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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,
Mabharashtra, 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—-EMBS51) 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 EMBA4S5 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 (qQRT-PCR) and other transcriptional
analyses confirmed a  significant downregulation of critical QS  genes
(lasl, lasR, rhll, rhiR, pgqsA, pgsE, pgsD), supporting the hypothesis that the EMBA45
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



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. (i1) 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 PAOL1. (iv) Fabrication
of antimicrobial catheters by coating them with immobilized EMBA45 strain metabolites. (v)
Photodynamic therapy mediated a synergistic and non-invasive approach towards the

improvement in antimicrobial efficacy.
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NIKS

gg-adl UfcRIdt (MDR) SiidTU] ITSHD], faRY U I ESKAPE I8 (URIDIHY
B, Rihddiey gy, Fafequan gHIAY, TOHcadex SISHAM!, g HHAN
THIHINT, 3R UeRIaaeR ToTifd) H afie TR R fideme gig T 1R gresi-e weg
T &7 718 1 T o917 URuRe Udarifes IU=R ¥ 59 Mo & J&M €, S
SHTUDTY TaTd SUHTd! 81 7T & | 31 Toi-ih! H, ARIRIT-ufaRieh wfthenolay siad
(MRSA) 3R AN T fagy w0 § fRideHs &, Fife 3 sRudra-gaef
AT, S AfSH A SHATCH, 4T UGN 3R HHGIR HioRe YoITet arer A & iR
THHU BT HRUT I & | 39P HRUT B ara Siof (pifaes), saifteed-geeht ok IAfPw
HhHUT U fcrifdes AT 3R depfetres b i Yorifadl &1 @il o1 Sicdd STagadhal
P! qxid B

JAA 3T BT I Ulde-IaaciRaT o1 Sg fAfaedr 1 w0 A1 U, St U
yfeifde SR TE-amaifthert Toicy &1 U IHTTad Aid & | TldeAlsaIRan 3u fedias
Heraieged S tdamifead, Togr, 3R TR il & Iare & o ulig B
39 fore gt SIR <o & aigel ¥ G (HBRTY) SR YR UIEifies! SRIM (1T)
feeett @ T TohA fhT U1 5% AlA 3R 1SP2 FifSar W Hafifa ax tlaeisadiiad
HT JUFHN fohdT 1| PG foge Faieh srems & U U ¥ WY (grey) IAd
AT eraT arel Hia=1l BT Sfdclih fbal 11| Hdf Walg eHIcy (EMB26-EMB51)
DI ST B W11 o TRI&T a1 T T8 A &1 SMFAACH, strain EMB26 3R EMBA4S,
fSreiA Tafferes ufasifae sik Tet-amifteer fafafiat uelRfa o, & faxga sremam & forg
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AT flratoiifc e fa=auT H strain EMB26 &1 @A@qﬁﬁﬂg DIUADICR (Streptomyces
coelicolor) 3R EMBA45 & Alp1fSal HYARTIAN (Nocardia bhagyanarayanae) I Fee

Geiel uran T, e GenBank THITHA T-AT PP587436 3R PQ097956 & |

3T Sy & grguf S SFHHY A 3% SauTayulig e & e el
TG B strain EMB26 T SIFH STHR TTHT 7.88 Mb U7 fSIH 6,954 algATHT oA
UIT 7T, Saf  EMB45 T S SHTHR 6.94 Mb U7 TSRH 5,952 SiiF IURYT 1 BUSCO
fIRASOT = I T[UTaTT aTet SFIeHHUI Bt YfP P, FoRIH strain EMB26 3R EMB45 & falQ
SHHT: 99.2% 3R 98.4% JUIT 3 U gU| AT SiHIH® (RNl H ST - &1
TaRife®d Ided LAl I HEAYUl FHMAT UT§ T | AntiSMASH IR0 T strain
EMB26 H 21 SRS SfiF deed (BGCs) UTT 1Y, forqH AH-sebIad Uprgs Rigs
(NRPS), UTdiioriegs RITS (PKS) SR T3SAHR Faftd Anf enfia &1 EMB45 § 18
BGCs UTT 7Y, S NRPS, Ul 3R T30 1 PKS Faiee ™ Iiaferd 3, St S9! oid |ishd
& 1 $f1d R B |

