibition.[11]. This property makes them an effective strategy in medicine to combat antibiotic resistance. However, traditional methods of producing AgNPs sometimes use hazardous compounds, raising concerns about their environmental effect and biocompatibility [10]. 
Green synthesis techniques, especially those using microbes, provide an environmentally acceptable and cost-effective option to generate these nanoparticles using non-toxic chemicals [40]. Silver nanoparticles (AgNPs) offer potent antimicrobial properties, effectively combating drug-resistant pathogens by disrupting cell membranes and inhibiting protein synthesis [12]. Probiotics, particularly lactic acid bacteria (LAB), enhance immune health and have demonstrated effectiveness against multidrug-resistant (MDR) strains [13]. When combined, probiotics can enable the eco-friendly green synthesis of AgNPs, eliminating the reliance on harmful chemicals in nanoparticle production. This synergy enhances the antimicrobial efficacy of AgNPs while providing a safer and more sustainable method for addressing resistant infections, presenting a promising alternative to traditional antibiotics. [14]. 
This approach makes biological systems safer and more compatible compared to chemically manufactured AgNPs. In addition, they are safer to employ in medical applications, such as wound healing, infection control, and antibacterial agents in healthcare settings [15]. Furthermore, AgNPs may influence the immune system, so improving the body's natural defences against infections [16]. Probiotic-synthesised AgNPs are a novel, natural strategy to combat AMR because they combine AgNPs' antibacterial potency with probiotics' health-promoting qualities [17].  It has been reported that AgNPs made from different LAB strains have antimicrobial properties [18]. In this study, Lactobacillus rhamnosus was utilized for the green synthesis of silver nanoparticles (AgNPs) to assess their antibacterial activity against multidrug-resistant (MDR) pathogens and their antioxidant potential.
Materials and methods
1. Isolation and preliminary identification of Lacticaseibacillus rhamnosus 
Lacticaseibacillus rhamnosus GG (TCC 53103) were purchased as probiotic capsules (VIZYLAC GG Capsule) supplied by several pharmacies in Chennai, India. Transported in sterile plastic bags to prevent contamination. Upon arrival, the capsules were homogenised in 10 mL of sterile peptone water and serially diluted, where 100 μL of 105 dilution is spread on deMan, Rogosa and Sharpe (MRS) agar medium (Hi-Media, India) to promote LAB growth. Colony morphology, biochemicals and carbohydrate fermentation were conducted accordingly following methods as previously mentioned [19].
2. Synthesis of silver nanoparticles using Lacticaseibacillus rhamnosus. (AgNPs-LR) 
The active culture of L. rhamnosus was inoculated into fresh MRS media and incubated at 37°C overnight. Following incubation, the grown culture was centrifuged for 10 minutes at 10,000 rpm and 4oC to collect the culture supernatant. Then, culture supernatant (10 mL) was mixed with 0.1 mM silver nitrate solution (90 mL) and incubated at 30oC for 24 hrs in the dark condition. Observations of color change due to AgNPs synthesis after 24 hrs were made accordingly.  
3. UV-visible spectroscopy. 
The UV-Vis spectrum using a SPEC ORD M-400 spectrophotometer was performed, which measured absorbance from 400 to 800 nm and deionised water was used as a blank. The spectra exhibited high peaks at 420 and 450 nm, confirming surface plasmon resonance in silver nanoparticles [20].  
4. Biological applications for AgNPs-LR 
4.1. Microorganisms and Inoculum Preparations.
We investigated the antibacterial properties of biosynthesised silver nanoparticles (AgNPs-LR) against laboratory-maintained strains from the Department of Microbiology, University of Madras, both MDR pathogens of Gram-negative and Gram-positive bacteria. Initially, 10 μL of an overnight bacterial culture was transferred into a flask with 20 mL of freshly manufactured Muller Hinton (CA-MH; HiMedia, Mumbai) broth and cultivated in an incubator shaker at     28 °C and 150 rpm for 24 hours. After incubation, the overnight culture was adjusted to 0.5 McFarland standard, which is about 1.5x108 CFU/mL, by adding additional Mueller-Hinton broth.
4.2 Antimicrobial activity of AgNPs-LR 
The antibacterial efficacy of biosynthesised silver nanoparticles (AgNPs) was assessed using the agar well diffusion technique [23] against a variety of Gram-positive and Gram-negative bacteria, including standard and multidrug-resistant (MDR) strains. E. coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC BAA 1026, Enterococcus faecalis ATCC 29212, Streptococcus pyogenes MTCC 1927, Serratia marcescens ATCC 14756 and MDR strains of E. coli, Klebsiella pneumoniae were tested. AgNPs-LR were administered at different concentrations (25, 50, 75, 100, and 150 µL), and the zone of inhibition was assessed to test antibacterial effectiveness using the agar well diffusion method.  
4.3. Determination of minimal inhibitory concentration.
The minimum inhibitory concentration (MIC) is defined as the lowest concentration of an antimicrobial agent that inhibits visible bacterial growth. MIC determination was performed using the standard microdilution method in a 96-well polystyrene microtiter plate, by CLSI guidelines (2018) [39]. Each well was loaded with 50 μL of Mueller–Hinton Broth (MHB), 75 μL of AgNPs-LR at varying 6 concentrations prepared via two-fold serial dilution, and 75 μL of a 1:75 diluted bacterial suspension. Wells containing only MHB served as negative controls, while wells containing bacterial inoculum without treatment served as positive controls. The plates were incubated at 37 °C for 24 hours. Following incubation, bacterial growth was quantified spectrophotometrically at 630 nm. Subsequently, 10 μL from each well was subcultured onto Mueller–Hinton Agar (MHA) plates and incubated under the same conditions to assess bactericidal activity. The MIC was recorded as the lowest concentration of AgNPs-LR that visibly inhibited bacterial growth, confirming its antibacterial efficacy.
 4.4.  Antioxidant activity of biosynthesised AgNPs-LR
The DPPH-based free radical scavenging test for green-synthesised AgNPs-LR was carried out according to the protocol reported in [24]. Green-synthesised AgNPs (100 μL from concentrations of 20, 40, 60, 80, and 100 μg/mL) were combined with 35 μL of 0.10 mM DPPH (3.94 mg in 100 mL methanol) and incubated at room temperature in the dark for 30 minutes. The DPPH in distilled water without AgNPs-LR served as the blank. The standard antioxidant was ascorbic acid at concentrations of 20, 40, 60, 80, and 100 μg/mL. We determined the absorbance at 517 nm after incubation. DPPH scavenging activity was estimated using the formula (A Control – A Test) / A Control × 100, where A Control represents the control absorbance and A Test represents the test sample absorbance.
Results and Discussion
1. Isolation and Preliminary Identification of Lacticaseibacillus rhamnosus
The single bacterial strain showed phenotypic features typical of Lacticaseibacillus rhamnosus, as presented in Table 1. The colonies were creamy white, smooth, and round, typical of this species. The microscopic view assured the presence of Gram-positive bacilli, and biochemical tests confirmed catalase and oxidase negativity. The strain showed minimal ammonia production from arginine, reflecting low amino acid catabolism. The isolate was negative for nitrate reductase and urease tests and was non-motile. The carbohydrate fermentation tests were positive for sorbitol, cellobiose, mannose, lactose, galactose, and arabinose, but negative for rhamnose, trehalose, melibiose, and sucrose Table 2. This agrees with earlier reports of L. rhamnosus and indicates its promise as a probiotic candidate and biosynthetic agent for nanomaterial synthesis [30,31].

