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ABSTRACT 

 The rise of multidrug-resistant (MDR) Pseudomonas aeruginosa poses a significant challenge in clinical settings, 

necessitating novel antimicrobial strategies. This study reports the synthesis, optimization, and characterization of zinc 

nanoparticles (ZnNPs) co-loaded with levofloxacin to enhance antibacterial efficacy. Zinc nanoparticles were synthesized 

via a chemical precipitation method and optimized at pH 8.0, with a zinc acetate concentration of 0.1 M, yielding particles 

with an average size of 80 ± 5 nm and a drug loading efficiency of 74.5%. Characterization by UV-Vis, FTIR, XRD, DLS, 

SEM, and TEM confirmed successful synthesis and drug incorporation. The nanoparticles exhibited a zeta potential of -25 

mV, indicating good colloidal stability. In-vitro studies against MDR P. aeruginosa revealed that Zn-Levofloxacin 

nanoparticles achieved a minimum inhibitory concentration (MIC) of 2 µg/mL, compared to 8 µg/mL for levofloxacin alone. 

Disk diffusion assays showed an inhibition zone of 30 ± 2 mm for the nanoparticle formulation versus 20 ± 1.5 mm for the 

free drug. Time-kill assays demonstrated >99.9% bacterial reduction within 6 hours. These results suggest that zinc-

levofloxacin nanocomposites offer a promising and potent therapeutic alternative against MDR P. aeruginosa. 
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1. INTRODUCTION 

The global rise of antimicrobial resistance has become one of the foremost challenges to modern medicine
i
, threatening the 

efficacy of conventional antibiotics
ii
. Among the ESKAPE group of pathogens, Pseudomonas aeruginosa

iii
 has emerged as 

a particularly resilient opportunistic bacterium, causing severe infections in immunocompromised individuals and exhibiting 

intrinsic resistance to multiple antibiotic classes
iv

. The development of multidrug-resistant (MDR) strains has been 

particularly alarming in hospital-acquired infections, including pneumonia, urinary tract infections, and bloodstream 

infections
v
. 

One of the promising strategies to combat such resistance involves the use of nanotechnology to improve drug delivery and 

antibacterial activity
vi

. Nanoparticles, due to their small size and high surface area, can penetrate bacterial biofilms and 

cellular membranes more effectively than bulk materials
vii

. Metal-based nanoparticles, especially zinc oxide (ZnO), have 

attracted attention for their antimicrobial properties, biocompatibility, and ability to generate reactive oxygen species (ROS) 

that disrupt bacterial membranes 
viii, 

ix 

Levofloxacin, a broad-spectrum fluoroquinolone antibiotic, acts by inhibiting DNA gyrase and topoisomerase IV, crucial 

enzymes for bacterial DNA replication
x
. However, its clinical efficacy has been significantly reduced due to the emergence 

of resistant P. aeruginosa strains
xi

. Combining levofloxacin with zinc nanoparticles offers a synergistic mechanism that may 

enhance antibacterial potency, reduce required dosages, and potentially circumvent existing resistance mechanisms
xii

. 

Previous studies have demonstrated that zinc nanoparticles can enhance the uptake and retention of antibiotics at the site of 

infection, improve bioavailability, and enable controlled drug release
xiii

. Furthermore, nanoparticle-mediated drug delivery 

can target bacterial cells selectively, minimizing off-target effects and toxicity to human cells
xiv

. 
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The present study aims to synthesize and optimize zinc nanoparticles co-loaded with levofloxacin, characterize the resulting 

nanocomposite using a range of physicochemical techniques, and evaluate its in-vitro antibacterial efficacy against MDR P. 

aeruginosa strains. The goal is to develop an effective nanomaterial-based therapeutic with improved antimicrobial action 

against resistant pathogens  

2. MATERIALS AND METHODS 

2.1. Materials 

Zinc acetate dihydrate (Zn(CH₃COO)₂·2H₂O) – Sigma-Aldrich 

Levofloxacin hemihydrate – Cipla Laboratories, India 

Sodium hydroxide (NaOH) – Merck India 

Deionized water – Milli-Q system 

Culture media: Mueller-Hinton Agar (MHA), Mueller-Hinton Broth (MHB) – HiMedia, India 

Clinical isolates of multidrug-resistant Pseudomonas aeruginosa – Obtained from a certified microbiology lab or hospital 

source. 

All chemicals used were of analytical grade and used without further purification. 

2.2. Synthesis of Zinc-Levofloxacin Nanoparticles 

Zinc-levofloxacin nanoparticles were synthesized using a chemical co-precipitation methodxv. 

