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Abstract 

The alarming global increase in multidrug-resistant (MDR) bacterial pathogens, 

especially those belonging to the ESKAPE group (Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, 

and Enterobacter spp.), represents a major public health challenge. These organisms are 

highly adept at evading existing antibiotics, rendering many conventional treatments less 

effective. Among them, methicillin-resistant Staphylococcus aureus (MRSA) and 

Pseudomonas aeruginosa are of particular concern due to their association with severe 

hospital-acquired infections involving medical implants, respiratory devices, and 

immunocompromised patients (National Center for Biotechnology Information, 2023). 

Notably, MRSA also serves as a well-established model organism for studying antimicrobial 

resistance and for screening the efficacy of novel antimicrobial compounds. Their pronounced 

ability to form biofilms and persist in hostile environments contributes to chronic and septic 

infections, further complicating treatment outcomes (National Institutes of Health, 2024). 

These challenges highlight the urgent need to discover novel antimicrobial compounds and 

alternative therapeutic strategies, including synergistic approaches, in which even weakly 

active compounds may enhance the efficacy of existing antibiotics through mechanisms such 

as membrane perturbation or efflux modulation (MDPI, 2024). 

The present study aimed to explore the biodiversity of actinobacteria as a promising 

source of novel antimicrobial and antibiofilm agents. Actinobacteria are renowned for 

producing a diverse range of bioactive secondary metabolites, including antibiotics, enzymes, 

and antitumor compounds. Soil and termite nest samples were collected from Raigarh, 

Maharashtra, and the Indian Institute of Technology (IIT) Delhi, and the actinobacterial 

isolates were isolated and screened on AIA and ISP2 media. Morphological examination 
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revealed predominantly grey aerial mycelia, and sixteen isolates (EMB26–EMB51) were 

preserved for further screening. Among them, two isolates, strain EMB26 and   EMB45, 

exhibiting the most pronounced antibacterial and antibiofilm activities, were selected for 

detailed characterization. Phylogenetic analysis identified strain EMB26 as a close relative 

of Streptomyces coelicolor and   EMB45 as a strain similar to Nocardia bhagyanarayanae, 

with respective GenBank accession numbers PP587436 and PQ097956. 

Whole-genome sequencing of both isolates provided deep insights into their biosynthetic 

potential. strain EMB26 displayed a genome size of approximately 7.88 Mb with 6,954 

predicted genes, while   EMB45 had a 6.94 Mb genome with 5,952 predicted genes. BUSCO 

analysis validated high-quality assemblies with completeness scores of 99.2% and 98.4% for 

strain EMB26 and EMB45, respectively. Comparative genomic analysis revealed significant 

homology to known antibiotic-producing strains. AntiSMASH analysis identified 21 

biosynthetic gene clusters (BGCs) in strain EMB26, including non-ribosomal peptide 

synthases (NRPS), polyketide synthases (PKS), and siderophore-related pathways, indicating 

its potential for the synthesis of multifaceted bioactive compounds. Similarly, strain EMB45 

contained 18 BGCs, encompassing NRPS, terpene, and type I PKS clusters, supporting its 

bioactive metabolic potential. 

The secondary metabolites extracted from Streptomyces sp. strain EMB26 demonstrated 

antibacterial effects against several MDR pathogens, particularly MRSA. Biochemical assays 

indicated that the metabolites disrupted bacterial cell membranes, leading to leakage of 

intracellular contents and subsequent cell lysis. GC-MS analysis identified 7,9-Di-tert-butyl-

1-oxaspiro(4,5)deca-6,9-diene-2,8-dione as one of the key active compounds. Molecular 

docking studies demonstrated stable interactions of this compound with MRSA cell wall 

synthesis proteins, including FemA, MurB, MurE, and PBP2a. These interactions suggest a 
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likely mechanism involving interference with peptidoglycan assembly, thereby compromising 

cell wall integrity and bacterial survival. 

In parallel, metabolites from Nocardia sp. strain EMB45 displayed potent anti-quorum-

sensing (QS) and antibiofilm activity, particularly against Pseudomonas aeruginosa PAO1. 

Fractionation of the crude extract revealed the ethyl acetate fraction as most effective in 

inhibiting QS-regulated biofilm formation, reducing bacterial motility, and attenuating 

virulence factor expression. Quantitative real-time PCR (qRT-PCR) and other transcriptional 

analyses confirmed a significant downregulation of critical QS genes 

(lasI, lasR, rhlI, rhlR, pqsA, pqsE, pqsD), supporting the hypothesis that the   EMB45 

metabolites interfere with bacterial communication systems rather than exert direct 

bactericidal effects. This targeted interference with virulence regulation offers a promising 

non-antibiotic strategy to mitigate infections caused by Gram-negative pathogens. 

To translate these findings into practical biomedical applications, an antimicrobial 

catheter system was developed by incorporating metabolites of the EMB45 strain into 

mesoporous silica nanoparticles (MCM-41) coated with chitosan (CS). Spectroscopic 

characterization via FT-IR confirmed the successful embedding of active compounds while 

maintaining the porous structure of the nanomaterial, as verified by TEM imaging. The 

functionalized catheter surfaces exhibited excellent antibacterial activity against P. 

aeruginosa PAO1 biofilms, suggesting their potential for preventing device-associated 

infections. 

Recognizing the limitations of conventional antibiotic therapy, the study also investigated 

the integration of photodynamic therapy (PDT) into nanomedicine for advanced antibacterial 

applications. A UCNP@PLGA–CS–Ce6 nanoplatform was developed for NIR-triggered 

photodynamic treatment of Pseudomonas aeruginosa biofilms. The system demonstrated 



 

 

xi 

 

effective eradication of mature biofilms under low-intensity irradiation (8%, 5 min), as 

evidenced by membrane damage and cellular leakage. While the results suggest a 

photodynamic mechanism, ROS generation was not directly quantified. Overall, the platform 

demonstrates strong potential as an antimicrobial strategy against drug-resistant biofilm-

associated infections. 