	Test
	Results

	 Morphology: Culture and microscopic characteristic
	Smooth round, Cream white colonies/ Rod non spore former

	Gram stain
	Positive

	Catalase test
	Negative

	Oxidase test
	Negative

	NH3 Production from arginine
	Negative

	Motility
	Negative

	H2S Production
	Negative

	Nitrate reduction
	Negative

	Acid and Gas from glucose
	Positive

	Urease test
	Negative


Table 1: The Cultural, Microscopic, and Biochemical Characterisation of L. rhamnosus

	Carbohydrate used
	Fermentation results

	Mannitol
	Positive

	Salicin
	Positive

	Sorbitol
	Positive

	Cellobiose
	Positive

	Mannose
	Positive

	Lactose
	Positive

	Sucrose
	Negative

	Melibiose
	Negative

	Trehalose
	Negative

	Galactose
	Positive

	Arabinose
	Positive

	Rhamnose
	Negative












Table 2: Carbohydrate utilization test results of L. rhamnosus

2.  Biosynthesis of Silver Nanoparticles Using L. rhamnosus (AgNPs-LR)
The silver nanoparticle biosynthesis was demonstrated by a colour change from white to dark brown upon incubation for 24 hours (Figure 1), reflecting the reduction of Ag⁺ to Ag⁰. This is due to bacterial metabolites, such as proteins and organic acids, that serve as reducing and stabilising agents within the medium [22,33]. UV–Visible spectroscopy also testified to the formation of AgNPs with a sharp absorption peak at 429 nm (Figure 2), which is within the typical surface plasmon resonance range for silver nanoparticles (420–450 nm). These results are in accordance with existing research on biologically synthesized AgNPs using probiotic strains [30,31,34]. Green synthesis methods of AgNPs has gained momentum due to their lower toxicity and environmental impact compared to similar chemical synthesis techniques [27, 29]. Green synthesis techniques also allow for control over nanoparticle morphology and size, which are important modifiable parameters of AgNPs that contribute to their stability, bioavailability, and biological activity [36].






