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Abstract

The rapid emergence of antimicrobial resistance (AMR), coupled with the increasing burden of skin
and wound infections, presents a critical global healthcare challenge. Conventional antibiotics are
steadily losing efficacy, necessitating the development of alternative antimicrobial strategies that are
effective, affordable, and environmentally responsible. In this context, nanomaterials particularly
metal-based nanoparticles have emerged as promising antimicrobial agents due to their high surface
area, tunable physicochemical properties, and ability to act through multiple antibacterial
mechanisms. However, many nanoparticle synthesis routes rely on energy-intensive processes and
toxic chemicals, raising concerns regarding environmental sustainability and biocompatibility. This
doctoral research addresses these challenges by developing green, biomass-mediated nanoparticle
synthesis pathways and evaluating their antimicrobial performance, safety, and environmental

footprint.

This thesis investigates the biomass-based green synthesis of silver nanoparticles (AgNPs) and silver-
zinc oxide (Ag@ZnO) nanocomposites as sustainable antimicrobial formulations for skin and wound-
associated bacterial infections. Medicinal plant extracts and agro-industrial waste materials were
utilized as sustainable reducing and stabilizing agents, aligning with circular bioeconomy principles.
Specifically, Azadirachta indica (neem) leaf extract and grape pomace biomass (GPB), a major
byproduct of the wine industry, were employed to synthesize nanoparticles using environmentally
benign methodologies. These natural substrates are rich in phytochemicals such as polyphenols,
flavonoids, and phenolic acids, which facilitate metal ion reduction while simultaneously capping and

stabilizing the nanoparticles.

The research was structured into five interconnected studies. In the first study, neem leaf extract was
used to synthesize silver nanoparticles via a conventional hot plate-assisted green method. The
resulting AgNPs exhibited successful formation, confirmed through UV-Vis spectroscopy, X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and electron microscopy. These
nanoparticles demonstrated notable antibacterial activity against both Gram-positive and Gram-

negative bacteria, validating neem’s potential as an effective green precursor.

In the second study, grape pomace biomass was explored as a sustainable alternative to fresh plant
material, enabling waste valorization and reducing biomass exploitation. GPB was characterized for
its total phenolic content and antioxidant activity, confirming its suitability for nanoparticle synthesis.

Response Surface Methodology (RSM) was employed to optimize synthesis conditions, resulting in



AgNPs with improved size control and reproducibility. The GPB-derived nanoparticles exhibited
broad-spectrum antibacterial activity against clinically relevant pathogens, including methicillin-
resistant Staphylococcus aureus (MRSA), demonstrating the feasibility of agro-waste-based

nanomaterial synthesis for biomedical applications.

The third study focused on enhancing antimicrobial and catalytic performance through the
development of Ag-ZnO nanocomposites. Zinc oxide was incorporated with silver nanoparticles
using an ultrasonic-assisted green synthesis approach. Ultrasonication significantly improved
reaction kinetics, particle uniformity, and dispersion compared to conventional heating methods,
yielding nanocomposites with narrow size distribution and enhanced surface activity. The synthesized
ZnO@Ag nanocomposites showed superior antibacterial efficacy, producing substantially larger
zones of inhibition than monometallic nanoparticles. In addition, these nanocomposites exhibited
excellent catalytic activity, achieving rapid degradation of model organic dyes, thereby demonstrating

multifunctionality relevant to both biomedical and environmental remediation applications.

To elucidate the antibacterial mechanism of action, the fourth study employed field emission scanning
electron microscopy (FESEM) and inductively coupled plasma mass spectrometry (ICP-MS). The
results revealed a multimodal antibacterial mechanism involving physical disruption of bacterial cell
membranes, pore formation, and leakage of intracellular ions such as potassium and phosphorus.
These effects were attributed to synergistic interactions between silver ions, zinc oxide-induced
reactive oxygen species, and phytochemical capping agents derived from biomass extracts.
Importantly, biocompatibility and hemocompatibility assessments confirm high cell viability in
fibroblast cell lines, indicating that the developed nanomaterials are safe for potential topical and

biomedical use.

Recognizing that green synthesis must also be environmentally sustainable at scale, the fifth study
incorporated a comprehensive Life Cycle Assessment (LCA) to evaluate the environmental impacts
of nanoparticle production. Using OpenLCA software, gate-to-gate analyses were performed to
compare conventional hot plate synthesis with ultrasonic-assisted synthesis. The LCA results
demonstrated that ultrasonication significantly reduced ecotoxicity, fossil fuel depletion, and global
warming potential. Sensitivity and uncertainty analyses further identified solvent and energy
consumption as key environmental hotspots, highlighting opportunities for process optimization

through solvent recycling and energy-efficient strategy.

Overall, this research integrates green chemistry, waste valorization, antimicrobial nanotechnology,

and environmental assessment into a unified framework. The findings demonstrate that biomass-



derived nanoparticles and nanocomposites can effectively combat pathogenic bacteria through
multiple mechanisms while maintaining biocompatibility and reducing environmental burden. By
transforming agricultural and industrial waste into high-value antimicrobial materials, this work
supports sustainable innovation and contributes to global efforts to address AMR. The developed
approaches offer a scalable, eco-friendly pathway for next-generation antimicrobial formulations,

with relevance for skin infection treatment and healthcare applications in resource-limited settings.
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TAHTSH T I/RET (AMR) F1 <19 Tl THEIT TYT 91 U U1d YehHUN T Igdl S5 Ay WRg &
forg uep iR T 5 g1 8 | URURS TIamaifeay &t THIaRITedr aTdR &3 gt o T8t 7, fore v
J i SUAR! &1 HTIRIHl ITT s & o WHTA, fHwhrad, JRféa aur wafaxor &1 ¥ § fewrs; |
39 Ha H, UTg-SeTRd SHIe0l 30+ 3 Idg &, IHa arg e Mraf-d 0N auT 9g- S
SharRIet frarfaf & SR T U THIYE & F9 F IR § | gTaifdh, A0l & IRURS IRAW0T
Tt A fava arEl 3R 3ifie Sl BT syl gl 7, e gafarufig fRRAT 3R Sia-raar w®
UY 334 ¢ | I8 WY 561 gANadl ! e H @ gU gRd () Td Sa-Seid A-ie 0 Ixavor fafdal &
T T b SHATIRIE TR, YR&M 3R Tatavuiy guTal & Jedicd R died g