Collectively, this multifaceted research contributes to the ongoing search for novel 

antimicrobial strategies. The study encompasses natural actinobacterial metabolite discovery, 

along with genetic and biochemical characterization, providing insights into their potential 

against drug-resistant pathogens. In parallel, nanotechnology-assisted therapeutic strategies 

and photodynamic therapy (PDT) were explored as independent approaches to address 

antimicrobial resistance. While these components were investigated separately, each offers 

valuable perspectives for tackling infections caused by pathogens such as MRSA and P. 

aeruginosa. Together, these findings underscore the potential of combining natural product 

research with emerging therapeutic technologies in future studies, thereby supporting the 

development of next-generation antimicrobial and anti-virulence interventions. 

Overall, the work in the thesis describes (i) Isolation, molecular identification and bioactive 

characterization of potential actinobacteria and their bioactivity-based screening against MDR 

pathogens. (ii) Production, identification, and mechanism of action of Streptomyces sp. strain 

EMB26-derived metabolites against MRSA (iii) Production, identification, and mechanism of 

action of Nocardia sp. strain EMB45 metabolites against P. aeruginosa PAO1. (iv) Fabrication 

of antimicrobial catheters by coating them with immobilized   EMB45 strain metabolites. (v) 

Photodynamic therapy mediated a synergistic and non-invasive approach towards the 

improvement in antimicrobial efficacy. 
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सार 

 

बहु-दवा प्रतिरोधी (MDR) जीवाणु रोगजनकोों, तवशेष रूप से ESKAPE समूह (एों टेरोकोकस  

फेतशयम, सै्टतफलोकोकस ऑररयस, के्लब्सिएला नू्यमोतनए, एसीनेटोबैक्टर बाउमानी, सू्यडोमोनास 

एरुतजनोसा, और एों टेरोबैक्टर प्रजाति) में वैतिक स्तर पर त ोंिाजनक वृब्सि एक गोंभीर साववजतनक स्वास्थ्य 

समस्या बन गई है। ये जीवाणु पारोंपररक एों टीबायोतटक उप ारोों से ब  तनकलने में सक्षम हैं, तजससे 

अतधकाोंश दवाएँ अप्रभावी हो गई हैं। इन रोगजनकोों में, मेतितसतलन-प्रतिरोधी सै्टतफलोकोकस ऑररयस 

(MRSA) और सू्यडोमोनास एरुतजनोसा तवशेष रूप से त ोंिाजनक हैं, क्ोोंतक ये अस्पिाल-सोंबोंधी 

सोंक्रमणोों, जैसे मेतडकल इम्प्ाोंट्स, िसन उपकरणोों और कमजोर प्रतिरक्षा प्रणाली वाले रोतगयोों में गोंभीर 

सोंक्रमण का कारण बनिे हैं। इनके कारण होने वाले जीणव (क्रोतनक), बायोतफल्म-सोंबोंधी और सेतिक 

सोंक्रमण नए प्रतिजैतवक यौतगकोों और वैकब्सिक त तकत्सीय रणनीतियोों की खोज की अत्योंि आवश्यकिा 

को दशाविे हैं। 

विवमान अध्ययन का उदे्दश्य एब्सक्टनोबैक्टीररया की जैव तवतवधिा का अने्वषण करना िा, जो नए   

प्रतिजैतवक और एों टी-बायोतफल्म एजेंट्स का एक सोंभातवि स्रोि हैं। एब्सक्टनोबैक्टीररया अपने तििीयक 

मेटाबोलाइट्स जैसे एों टीबायोतटक्स, एों जाइम्स, और एों टीटू्यमर यौतगकोों के उत्पादन के तलए प्रतसि हैं। 

इसके तलए तमट्टी और दीमक के घोोंसले से रायगढ़ (महाराष्ट्र ) और भारिीय प्रौद्योतगकी सोंस्थान (IIT) 

तदल्ली से नमूने एकत्र तकए गए। इन्हें AIA और ISP2 मीतडया पर सोंवतधवि कर एब्सक्टनोबैक्टीररयल स्टर ेनोों 

का पृिक्करण तकया गया। आकृति तवज्ञान सोंबोंधी अध्ययन में प्रमुख रूप से भूरे (grey) वायवीय 

माइसीतलया वाले कॉलोतनयोों का अवलोकन तकया गया। कुल सोलह आइसोलेट्स (EMB26–EMB51) 

को आगे की स्क्रीतनोंग हेिु सोंरतक्षि तकया गया। इनमें से दो आइसोलेट्स, strain EMB26 और   EMB45, 

तजन्होोंने सवावतधक प्रतिजैतवक और एों टी-बायोतफल्म गतितवतधयाँ प्रदतशवि की ों, को तवसृ्ति अध्ययन के तलए 
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 ुना गया। तफलोजेनेतटक तवशे्लषण में strain EMB26 को स्टर ेिोमाइसीस कोएतलकोलर (Streptomyces 

coelicolor) और   EMB45 को नॉकातडवया भग्यनारायनाए (Nocardia bhagyanarayanae) से तनकट 

सोंबोंधी पाया गया, तजनके GenBank अतभगमन सोंख्या PP587436 और PQ097956 हैं। 

दोनोों आइसोलेट्स के समू्पणव जीनोम अनुक्रमण ने उनके जैवसोंशे्लषणीय क्षमिा के गहन अोंिर्दवतष्ट् 

प्रदान की। strain EMB26 का जीनोम आकार लगभग 7.88 Mb िा तजसमें 6,954 पूवावनुमातनि जीन 

पाए गए, जबतक   EMB45 का जीनोम आकार 6.94 Mb िा तजसमें 5,952 जीन उपब्सस्थि िे। BUSCO 