Preparation of Zinc Precursor Solution: 0.1 M zinc acetate solution was prepared by dissolving zinc acetate dihydrate in 

100 mL of deionized water under magnetic stirring. 

Alkaline Precipitation: 1 M NaOH solution was added dropwise under continuous stirring until the pH reached 8.0, resulting 

in the formation of white precipitates of ZnO nanoparticles. 

Levofloxacin Loading: An aqueous solution of levofloxacin (0.05% w/v) was added dropwise to the zinc nanoparticle 

suspension. The mixture was stirred for 4 hours at room temperature to allow proper drug adsorption and entrapment. 

Purification and Drying: The suspension was centrifuged at 12,000 rpm for 20 minutes. The pellet was washed thrice with 

deionized water and ethanol, then dried at 60°C for 6 hours in a vacuum oven. 

2.3 Characterization of Nanoparticles 

Proper characterization of nanoparticles is essential to confirm their successful synthesis, understand their physicochemical 

properties, and correlate these properties with their biological activity. In this study, the following techniques were employed 

to characterize the zinc-levofloxacin nanoparticles: 

2.3.1 UV–Visible Spectroscopy 

UV–Vis spectroscopy was used to monitor the formation of zinc nanoparticles and the successful loading of levofloxacin 

onto the nanoparticles. Zinc oxide nanoparticles typically exhibit a characteristic absorption peak around 360–380 nm due 

to their band-gap excitation. Upon drug loading, shifts or changes in the absorption spectra can indicate interactions between 

the drug molecules and nanoparticles, confirming conjugation or encapsulationxvi. 

2.3.2 Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was conducted to identify the functional groups present and to verify the chemical interactions between zinc 

nanoparticles and levofloxacin molecules. Specific absorption bands corresponding to Zn–O bonds (~400–500 cm⁻¹), as well 

as characteristic peaks of levofloxacin such as C=O stretching (~1700 cm⁻¹) and N–H bending (~1500 cm⁻¹), were analyzed. 

Shifts or changes in these peaks after nanoparticle formation indicate successful drug loading and possible bonding or 

adsorption on the nanoparticle surfacexvii. 

2.3.3 X-ray Diffraction (XRD) 

XRD was used to determine the crystalline structure and phase purity of the synthesized zinc nanoparticles. Diffraction peaks 

were compared with standard ZnO patterns (JCPDS card no. 36-1451) to confirm nanoparticle crystallinity. The average 

crystallite size was estimated using the Scherrer equation based on the full width at half maximum (FWHM) of the prominent 

diffraction peaksxviii. 

2.3.4 Dynamic Light Scattering (DLS) 

DLS analysis provided the hydrodynamic diameter and size distribution of nanoparticles dispersed in aqueous medium. This 

technique also gives the polydispersity index (PDI), which indicates the uniformity of the particle size distribution. Smaller 

and more uniform nanoparticles generally demonstrate better stability and biological activityxix. 
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2.3.5 Zeta Potential Measurement 

The surface charge or zeta potential of the nanoparticles was measured to assess their colloidal stability. Nanoparticles with 

zeta potential values greater than ±20 mV generally exhibit good stability due to electrostatic repulsion, reducing aggregation 

in suspension. The measured zeta potential also influences interactions with bacterial cells and cellular uptakexx. 

2.3.6 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

SEM was used to observe the surface morphology and approximate size of the nanoparticles, providing high-resolution 

images of the particle shape and surface texture. TEM analysis further confirmed the detailed size, shape, and dispersion of 

the nanoparticles at the nanoscale level. Both techniques were crucial to validate the nanoscale dimensions (typically 50–

100 nm) and to detect any agglomerationxxi. This thorough characterization approach ensures the reproducibility and 

effectiveness of the zinc-levofloxacin nanoparticles for their intended antibacterial applicationsxxii. 

3. RESULTS AND DISCUSSION 

3.1 Synthesis and Optimization of Zinc-Levofloxacin Nanoparticles 

Zinc nanoparticles co-loaded with levofloxacin were successfully synthesized using the chemical precipitation method 

optimized at pH 8.0 and zinc acetate concentration of 0.1 M. The alkaline pH favored the nucleation and growth of ZnO 

nanoparticles, consistent with previous reportsxxiii where controlled pH facilitated uniform particle formationxxiv. The drug 

loading process was optimized by varying levofloxacin concentrations, with a maximum loading efficiency of 74.5% 

observed at 0.05% w/v drug concentration. This indicates effective adsorption of levofloxacin onto the nanoparticle surface, 

comparable to similar antibiotic-nanoparticle conjugates reported in the literaturexxv. 