CPHTSHIN sp. strain EMB26 ¥ U fgcliad HeTalegcd 5 s MDR INTSH®!, [aRY
0 Y MRSA & [9%g Holgd ufauifds quTa foame | TR ad fewrge usteron # Swa-ig
A% &5 (inhibition zones) W Y| SF IS Lo T T gl fob T Aereiaged
SHaTY] 1RTeT fTeett o1 STed Rd 5, T SR gcd! o1 RA1d 511 8 3R SRS
fage (1ysis) B 81 GC-MS fazayur & 7,9-818-e¢-sgfed- 1 - 3aRUTRI(4,5)SHI-6,9-
S13-2,8-ST P T Ffthd A & U T U1 71T | ATUIfASh ST T 3eqa- H 39
TIffTh BT MRSA & DIfRTepT fFHRT TRATO UIEHT FemA, MurB, MurE, 31X PBP2a & I1Y
fRR S 2T 71T, o UfP S aTg b Sriach H gIAaY o1 U o g |
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1Y g, ABISTT sp.  EMB4S & HelaIazcd 7 WS MR TSN PAO1 & [a¥vs
FfRTRe C-RA WRAT (Qs) 3R U -amifthert Tfafy uelRid &1 o= 3 &
fayo T U uid weiee siw 7 @s-FafAa srfee a5 Sea-a U § &H
fora, Shtaro] fa=iierdT @1 gerr 3R fauT] HR®! & sifiafad & &4 fBarl qRT-PCR
3R TAfoh e A=A H lasL, lasR, rhl, rhiR, pgsA, pgsE, 3R pgsD S TG QS ST
& Sffiefad TR H Iwg-1g HH! UTs s, oY I8 WY g3 f  EMB4S AeEiaged
qef STATUMHTRIG - gl TdR WuMel! H S1eT STAd ¢ | I8 XU UTH-i1ed RIToia!
SR 30T GHHUN J fAUe &1 Te SMRIMoHS TR-UCIaRied efPH v Uvdd &l ol

2 frsh s o) FMagIRG Sa-fafrdag sIua # FUidd &1 & fole, EMB45
AcTEIAgey & ARy ffereT I (McM-41) B ATied R RIeRae (cs) ifd
& 1Y T Ufaoiiads HUex Jumel b Rid &1 TS| FT-IR WaERST! gRT Aiohd AfiTen!
& A TWIET &1 g & T8, J&fr TEM FARHT A A i Rad &1 fagad Ia1 &
IRferd feaman| a8 foram=ia $Uex Tde e HHN TSoHNT PAO1 I & favg
IPY Ufesifdes IO F gad TS TS, o SUSRUI-Taedt FopHurt ot Apyr F Iuant &
e g

& SHfIRad, TRURS TCarifes faforem o1 Warsi & & & 39d gy, e 8
TR o widsrmAfe Rt ppr) & ot wPE P M swe ded
UCNP@mSiOx(Ce6)-CSNPs ATH® Sgiohariia S-icthid BT gxayur farar i, foras
YH-To A UTEHT (UCNPs) B FART e6 (Ce6) BIRRIRICTZOR T R A1 ur
HIFET B T | NIR (980 nm) UHT P JUb H 3 TR UCNPs Y-3w1l ardd wier! &
IT-Foll eXH YT H URafd Bd 8, oI Ce6 GRT UffhaTRiie Siator Ueifaa
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(ROS) T AU 1T &1 T8 Uihar SeiRad Sifkiersl &1 siwisied afd ugard 8,
Safdh MTIUNT & SHadh| TR Dis [AuTad UHTd el STdd, Hife g FafEd 3R g4 SHds
I aTelt JuTTeht B |