तवशे्लषण ने उच्च गुणवत्ता वाले अनुक्रमण की पुतष्ट् की, तजसमें strain EMB26 और   EMB45 के तलए 

क्रमशः  99.2% और 98.4% पूणविा अोंक प्राप्त हुए। िुलनात्मक जीनोतमक तवशे्लषण में दोनोों स्टर ेनोों की 

एों टीबायोतटक उत्पादक स्टर ेनोों से महत्वपूणव समानिा पाई गई। AntiSMASH तवशे्लषण में strain 

EMB26 में 21 बायोतसोंिेतटक जीन क्लस्टसव (BGCs) पाए गए, तजनमें नॉन-राइबोसोमल पेिाइड तसोंिेज़ 

(NRPS), पॉलीकीटाइड तसोंिेज़ (PKS) और साइडरोफोर सोंबोंतधि मागव शातमल िे।   EMB45 में 18 

BGCs पाए गए, तजनमें NRPS, टपीन और टाइप I PKS क्लस्टसव सब्सितलि िे, जो इसकी जैव सतक्रय 

क्षमिा को इोंतगि करिे हैं। 

स्टर ेिोमाइसीस sp. strain EMB26 से प्राप्त तििीयक मेटाबोलाइट्स ने कई MDR रोगजनकोों, तवशेष 

रूप से MRSA के तवरुि मजबूि प्रतिजैतवक प्रभाव तदखाए। एगर वेल तडफू्यजन परीक्षणोों में उले्लखनीय 

तनषेध के्षत्र (inhibition zones) देखे गए। जैव रासायतनक परीक्षणोों से पिा  ला तक ये मेटाबोलाइट्स 

जीवाणु कोतशका तिल्ली को बातधि करिे हैं, तजससे आोंिररक घटकोों का ररसाव होिा है और कोतशकीय 

तवघटन (lysis) होिा है। GC-MS तवशे्लषण में 7,9-डाई-टटव-बू्यतटल-1-ऑक्सास्पाइरो(4,5)डेका-6,9-

डाईन-2,8-डायोन को मुख्य सतक्रय यौतगक के रूप में पह ाना गया। आणतवक डॉतकों ग अध्ययन में इस 

यौतगक का MRSA के कोतशका तभतत्त सोंशे्लषण प्रोटीनोों FemA, MurB, MurE, और PBP2a  के साि 

ब्सस्थर बोंधन देखा गया, जो पेतिडोग्लाइकैन असेंबली में हस्तके्षप का सोंभातवि िोंत्र सुिािा है। 
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साि ही, नॉकातडवया sp.   EMB45 के मेटाबोलाइट्स ने सू्यडोमोनास एरुतजनोसा PAO1 के तवरुि 

शब्सिशाली एों टी-क्वोरम सेंतसोंग (QS) और एों टी-बायोतफल्म गतितवतध प्रदतशवि की। कचे्च अकव  के 

तवभाजन से प्राप्त एतिल एसीटेट अोंश ने QS-तनयोंतत्रि बायोतफल्म तनमावण को उले्लखनीय रूप से कम 

तकया, जीवाणु गतिशीलिा को घटाया और तवषाणु कारकोों की अतभव्यब्सि को कम तकया। qRT-PCR 

और टर ाोंसतक्रप्शनल तवशे्लषणोों में lasI, lasR, rhlI, rhlR, pqsA, pqsE, और pqsD जैसे प्रमुख QS जीनोों 

के अतभव्यब्सि स्तर में उले्लखनीय कमी पाई गई, तजससे यह स्पष्ट् हुआ तक   EMB45 मेटाबोलाइट्स 

प्रत्यक्ष जीवाणुनाशक न होकर सों ार प्रणाली में बाधा डालिे हैं। यह रणनीति ग्राम-नेगेतटव रोगजनकोों 

िारा उत्पन्न सोंक्रमणोों से तनपटने का एक आशाजनक गैर-एों टीबायोतटक र्दतष्ट्कोण प्रसु्ति करिी है। 

इन तनष्कषों को व्यावहाररक जैव-त तकत्सकीय अनुप्रयोगोों में रूपाोंिररि करने के तलए,   EMB45 

मेटाबोलाइट्स को मेसोपोरस तसतलका नैनोकणोों (MCM-41) में समातहि कर त टोसान (CS) कोतटोंग 

के साि एक प्रतिजैतवक कैिेटर प्रणाली तवकतसि की गई। FT-IR से्पक्टर ोस्कोपी िारा सतक्रय यौतगकोों 

के सफल एमे्बतडोंग की पुतष्ट् की गई, जबतक TEM इमेतजोंग ने नैनोमैटेररयल की तिद्रयुि सोंर ना को 

सुरतक्षि तदखाया। यह तक्रयाशील कैिेटर सिह सू्यडोमोनास एरुतजनोसा PAO1 बायोतफल्म के तवरुि 

उतृ्कष्ट् प्रतिजैतवक गुणोों से युि पाई गई, जो उपकरण-सोंबोंधी सोंक्रमणोों की रोकिाम में उपयोगी हो 

सकिी है। 

इसके अतिररि, पारोंपररक एों टीबायोतटक त तकत्सा की सीमाओों को ध्यान में रखिे हुए, अध्ययन में 

नैनोमेतडतसन में फोटोडायनेतमक िेरेपी (PDT) को भी शातमल तकया गया। इसके िहि 

UCNP@mSiO₂(Ce6)-CSNPs नामक बहुतक्रयाशील नैनो्ेटफॉमव का सोंशे्लषण तकया गया, तजसमें 

अपकन्वज़वन नैनोपातटवकल्स (UCNPs) को क्लोररन e6 (Ce6) फोटोसेंतसटाइज़र ििा त टोसान नैनोकण 

कोतटोंग की गई। NIR (980 nm) प्रकाश के सोंपकव  में आने पर UCNPs तनम्न-ऊजाव वाले फोटॉनोों को 