Tg XY @ YA & IUAR /g oid-3neria gRa faftrat gRT Riear A1 (AgNps) auT RieaR-fie
HTRIZS (Ag-ZnO) AAHITITCH & BT BT T ol 8| 390 3iwedig qeff v Hi-sienfis
AR H Fad RSIRAT 3R RIARohT Tole & FU H IuRT fhar T g, S Tdher aaigh A &
Rridl & o =u g1 faR% U R, Azadirachta indica (1) TN 31 TUT SR & A=Y (GPB), SN A8
I HT TH YW IU-3UTG &, BT STINT TITRUI-IHd 4101 YRAW0T & forg fasan | 3 wiehfas
A UTe T, TS Y 3R 3 HTZeih Hdh & I HRUR 81 &, ST UTq ST B! RS H & T1Y-
T AN B FRRAT UGH FRd & |

U XY B U TG 37eqgi B fquiford fasan mam g | vum sreqg B, 19 Oxit oidh &1 SudiT R URURS
gle-wie fafd gRT RieaR Aol o1 gRa T fam 7T | UV-Vis WaRBIUY, XRD, FTIR 94T 3Aa-
AISHRBIUT GRT A-IBUN & THd AT ST g B 718 | 37 A1 0N - JH-uifoed 3R JH-A7fed gt
YHR & SISl & v Ieara-d SaTIRieh gHTa g=iia, for =i &1 gikd I=avor &mar veioa
gl

fagcfiar st o, SR & 3a=IY (GPB) &1 Udh ddhield 3R ad ola-did & &0 H JuanT forar ma, fore
I grel W FRar w7 g3 3R Sufiy &1 Geuads THT g3l GPB B A Belfers ARl $iR
ttsiifRTS e Al &1 Geaidd HR SUD! ST "I P15 | Response Surface Methodology (RSM)
ERT Geavor uRfRufaal &1 srpe forar T, R 07 SR =0 3R gsdemar 3§ UR g3l
GPB-3TTUTRd ek 3BT 7 MRSA Tfgd w5 s iRad 0 & fawg uuTdt sharuRih mfafaf vefRfa
Edll

g sregg H, SiaTRIeR Td SRS UeRH & 96 /g Ag-ZnO AAIbIIey 1 fawr farar ma|
T SfeTTNIPRA TR FR TRAVUT Tehr1ids T SUANT it 7, fore uRuRes faftrat &t gamn §

\'




SER HUT THE AT, ool Udfehan Tfads! a1 THH faaror gRfda fosan | fAsRa zno@Ag A eimiferey
3 IR ¥ § I SharuRih uHTa feamn aur e S18 sraeed & ot S IR U= fa,
R 37! 9g-HRITED &HdT YHTOT g3 |

T SierH H, AT &t SharuRIe fhanfafe 1 wHgm & T FESEM SIR ICP-MS Tdh1d! &1 SUaNT
o T | afRoTT @ U8 TUT gt fos A rifored SiaTy] HIfRiT fareett 1 Hifdd U ¥ &ifaRd d=d
&, ooy fis fAmfor 3fR K T P oRY SHidRes S &1 R4 giaT | 98 W1 RieaR 3T, Zn0 R
I@F ROS TUT AG-3MUTRT BISCIH ST BT & Tgad THTT I IO 81T &1 T B, BISIKRE
HIRBTSN R BT MY Na-Trradr wderon & I= b1 sifdddr urs 78, R/ 71 - gmBat &t Sa-
fafecita STAfTar vafoE g3

Ga 3eqg- H, A1 IdTe & uaiaRufiy fRIRAT &7 3 e Siia- Tigh Hedids & Areqd J farar mar|
OpenLCA TR BT IUTNT FR cradle-to-gate FIRAUT faram 7, fored gie-wie 3R sfeerifdRH
fafirgt ot o ) 7S | uikome § Ig fafy Wy g2 % sreerifeRH o shieiiRufic), Shard S ot
HU 3R TS AT &ar B I HH M g1 | Hag-=iadr iR SifAfdadr fawewo 3 ag oft
31T for Wicde 3R Soif Wud T TaiaRui THTd HRS &, o8 YR &1 T FHTEAN HINE & |

Y Y ¥, I8 2N g 3915 fagH, Srafry yee, StamuRieh Aqiea et iR waiarofia qegis &t
THIPHd Rl g1 T8 g aar g b Sa-3memid A0 pHid ©u 3 IeHe Siiargsii &1 Fafa e
qHd §, WY G AG-TTd 3R Tafarvr-srgmd Hf &1 HiY Td sienfies srufkiy & 3=-qe Ja-fafesia
TmREl 8 ukafdd X a8 $1F AMR 3 e &1 fa=n § te 9aqd, Whaad $iR SR a0 wRgd
T g, faRvaR 3 &1 & forg ST warey gfaud Wit |
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