UgUl U ¥, 98 IgAAE WY yfaifde T &t fo=n & te Agayul aeH
TR Rl ¢ | 39 3700 | Uihiad Ufaeiaac g Heaiargey &1 @il & ard-91y
ST SR T T R T T R SRR ST 3
f0%g I IUGAIST B THIT O TPl 396 AR, AHIcHIaiel-TgraH
SULRIHS IUHITA! TUT BICISIATHG ARUT (PDT) 1 S Wod U ¥ fbar 7y,
it Ttarifes UfeRly &t g @ fue & dbfud eR@Iv yeM #vd ¢ | gafa 3
Ucdh S-S ¥U ¥ eHaRd fbU MU ¢ dufl ude =PI MRSA T
Pseudomonas aeruginosa S ATTSHH! & fA%g ITTNT FHGATE S=1idT &1 IHT T4
3, I8 P Uldw # UIpfdd Idmal T SHRT g5 SUARIAS ddb-iidhl & dieH 8q
TR U BT 8, S 3Telt Uit & ufaoifae ud td-faeda Su=Rl & faera § Tgras

RERESIE

RIRrE:, 39 Ay # Fafiad ger fog e 6 —

(i) TfaeAIaacIRal BT GYaHRul, UIde Ugd Ud Siaufhad! TRd ®hif-TT MDR

TS®] & favg | (ii) TCPHSHN sp. strain EMB26 ¥ U AelEIAged &1 IdIeH,
UgdM 3R MRSA & fasg fpanfafd| (i) Feifsar sp.  EMB45 & Heaiazey &l
3dTEA, UgaH 3R WSHHN TSR PAO1 & favg fharfafd Gv)  EmB4s
AeTEIAgey ¥ HIfT gRI ufaeifas ddex &1 At (v) Biersmanfies et snemfd IR-
TS 3R AT DB T ufosifas THEeRar H gUrR |
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List of Figures

Figurel.l

Figure 1.2

Figure 1.3

Figure 2.1.1

Figure 2.1.2

Overview of thesis chapters. The figure provides a schematic
representation of the overall structure and flow of the thesis,
summarizing the key objectives, methodologies, and major themes
covered in each chapter

Integrated Workflow for Bioactive Compound Discovery from
Actinobacteria

Overview of elicitation strategies for activating silent biosynthetic
gene clusters in Actinobacteria.The figure illustrates four major
elicitation approaches—chemical, biological, molecular, and
epigenetic—used to activate silent or poorly expressed biosynthetic
gene clusters(BGCs) in Actinobacteria. Each strategy employs
distinct mechanisms such as stress induction, co-cultivation,
CRISPR-based activation, or the use of epigenetic modifiers to
enhance secondary metabolite production and uncover novel
bioactive compounds.

Collection of soil samples for the isolation of actinomycetes. Soil
samples were collected from two distinct locations at IIT Delhi, Hauz
Khas, New Delhi, India (28.5457°N, 77.1928°E): (i) the horticulture
zone and (ii) a termite nest. Additional samples were obtained from
(i11) Pen, Raigad, Maharashtra, India (18.75°N, 73.08°E), including
diverse microhabitats such as creek, mangrove, and dry soil regions.
The termite nest and horticulture samples & Pen, Raigad, samples
were collected in sterilized 50 ml Falcon tubes under aseptic
conditions during March 2022 and March 2019 (ambient temperature
~29°C) respectively and transported to the laboratory for
actinomycete isolation.

Morphological characterization and purification of actinobacterial
isolates cultured on ISP2 agar medium. (a—b) Mixed microbial
colonies obtained during primary isolation of actinobacteria from
environmental samples. Successive streaking and purification
yielded distinct actinobacterial isolates: (¢) Nocardia sp. EMBA45, (d)
Nocardia sp. EMB46, (e) Saccharopolyspora sp. EMB47, (f)
Streptomyces sp. EMBS50, (g) Streptomyces sp. EMBS51, 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 66
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. EMBA47 (iv) Streptomyces sp. 50 (v)
Streptomyces sp. 51 (vi) Streptomyces sp. strain EMB26. The scale
baris 1 pm.

Figure 2.1.4 16S rRNA sequence-based molecular identification of the 73
Streptomyces sp. strain EMB26 and Nocardia sp. EMBA4S5 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.

Figure 2.1.5  Representative images showing antagonistic activity assessed by (i) 75
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),

Figure 2.1.6 ~ Representative images illustrating the antibacterial activity of 78
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.