उच्च-ऊजाव र्दश्यमान प्रकाश में पररवतिवि करिे हैं, तजससे Ce6 िारा प्रतितक्रयाशील ऑक्सीजन प्रजातियोों 
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(ROS) का तनमावण होिा है। यह प्रतक्रया बैक्टीररयल कोतशकाओों को ऑक्सीडेतटव क्षति पहँु ािी है, 

जबतक आसपास के ऊिकोों पर कोई तवषाि प्रभाव नही ों डालिी, क्ोोंतक यह तनयोंतत्रि और गहन ऊिक 

प्रवेश वाली प्रणाली है। 

सोंपूणव रूप से, यह बहुआयामी शोध प्रतिजैतवक समाधान की तदशा में एक महत्वपूणव योगदान 

प्रसु्ति करिा है। इस अध्ययन में प्राकृतिक एब्सक्टनोबैक्टीररयल मेटाबोलाइट्स की खोज के साि-साि 

उनका आनुवोंतशक एवों जैव-रासायतनक तवशे्लषण तकया गया, तजससे औषतध-प्रतिरोधी रोगजनकोों के 

तवरुि उनकी सोंभावनाओों को समिा जा सका। इसके अतिररि, नैनोटेक्नोलॉजी-सहायक 

उप ारात्मक रणनीतियोों ििा फोटोडायनातमक िेरेपी (PDT) का अध्ययन स्विोंत्र रूप से तकया गया, 

जो एों टीबायोतटक प्रतिरोध की समस्या से तनपटने के वैकब्सिक र्दतष्ट्कोण प्रदान करिे हैं। यद्यतप ये सभी 

घटक अलग-अलग रूप से अध्ययतनि तकए गए हैं, ििातप प्रते्यक र्दतष्ट्कोण MRSA एवों 

Pseudomonas aeruginosa जैसे रोगजनकोों के तवरुि उपयोगी सोंभावनाएँ दशाविा है। समग्र रूप 

से, यह कायव भतवष्य में प्राकृतिक उत्पादोों एवों उभरिी हुई उप ारात्मक िकनीकोों के सोंयोजन हेिु 

आधार प्रदान करिा है, जो अगली पीढ़ी के प्रतिजैतवक एवों एों टी-तवरुलेंस उप ारोों के तवकास में सहायक 

हो सकिा है। 

साराोंशिः , इस शोध में तनम्नतलब्सखि मुख्य तबोंदु शातमल हैं — 

(i) एब्सक्टनोबैक्टीररया का पृिक्करण, आणतवक पह ान एवों जैवसतक्रयिा आधाररि स्क्रीतनोंग MDR 

रोगजनकोों के तवरुि। (ii) स्टर ेिोमाइसीस sp. strain EMB26 से प्राप्त मेटाबोलाइट्स का उत्पादन, 

पह ान और MRSA के तवरुि तक्रयातवतध। (iii) नॉकातडवया sp.   EMB45 के मेटाबोलाइट्स का 

उत्पादन, पह ान और सू्यडोमोनास एरुतजनोसा PAO1 के तवरुि तक्रयातवतध। (iv)   EMB45 

मेटाबोलाइट्स से कोतटोंग िारा प्रतिजैतवक कैिेटर का तनमावण। (v) फोटोडायनेतमक िेरेपी आधाररि गैर-

आक्रामक और समब्सन्वि र्दतष्ट्कोण से प्रतिजैतवक प्रभावकाररिा में सुधार। 
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Nocardia sp. EMB46, (e) Saccharopolyspora sp. EMB47, (f) 

Streptomyces sp. EMB50, (g) Streptomyces sp. EMB51, and (h) 

Streptomyces sp. EMB26, showing variations in colony morphology, 

pigmentation, texture, and aerial mycelial development on ISP2 

medium. Panels (i–j) represent comparative growth morphology of 

all six purified isolates on ISP2 agar plates. 
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Figure 2.1.3 Scanning electron micrograph showing the surface morphology of 

isolated actinobacterial strains. The image highlights the filamentous 

structure and spore chains typical of actinobacteria, with distinct 

surface textures and branching hyphae characteristic of the genus. (i) 

Nocardia sp.   EMB45 (ii) Nocardia sp. EMB46 (iii) 

Saccharopolyspora sp. EMB47 (iv) Streptomyces sp. 50 (v) 

Streptomyces sp. 51 (vi) Streptomyces sp. strain EMB26. The scale 

bar is 1 µm. 
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Figure 2.1.4 16S rRNA sequence-based molecular identification of the 

Streptomyces sp. strain EMB26 and Nocardia sp.   EMB45 isolate. 

The bacterial strain was identified through a molecular identification 

technique based on 16S rRNA gene sequences. Further, a 

phylogenetic tree was constructed based on similarity in these 

sequences. The evolutionary history was inferred using the Mega 11 

software by the neighbour-joining method. 
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Figure 2.1.5 Representative images showing antagonistic activity assessed by (i) 

the cross-streak method and the agar plug assay.  In the cross-streak 

method, inhibition of the target strain near the central streak of the 

test isolate indicates antimicrobial activity. In the agar plug assay, 

zones of inhibition around the agar plug containing the test isolate 

confirm the production of diffusible antimicrobial compounds. Zone 

of inhibition observed in the agar-plug assay for Streptomyces sp. 

strain EMB26 against selected resistant pathogens. The diameter of 

inhibition zones measured: MSSA (20 mm), MRSA (22 mm) and P. 

aeruginosa (10 mm),  
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Figure 2.1.6 Representative images illustrating the antibacterial activity of 

Streptomyces sp. strain EMB26 against Pseudomonas aeruginosa 

strain PseA MTCC 10634 and Bacillus tropicus EMB20 MTCC 

10650 were obtained using the plate count-based MIC assay. In this 

assay, bacterial cultures were exposed to serial dilutions of strain 

EMB26-derived extracts, followed by plating on nutrient agar to 

assess growth inhibition. The MIC was determined using the broth 

microdilution method. The MIC of the strain EMB26 extract was 3 

mg/mL for P. aeruginosaand 0.75 mg/mL for B. tropicus.  