1. A. Control		1. B. AgNPs-LR
Figure 1: 1.A) Control sample of Silver Nanoparticles, 1.B) Biosynthesized silver nanoparticles (AgNPs) using Lacticaseibacillus rhamnosus. (AgNPs-LR) 
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Figure 2: UV–Visible spectroscopy of AgNPs-LR

3. Antimicrobial Activity of AgNPs-LR
The antimicrobial efficacy of AgNPs-LR was assessed through agar well diffusion and MIC assays. The AgNPs exhibited strong and dose-dependent inhibitory activity against a range of pathogens, particularly Gram-negative and MDR strains (Figure 3). Specifically, Klebsiella pneumoniae (MDR) and Escherichia coli (ESBL) produced the largest zones of inhibition (17 mm and 19mm, respectively) at the highest concentration (150µL), supporting the contention that the AgNPs are effective against those strains. This also supports previous findings that AgNPs are toxic to bacterial membranes and biological matrices by the generation of ROS [38,39].  MIC analysis (Table 3) indicated ATCC strains of E. coli and Pseudomonas aeruginosa were very sensitive, with the MIC concentrations and values being <2, whereas E. coli ESBL and S. aureus were resistant to higher concentrations (or >16 and 4, respectively). Enterococcus faecalis showed resistance at 8, while Serratia marcescens and K. pneumoniae (MDR) were sensitive at ≤8 µg/mL.
These findings support previous studies that observed a particularly effective action by AgNPs against Gram-negative bacteria, possibly due to the much thinner layer of peptidoglycan that comprises Gram-negative bacterial membranes and facilitates nanoparticle penetration into the bacterial cell [27,29]. Variable activity that was noted against Gram-positive strains suggests there is a need for additional optimization of AgNP/LR nanoparticles toward additional formulations that can offer broad-spectrum effectiveness. 
With the increase of antimicrobial resistance (AMR), especially in nosocomial pathogens such as P. aeruginosa and E. coli, AgNPs provide a promising adjunct or alternative to conventional antibiotics. The multimodal mechanism of action disrupting membranes, inactivating proteins, and inhibiting DNA replication means they are still efficacious against resistant phenotypes [26,28].


	Organism
	MIC Breakpoint (μg/ml)

	E. coli – ATCC
	2

	E. coli strain (ESBL)
	16

	Pseudomonas aeruginosa – ATCC
	2

	Staphylococcus aureus – ATCC
	4

	Enterococcus faecalis – ATCC
	8

	Streptococcus pyogenes – MTCC
	16

	Klebsiella pneumonia (MDR)
	8

	Serratia marcescens – ATCC
	8





Table 3: -MIC Results of AgNPs-LR
	Microorganisms
	25 μL
	50 μL
	75 μL
	100 μL
	150 μL

	E. coli– ATCC
	_
	_
	19mm
	21mm
	23mm

	Pseudomonas aeruginosa– ATCC
	_
	_
	13mm
	16mm
	18mm

	Staphylococcus aureus– ATCC
	_
	_
	-
	-
	11mm

	Streptococcus pyogenes– MTCC
	_
	_
	_
	13mm
	15mm

	Enterococcus faecalis– ATCC
	_
	_
	_
	11mm
	-

	Serratia marcescens– ATCC
	_
	_
	8mm
	10mm
	-

	E. coli strain (ESBL)
	_
	_
	_
	19mm
	-

	Klebsiella pneumoniae (MDR)
	_
	_
	_
	13mm
	17mm


Table 4: - Zone of inhibition Diameter


[image: ]






Figure 3: Antimicrobial activity of AgNPs-LR
4. Antioxidant Activity of AgNPs-LR
The antioxidant activity of biosynthesised AgNPs-LR was determined with the DPPH radical scavenging assay. The data showed a dose-dependent increase in radical scavenging activity, although the antioxidant capacity of AgNPs-LR continued to be lower than that of ascorbic acid (Figure 4). However, the antioxidant capacity observed in these studies further supports AgNPs-LR multi-functionality as agents that may exert both antimicrobial and antioxidant activities. This was consistent with previous findings from Lima et al. [37], who concluded that there was a positive relationship between AgNP concentration and DPPH radical scavenging ability. Such an antioxidant ability may augment the biomedical applications for AgNPs, which provide a protective effect against damage to the cells from oxidative stress, particularly in inflammation, wound healing and cancer therapy [37, 38].
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Figure 4: Antioxidant Activity results of AgNPs-LR
Conclusion
The impact of this study is significant in advancing the field of sustainable nanotechnology, particularly in the use of probiotics for the biosynthesis of silver nanoparticles (AgNPs-LR). The successful production of AgNPs-LR using Lacticaseibacillus rhamnosus demonstrates a cost-effective and eco-friendly approach that could reduce the environmental footprint associated with traditional chemical and physical nanoparticle synthesis methods. The antimicrobial and antioxidant properties of the synthesised AgNPs-LR, especially against multidrug-resistant (MDR) bacterial strains, suggest their potential as alternative therapeutic agents, offering a solution to the growing global concern over antibiotic resistance. Furthermore, the findings contribute to the broader understanding of the mechanisms underlying microbial nanoparticle synthesis and its potential applications in fields such as food safety, medicine, and biotechnology. By providing a sustainable method for nanoparticle production, this study paved the way for the development of probiotic-based, biologically synthesised AgNPs-LR in various industrial and medical applications. However, further research is needed to optimise their properties and explore their in vivo efficacy and safety to fully harness their potential.
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