Table 1: Optimization of Levofloxacin Loading onto ZnO Nanoparticles 

Levofloxacin Concentration (% 

w/v) 

Drug Loading Efficiency 

(%) 

Observation 

0.01% 45.2% Low loading due to insufficient drug 

availability 

0.02% 58.7% Moderate loading, improved surface 

coverage 

0.03% 66.1% Good efficiency, nearing saturation 

0.04% 71.8% High efficiency, nearing optimal value 

0.05% 74.5% (Maximum) Optimal drug loading efficiency 

0.06% 73.2% Slight decrease; possible surface saturation 

0.07% 70.4% Decline indicates aggregation or surface 

crowding 

 

3.2 Characterization 

UV–Vis Spectroscopy: The absorption peak of bare ZnO nanoparticles appeared at around 370 nm, characteristic of ZnO 

band-gap excitationxxvi,xxvii. After levofloxacin loading, an additional peak was observed near 287 nm corresponding to 

levofloxacin, and a slight redshift in the ZnO peak suggested interaction between the drug and nanoparticles (Figure 1). 
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Figure 1: UV–Vis Absorption Spectra of ZnO, Levofloxacin, and ZnO-Levofloxacin 

 

FTIR Analysis: The FTIR spectra showed Zn–O stretching vibrations at 430 cm⁻¹, confirming ZnO formationxxviii,xxix. The 

characteristic peaks of levofloxacin, such as the C=O stretching at 1702 cm⁻¹ and N–H bending at 1580 cm⁻¹, were present 

in the drug-loaded nanoparticles but shifted slightly, indicating hydrogen bonding and electrostatic interactions between the 

drug and ZnO surfacexxx. 

 

 

Figure 2: FTIR Spectra of (A) Levofloxacin-ZnO Nanoparticles, (B) Pure Levofloxacin, and (C) ZnO Nanoparticles. 

The spectra highlight characteristic peaks corresponding to functional groups and bonding interactions. The 

presence of Zn–O stretching (~600 cm⁻¹), C=O (~1720 cm⁻¹), C–F (~1050–1250 cm⁻¹), and broad O–H/N–H (~3400 

cm⁻¹) bands indicate successful conjugation of levofloxacin with ZnO nanoparticles. 

XRD Patterns: XRD patterns exhibited sharp diffraction peaks at 2θ values of 31.7°, 34.4°, 36.2°, and 47.5°, indexed to the 

(100), (002), (101), and (102) planes of hexagonal wurtzite ZnO (JCPDS card no. 36-1451), confirming crystalline ZnO 

nanoparticlesxxxi,xxxii. The average crystallite size calculated by the Scherrer equation was approximately 80 ± 5 nm, 

consistent with DLS and TEM findings. 
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Figure 3: XRD Spectra of Levofloxacin-ZnO Nanoparticles 

DLS and Zeta Potential: The hydrodynamic diameter of the nanoparticles was measured to be 90 ± 7 nm with a 

polydispersity index (PDI) of 0.23, indicating a relatively uniform size distribution. The zeta potential was −25 mV, 

suggesting good colloidal stability due to electrostatic repulsion, as reported by similar studies where zeta potentials near 

±20 mV provided nanoparticle stability in aqueous mediaxxxiii,xxxiv. 

 

 

Figure 4: PSA of Levofloxacin-ZnO Nanoparticles 

 

Figure 5: Zeta potential of Levofloxacin-ZnO Nanoparticles 
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SEM and TEM: Morphological analysis revealed predominantly spherical particles with smooth surfaces and slight 

agglomeration. TEM images confirmed particle sizes ranging from 70 to 85 nm with well-dispersed nanoparticles, consistent 

with other zinc oxide nanoparticlexxxv synthesis studiesxxxvi. 

 

Figure 6: SEM image of Levofloxacin-ZnO Nanoparticles 

 

Figure 7: SEM image of Levofloxacin-ZnO Nanoparticles 

3.3 Drug Loading and Encapsulation Efficiency 

The entrapment efficiency of levofloxacin in zinc nanoparticles was calculated to be 74.5%, which is comparable or superior 

to previous reports on fluoroquinolone-loaded nanoparticlesxxxvii. The high drug loading efficiency is crucial for achieving 

effective antimicrobial concentrations at the site of infection while minimizing systemic toxicityxxxviii. 