78 

Figure 2.1.7 Comparative antibiofilm activity of ethyl acetate crude extracts from 

Streptomyces sp. strain EMB26 and Nocardia sp.   EMB45 against P. 

aeruginosa PseA. The percentage of biofilm inhibition was 

quantified using the crystal violet assay. strain EMB26 showed strong 

inhibition of biofilm formation at 0.75 mg/mL and also disrupted 

preformed biofilms, likely due to its antibacterial effects. In contrast,   

EMB45 selectivelyinhibited biofilm formation at 3 mg/mL without 

affecting mature biofilms, indicating a potential anti-adhesion or 
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quorum-sensing interference mechanism. Data are presented as mean 

± SD of three independent experiments. 

Figure 2.2.1 The top blast hit Species distribution (Top 25) of sample strain 

EMB26; most of the genes were found to be homologous with 

Streptomyces coelicolor species 

99 

Figure 2.2.2 The top blast hit Species distribution (Top 25) of sample   EMB45 

revealed that most of the genes were homologous to those of the 

Nocardia bhagyanarayanae species 
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Figure 2.2.3 KAAS graph for sample strain EMB26. The pathway annotation of 

the predicted genes was carried out against the curated KEGG 

GENES using KAAS. The KEGG Orthology “Prokaryotes” database 

was used as the reference for pathway mapping. 
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Figure 2.2.4 KAAS graph for sample   EMB45. The pathway annotation of the 

predicted genes was carried out against the curated KEGG GENES 

using KAAS. The KEGG Orthology “Prokaryotes” database was 

used as the reference for pathway mapping. 
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Figure 2.2.5 Proposed biosynthetic gene cluster in Streptomyces sp. strain 

EMB26. Proposed biosynthetic gene cluster of aborycin compound in 

Streptomyces sp. strain strain EMB26. The most similar gene cluster 

from Streptomycessp. ZS0098 is shown. B. Proposed biosynthetic 

gene cluster ofalbaflavenone compound in Streptomyces sp. strain 

EMB24. The most similar gene cluster from Streptomyces coelicolor 

is shown. C. Proposed biosynthetic gene cluster of desferrioxamine 

Bcompound in Streptomyces sp. strain strain EMB26. The most 

similar gene cluster from Streptomycescoelicoloris shown with 

related genes and percentage depicted to highlight intracluster gene 

rearrangements. D.Proposed biosynthetic gene cluster of 

lanthipeptide. The most similar gene cluster from 

Streptomycesvenezuelae 
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Figure 2.2.6 Proposed biosynthetic gene cluster of Ectoine compound in Nocardia 

sp. EMB 45. The most similar gene cluster from Nocardia puris is 

shown. A. Proposed biosynthetic gene cluster ofectoine. B. Proposed 

biosynthetic gene cluster of NRPS aminopolycarboxylic acid 

compound in Nocardia sp. strain   EMB45. The most similar gene 

cluster from Nocardia cyriacigeorgica is shown. C. Proposed 

biosynthetic gene cluster of NAPAA compound in Nocardia sp. 

strain EMB 45. The most similar gene cluster from Nocardia 

amikacintoleransis shown with related genes and percentages 

depicted to highlight intracluster gene rearrangements. 
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Figure 3.1 PCR amplification of biosynthetic gene (open reading frames) from 

the genome of Streptomyces sp. strain EMB26.  Biosynthetic genes 

PKS1, PKS2, and NRPS were identified through PCR amplification 

of the designed oligonucleotide primers. The precise ORF 

amplifications on 1% agarose gels check the drug synthesis potential 

of strain EMB26. (A) Lane 1,2: 16s rRNA positive control gene; Lane 

3,4- PKS1(Polyketide synthase I); Lane 5: Marker (100 bp). (B) 

Lanes 1,3: PKS2 (Polyketide synthase II); Lane 4: Marker (100 bp); 

Lanes 5,6: NRPS peptide synthetases. 
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Figure 3.2 Bar diagram of Streptomyces sp. strain EMB26 indicating zone of 

inhibition in mm against eight bacterial strains.Agar well diffusion 

assay of the bioactive metabolites of Streptomyces sp. strain EMB26 

was checked against (i) A. baumanii ATCC 19606  (ii) E. coli ATCC 

25922 (iii) P. aeruginosa PAO1 (iv) S.aureus ATCC 25923 (v) 

MRSA ATCC 43300 (vi) S.aureus (lab isolate) (vii) P. aeruginosa 

PseaA(our isolate). Streptomycin (50 mg/mL) and Vancomycin 

(1mg/ml) were used as a positive control against gram-negative and 

gram-positive bacteria. The result represents the mean ± SD of three 

independent replicates. 
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Figure 3.3 MIC values for MRSA and P. aeruginosa PAO1 The cultures were 

grown in NB media containing varying concentrations of ethyl 

acetate extract of Streptomyces sp. strain EMB26. The culture 

samples not treated with the strain EMB26 extract were considered 

as control. The MIC values were determined by microdilution 

method in the range of 0-10µg/µL concentration, for both MRSA and 

P. aeruginosa. The data values are the mean SD of triplicate 

determinations.  
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Figure 3.4 FE-SEM analysis of MRSA cells. FESEM micrographs showing 

MRSA treated with Streptomyces sp. strain EMB26 crude extract at 

Sub-MIC and MIC. Untreated samples were considered as controls.  
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Figure 3.5 TEM analysis of MRSA cells. TEM images of MRSA cells. Blank 

control, treated with Sub-MIC and MIC for 16 h; (magnification, × 

6000) 
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Figure 3.6 AFM analysis of MRSA (i) Untreated (ii) Sub-MIC (iii) MIC. 

Untreated samples were considered as controls.  
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Figure 3.7 Estimation of MRSA cell viability in the presence of strain EMB26 

extract through confocal microscopy. Live (green) and dead (red) 

MRSA cells were analyzed using Live or Dead™ Cell Viability 

Assay Kit and imaged with a fluorescence microscope upon 

treatment with Streptomyces sp. strain EMB26 extract at sub-MIC 

(1.25mg/mL) and MIC (2.5mg/mL). 

143 

Figure 3.8 Assessment of cell membrane integrity in MRSA following treatment 

with strain EMB26 extract. UV absorption measurements indicated a 

slight increase in the release of nucleic acids and proteins in treated 

cells compared to untreated controls, suggesting enhanced membrane 

permeability.  

145 

Figure 3.9 Dose-dependent effect of strain EMB26 ethyl acetate extract on the 

cell viability of Human Gingival Fibroblast (HGF) cells. Experiments 

were performed in triplicates, and the difference in mean values was 

compared with that of the untreated experiment control. 
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Figure 3.10 Binding interactions of 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-

diene-2,8-dione with the membrane proteins (a) FemA (1LRZ) (b) 

MurE (4C13) (c) MurB (1HSK) (d) PBP2a (1MWT) responsible for 

cell wall peptidoglycan synthesis. The interactions are shown in 

terms of hydrogen bonding, van der waals, pi-sigma and pi-alkyl. 
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Figure 3.11 Chemical structure and antibacterial evaluation of 7,9-Di-tert-butyl-

1-oxaspiro(4,5)deca-6,9-diene-2,8-dione. 

(A) Molecular structure of the compound. (B) Antibacterial activity 

results against MRSA, presented as minimum inhibitory 

concentration (MIC, 800µg/mL). The compound  was tested 

separately from other derivatives to assess its individual efficacy 
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Figure 4.1 Antibiofilm activity of   EMB45 metabolites. Crystal violet assay was 

employed to study the impact of   EMB45 metabolites at 

concentrations ranging from 6 to 0.0937µg/µl on the reduction of the 

24 h biofilm of B. tropicus EMB20, E.  faecalis ATCC 19606, K. 

pneumoniae ATCC 700603, P. aeruginosa PAO1, and S. aureus 

ATCC 4330 and on bacterial growth is illustrated by orange symbols. 

Data are mean from 3 independent experiments ± SD. 
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Figure 4.2 Biofilm inhibition of P. aeruginosa PAO1. Crystal violet assay was 

employed to study the impact of   EMB45 metabolites at 

concentrations ranging from 12 to 0.75µg/µl on the reduction of the 

24-hour biofilm of P. aeruginosa PAO1, and on bacterial growth is 

illustrated by orange symbols. Data are mean from 3 independent 

experiments ± SD. 
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Figure 4.3 Microscopic assessment of biofilm structure following treatment 

with metabolites of   EMB45. The impact of the metabolites on 

biofilm inhibition of P. aeruginosa biofilm was analysed using 

FESEM at 1500X magnification. (i) Untreated(ii) 0.5x MBIC (iii) 

1xMBIC. These images were captured after 24 hours of treatment on 
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glass coverslips in TSB media at 30 °C. 

 

Figure 4.4 Atomic force microscopic images were taken at the following 

conditions: (i) Untreated, (ii) 0.5xMBIC, (iii) 1xMBIC. These images 

were captured after 24 hours of treatment on glass coverslips in TSB 

media at 30 °C. 

197 

Figure 4.5 The effect of extract on inhibition of 28 hours biofilm of P. 

aeruginosa: The CLSM images biofilm of P. aeruginosa strain 

untreated and after treatment for 24 hours onto glass coverslips at two 

different concentrations 0.5xMBIC and 1xMBIC in TSB media at 30 

°C were evaluated. Bacterial biomass after eliminating planktonic 

cells were stained with the BacLight LIVE/DEAD viability kit. Live 

cells were labelled with Syto 9 dye, and dead cells were stained red 

with propidium iodide (scale bar, 10 μm) 
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Figure 4.6 Investigating the impact of metabolites on P. aeruginosa biofilm 

matrix. EPS quantification was chemically assessed in terms of the 

levels of constituents, including total saccharides, protein, and 

nucleic acid. The analysis included cells treated with 0.5x MBIC and 

1xMBIC, as well as untreated cells for comparison Data are mean 

from 3 independent experiments ± SD                                                            
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Figure 4.7 Confocal Laser Scanning Microscopy (CLSM) analysis of EPS production 

in P. aeruginosa PAO1 biofilms stained with Calcofluor White. (i) Control 

biofilms without treatment show a dense and well-structured EPS matrix. 

(ii) Biofilms treated with 0.5× MBIC of Nocardia sp.   EMB45 crude extract 

exhibits a more dispersed and disorganized EPS structure. (iii) At MBIC 

concentration, a marked reduction in EPS is observed, with minimal and 

scattered matrix formation. These results support the inhibitory effect of   

EMB45 metabolites on EPS synthesis and biofilm architecture. 
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Figure 4.8 QS inhibition in a biosensor bacterial strain (C. violaceum). A standard 

biosensor bacterial strain (Tn5 mutant of C. violaceum CV026) was 

employed to investigate the anti-quorum sensing activity of the metabolites 

qualitatively. 
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Figure 4.9 Swimming and swarming motility. The concentrations of the candidate 

compounds were 0.5xMBIC and 1x MBIC. Error bars indicate the means ± 

SDs.          
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Figure 4.10 Effect of Nocardia sp.   EMB45 crude extract metabolites on major 

quorum sensing-regulated virulence factors in P. aeruginosa 

PAO1.Treatment with the minimum biofilm inhibitory concentration 

(MBIC) of   EMB45 metabolites led to a significant reduction in the 

production of key virulence determinants: pyocyanin (51.2%), 

protease (62.1%), rhamnolipid (27.2%), and pyoverdine (78%) 

compared to the untreated control. These reductions indicate 

effective disruption of the las and rhl quorum sensing systems, which 

regulate the expression of these factors. The suppression of these 
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virulence elements highlights the potential of   EMB45-derived 

metabolites as anti-virulence agents against P. aeruginosa. Data are 

mean from 3 independent experiments ± SD.  