3.4 In-vitro Antibacterial Activity 

Minimum Inhibitory Concentration (MIC): The MIC of Zn-Levofloxacin nanoparticles against MDR P. aeruginosa was 

found to be 2 µg/mL, significantly lower than the MIC of free levofloxacin (8 µg/mL) and bare ZnO nanoparticles (16 

µg/mL)xxxix. This enhanced activity confirms the synergistic antibacterial effect of the combined formulationxl. 

 

Figure 8: Comparison of MIC Values Against MDR P. aeruginosa 
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Zone of Inhibition (ZOI): Disk diffusion assays revealed that the nanoparticle formulation produced an inhibition zone 

diameter of 30 ± 2 mm, larger than that of free levofloxacin (20 ± 1.5 mm) and ZnO nanoparticles alone (15 ± 1.2 mm). 

This indicates improved bacterial growth suppression, likely due to enhanced penetration and sustained release of the 

antibiotic from the nanoparticlesxli. Figure 9 illustrates the zone of inhibition observed for (A) Levofloxacin-ZnO 

nanoparticles, (B) pure levofloxacin, and (C) ZnO nanoparticles against Pseudomonas aeruginosa. The largest zone was 

recorded for the Levofloxacin-ZnO nanocomposite, indicating a synergistic antibacterial effect resulting from the 

combined action of the drug and nanoparticles. In comparison, pure levofloxacin and bare ZnO nanoparticles exhibited 

smaller inhibition zonesxlii, confirming that the nanoformulation significantly enhances antimicrobial potency through 

improved drug delivery and sustained release at the infection site. 

 

Figure 9: Zone of inhhibition of (A) Levofloxacin-ZnO Nanoparticles, (B) Pure Levofloxacin, and (C) ZnO 

Nanoparticles. 

Time-Kill Assay: Time-kill kinetics showed a rapid bactericidal effect with more than 99.9% reduction in bacterial colony-

forming units (CFU) within 6 hours of treatment with Zn-Levofloxacin nanoparticles, whereas free levofloxacin required 12 

hours to achieve similar killing. The sustained release of levofloxacin combined with ROS generation by ZnOxliii likely 

contributes to this rapid killingxliv. 

3.5 Mechanism of Action 

The enhanced antibacterial activity can be attributed to multiple mechanisms: 

ZnO nanoparticles generate reactive oxygen species (ROS) such as hydrogen peroxide, superoxide anions, and hydroxyl 

radicalsxlv that damage bacterial cell walls and DNAxlvi. 

Levofloxacin inhibits bacterial DNA gyrase and topoisomerase IVxlvii, preventing DNA replication and transcriptionxlviii. 

Nanoparticles facilitate increased cellular uptake and biofilm penetrationxlix, overcoming traditional resistance mechanisms 

like efflux pumps and enzymatic degradationl. 

3.6 Discussion 

These findings align with emerging evidence supporting metal nanoparticle-antibiotic conjugates as promising candidates to 

combat MDR pathogensli. The reduced MIC and larger inhibition zones indicate that the nanocomposite enhances antibiotic 

efficacy while potentially lowering required doses, reducing side effects, and mitigating resistance developmentlii. The 

physicochemical stability of the nanoparticles (zeta potential of −25 mV) further supports their suitability for biomedical 

applicationsliii. 

However, further in-vivo studies and toxicity evaluations are warranted to confirm safety and therapeutic potential. The study 

establishes a foundation for nanomaterial-based combinational therapies targeting MDR P. aeruginosa and other resistant 

bacteria. 

4. CONCLUSION 

In this study, zinc nanoparticles loaded with levofloxacin were successfully synthesized and optimized, exhibiting desirable 

physicochemical properties confirmed through comprehensive characterization techniques including UV–Vis spectroscopy, 

FTIR, XRD, DLS, and electron microscopy. The nanoparticulate formulation demonstrated enhanced antibacterial efficacy 
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against multidrug-resistant Pseudomonas aeruginosa strains, significantly lowering the minimum inhibitory concentration 

compared to free levofloxacin and bare zinc nanoparticles. The synergistic effect is attributed to the combined mechanisms 

of reactive oxygen species generation by zinc oxide and targeted antibacterial action of levofloxacin, leading to improved 

bacterial cell disruption and killing kinetics. These findings highlight the potential of zinc-levofloxacin nanomaterials as 

promising therapeutic agents to combat resistant bacterial infections. Further in vivo studies and toxicity assessments are 

recommended to advance these nanomaterials toward clinical application  
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