 

Figure 4.11 RT-qPCR analysis of QS-related gene expression in P. aeruginosa 

PAO1 treated with   EMB45 crude extract metabolites. Significant 

downregulation of key QS genes (lasI, lasR, rhlI, rhlR, pqsA, pqsD, 

pqsE, and others) was observed at MBIC, with pqsE, rhlR, pqsA, and 

pqsD showing >95% reduction, indicating strong inhibition of QS 

regulatory pathways. 
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Figure 4.12  Molecular docking conformation of compound (A) C1, (B) C2, and 

(C) C3 with LasR and (D) C4, (E) C5, (F) C3, (G) C6, (H) C8, (I) C9, 

(J) C10 and (K) C1 with RhlR. Compounds bound to the active 

autoinducer binding pocket are superimposed on autoinducer C12-

HSL (brown) and C4-HSL (green) for LasR and RhlR, respectively 

in stick representation. The QS regulators LasR and RhlR are shown 

as ribbons in light blue and light green colors, respectively. The 

compounds are shown in stick representation in different colors.  
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Figure 4.13 Molecular Dynamics (MD) simulations LasR complexes. Protein-

ligand root mean square deviation (RMSD) plot of (A) Natural ligand 

– C12-HSL, (B) C1, (C) C2, and (D) C3 bound to the active inhibitory 

site of LasR. The plot indicates the variation in conformations of both 

protein and ligand in the complex during the 200 ns simulation 

process. In all the compounds docked in RhlR and LasR, the RMSD 

of the ligands was lower compared to that of the target proteins 

indicating a stable complex throughout 200 ns of MD simulation.  

In all three hit molecules docked in LasR, the RMSD of the ligand 

remains within 2.0 Å. There were limited fluctuations observed 

during the 200 ns indicating preferential binding to the target protein. 

Similarly, MD simulation was performed for QS regulator RhlR with 

eight top-hit compounds showing docking scores better than -6.0. 

The ligands C3, C4, C5, C6, C8 and C9 remain stable with RMSDs 

of the ligand around 2.0-2.5Å. The RMSD rises for C1 and C10 

during the initial run but converges after 125 ns. A comparison of the 

RMSD for the protein atoms shows that it increases substantially for 

C5, C6, C10, and C1. 
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Figure 4.14 Molecular Dynamics (MD) simulations RhlR complexes. Protein-

ligand root mean square deviation (RMSD) plot of (A) Natural ligand 

– C12-HSL, (B) C4, (C) C5, (D) C3, (E) C6, (F) C8, (G) C9, (H) C10 

and (I) C1 bound to the active inhibitory site of RhlR. The plot 

indicates the variation in protein and ligand conformations in the 

complex during the 200 ns simulation process. 
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Figure 5.1 

 

 

 

 

Figure 5.2 

FTIR spectrum of mesoporous silica loaded with Nocardia sp. 

metabolites. Major peaks correspond to O–H/N–H stretching 

(3396 cm⁻¹), aliphatic C–H stretching (2925 and 2856 cm⁻¹), 

carbonyl (C=O) stretching (1676 cm⁻¹), and C–H bending 

(1460 cm⁻¹), indicative of loaded bioactive compounds such as 2,4-

di-tert-butylphenol, pyrrolo[1,2-a]pyrazine-dione, and 

cyclopentylphosphinic esters. Peaks at 1083, 806, and 471 cm⁻¹ 

confirm the integrity of the Si–O–Si framework of the mesoporous 

silica. 

Microscopic characterization of pristine MCM-41 and MCM-41 

loaded with Nocardia sp.   EMB45-derived metabolites (MCM-41-  

EMB45M). (A) FE-SEM image shows uniform, spherical to rod-like 

particles with roughened surfaces upon loading, indicating metabolite 

deposition. (B) TEM image reveals a preserved hexagonal 

mesoporous structure (~2–3 nm pores), with contrast variation 

suggesting successful metabolite incorporation. Scale bars: 50 nm.  
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Figure 5.3 GC–MS analysis showing release kinetics of Nocardia   EMB45-

derived metabolites from MCM-41 and chitosan-MCM-41 matrices. 

The total ion chromatograms (TIC) compare the free extract (top) 

with MCM-41-extract formulations containing 50 mg and 25 mg of 

crude metabolites, alongside the blank MCM-41 carrier. In the crude 

extract, major peaks such as those at ~12.3 min (e.g., 2,4-di-tert-

butylphenol) and ~40–43 min (e.g., hexahydro-3-(1-

methylpropyl)pyrrolo[1,2-a]pyrazine-1,4-dione and cyclopentyl-

methyl-phosphinic acid ester) appear prominently and 

simultaneously, indicating immediate release. In contrast, the 

encapsulated formulations (MCM-41-extract 50 mg and 25 mg) 

display a delayed and staggered appearance of these peaks with 

reduced intensity, indicative of diffusion-controlled sustained 

release. Notably, the 50 mg loading shows stronger late-phase peaks 

(~40–43 min) than the 25 mg, reflecting concentration-dependent 

diffusion kinetics. The blank MCM-41 profile confirms the absence 

of these bioactive peaks. This staggered elution pattern across 

encapsulated samples supports the reservoir function of the MCM-41 

matrix, highlighting its potential in prolonged antimicrobial delivery 

for catheter coatings. 
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Figure 5.4 Evaluation of Biofilm Formation on Foley Catheter Segments by P. 

aeruginosa PAO1. (A) Visual observation of biofilm formation on 

Foley catheter segments after 24 h incubation with P. aeruginosa 

PAO1 under different treatment conditions. Uncoated control 

catheter shows dense biofilm deposition, whereas coated and treated 

groups display visibly reduced biomass. Crystal violet staining of 

catheter segments highlights the extent of biofim accumulation, with 

darker staining indicating higher biomass. (B) Quantitative 

assessment of biofilm biomass using the crystal violet assay (OD₅₇₀). 

Uncoated control catheter exhibits the highest absorbance, indicating 

robust biofilm formation, while coated surfaces (e.g., Chitosan (CS), 

CS-MCM-41,   EMB45, CS-  EMB45@MCM-41) show significantly 
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reduced OD values. Data represent mean ± SD of triplicate. 

Figure 5.5 Surface characterization and biofilm inhibition on urinary catheter 

segments under different coating conditions. Top row: Low-

magnification FE-SEM images of catheter segments showing coating 

morphology. Middle row: High-magnification FE-SEM images 

reveal surface topography changes, with visible roughness and 

texture differences due to various coatings. Bottom row: CLSM 

images stained with SYTO 9 (green, live cells) and PI (red/yellow, 

dead cells), indicating bacterial viability. Uncoated surfaces show 

dense green fluorescence (biofilm presence), while coated samples 

show increased red/yellow fluorescence, confirming effective 

antibacterial action of composite coatings. Scale bars as indicated. 
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Figure 5.6 MTT Assay of the Nocardia sp.   EMB45 extract.MTT assay was 

performed on Human Gingival Fibroblast (HGF) cells.The cells were 

found to be 89.02% viable at the working concentration of the extract 
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Figure 6.1 Schematic illustration of the synthesis and surface functionalization 

of chitosan-coated upconversion nanoparticles (UCNPs). Rare-earth 

precursors (YCl₃, YbCl₃, and ErCl₃) were thermally decomposed in 

oleic acid and 1-octadecene at 300 °C to synthesize hydrophobic 

UCNPs. Surface modification was subsequently performed using 

poly(acrylic acid) (PAA) to obtain water-dispersible UCNPs. The 

PAA-functionalized UCNPs were then mixed with chitosan solution 

to form chitosan-coated nanocomposites through electrostatic 

interaction and encapsulation. Finally, the nanoparticles were 

purified by centrifugation and washing to obtain the final chitosan-

coated UCNP powder. 
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Figure 6.2 Morphological and structural characterization of hexagonal-phase 

NaYF₄:Yb,Er upconversion nanoparticles (UCNPs).(A) 

Transmission electron microscopy (TEM) image of monodisperse, 

hexagonally shaped NaYF₄:Yb,Er UCNPs, demonstrating uniform 

size and shape distribution with an average diameter of ~50 nm. (B) 

X-ray diffraction (XRD) pattern of the synthesized UCNPs, 

confirming the formation of the pure hexagonal β-phase NaYF₄ 

crystal structure (JCPDS No. 16-0334). The composition corresponds 

to Y: 57.6%, Yb: 40%, and Er: 2.5%. (C) Photoluminescence (PL) 

emission spectrum of NaYF₄:Yb,Er UCNPs under 980 nm excitation, 

showing characteristic green and red emission bands attributed to Er³⁺ 

transitions 
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Figure 6.3 FTIR spectra of nanoparticles and individual components. 

(Left) FTIR spectrum of UCNPs@PLGA@CS+Ce6 nanoparticles. 

(Right) FTIR spectra of individual constituents: UCNPs, PLGA, CS, 

and Ce6. The composite nanoplatform (UCNPs@PLGA@CS+Ce6) 

exhibited characteristic absorption peaks confirming successful 

encapsulation and interaction of components. The composite 

spectrum displayed broad O–H/N–H stretching (~3400 cm⁻¹, CS), C–

H stretching (~2925 cm⁻¹, PLGA), ester C=O stretching (~1740 cm⁻¹, 
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PLGA), and amide I/II bands (~1650 and ~1540 cm⁻¹, CS). A distinct 

Ce6 peak (~1640 cm⁻¹) was also observed. Overlapping and shifted 

bands in UCNPs@PLGA@CS+Ce6 indicated strong interactions 

among components. 

Figure 6.4 Characterization and photodynamic properties of PLGA–CS–

UCNP–Ce6nanoparticles.(i) TEM image of PLGA–CS–UCNP–Ce6 

nanoparticles, confirming successful encapsulation of UCNPs within 

the polymer matrix. (ii) Zeta potential distribution of PLGA–CS–

UCNP–Ce6 nanoparticles, indicating a surface charge of 

approximately +30 mV, consistent with chitosan coating. (iii) 

Fluorescence emission spectra of PLGA–CS–UCNP–Ce6 under 980 

nm laser excitation at varying power densities (0.1–1.5 W/cm²), 

demonstrating upconversion-mediated activation of Ce6. 
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Figure 6.5 Antibiofilm efficacy of treatments against Pseudomonas aeruginosa 

biofilms.Top row: Scanning electron microscopy (SEM) images 

showing biofilm architecture. Untreated and blank nanoparticle–

treated groups display dense, continuous biofilm layers, whereas 

treatment with Ce6-loaded nanoparticles under photodynamic 

activation results in marked biofilm disruption with sparse surface 

coverage. Middle row: Viable cell counts from biofilms after 

treatment. Control and blank formulations exhibit numerous 

colonies, while Ce6-loaded nanoparticles show a substantial 

reduction in colony numbers, confirming diminished bacterial 

survival.Bottom row: Confocal laser scanning microscopy (CLSM) 

with live/dead staining. Control groups display predominantly intact 

cells with minimal red fluorescence, whereas Ce6-loaded 

nanoparticles produce extensive red fluorescence, indicating 

membrane damage and cell death within the biofilm matrix. 
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