Figure 2.1.7  Comparative antibiofilm activity of ethyl acetate crude extracts from 81
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,
EMBA45 selectivelyinhibited biofilm formation at 3 mg/mL without
affecting mature biofilms, indicating a potential anti-adhesion or
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Figure 2.2.1

Figure 2.2.2

Figure 2.2.3

Figure 2.2.4

Figure 2.2.5

Figure 2.2.6

quorum-sensing interference mechanism. Data are presented as mean
+ SD of three independent experiments.

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

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

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.

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.

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

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

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

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.

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) 4. 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.

MIC values for MRSA and P. aeruginosa PAOI1 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 0-10pug/uL concentration, for both MRSA and
P. aeruginosa. The data values are the mean SD of triplicate
determinations.

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.

TEM analysis of MRSA cells. TEM images of MRSA cells. Blank
control, treated with Sub-MIC and MIC for 16 h; (magnification, x
6000)

AFM analysis of MRSA (i) Untreated (ii)) Sub-MIC (iii) MIC.
Untreated samples were considered as controls.
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Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 4.1

Figure 4.2

Figure 4.3

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).

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.

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.

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 (IMWT) responsible for
cell wall peptidoglycan synthesis. The interactions are shown in
terms of hydrogen bonding, van der waals, pi-sigma and pi-alkyl.

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, 800pug/mL). The compound was tested
separately from other derivatives to assess its individual efficacy

Antibiofilm activity of EMB45 metabolites. Crystal violet assay was
employed to study the impact of EMB45 metabolites at
concentrations ranging from 6 to 0.0937ug/ul on the reduction of the
24 h biofilm of B. tropicus EMB20, E. faecalis ATCC 19606, K.
pneumoniae ATCC 700603, P. aeruginosa PAOI1, and S. aureus
ATCC 4330 and on bacterial growth is illustrated by orange symbols.
Data are mean from 3 independent experiments + SD.

Biofilm inhibition of P. aeruginosa PAO1. Crystal violet assay was
employed to study the impact of EMB45 metabolites at
concentrations ranging from 12 to 0.75ug/ul 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.

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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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

glass coverslips in TSB media at 30 °C.

Atomic force microscopic images were taken at the following
conditions: (i) Untreated, (ii) 0.5xMBIC, (iii) IxXMBIC. These images
were captured after 24 hours of treatment on glass coverslips in TSB
media at 30 °C.

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 um)

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
I1xMBIC, as well as untreated cells for comparison Data are mean
from 3 independent experiments = SD

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.
(i1) Biofilms treated with 0.5x MBIC of Nocardia sp. EMBA45 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.

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.

Swimming and swarming motility. The concentrations of the candidate
compounds were 0.5xMBIC and 1x MBIC. Error bars indicate the means +
SDs.

Effect of Nocardia sp. EMBA45 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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Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

virulence elements highlights the potential of = EMB45-derived
metabolites as anti-virulence agents against P. aeruginosa. Data are
mean from 3 independent experiments + SD.

RT-gPCR analysis of QS-related gene expression in P. aeruginosa
PAOI treated with EMB45 crude extract metabolites. Significant
downregulation of key QS genes (lasl, lasR, rhll, rhIR, pgsA, pgsD,
pqsE, and others) was observed at MBIC, with pgsE, rhIR, pgsA, and
pgsD showing >95% reduction, indicating strong inhibition of QS
regulatory pathways.

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 RhIR. Compounds bound to the active
autoinducer binding pocket are superimposed on autoinducer C12-
HSL (brown) and C4-HSL (green) for LasR and RhIR, respectively
in stick representation. The QS regulators LasR and RhIR are shown
as ribbons in light blue and light green colors, respectively. The
compounds are shown in stick representation in different colors.

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 RhIR 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 A. There were limited fluctuations observed
during the 200 ns indicating preferential binding to the target protein.
Similarly, MD simulation was performed for QS regulator RhIR 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 2.0-2.5A. 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
Cs, C6, C10, and C1.

Molecular Dynamics (MD) simulations RhIR 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 RhIR. 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

Figure 5.3

Figure 5.4

FTIR spectrum of mesoporous silica loaded with Nocardia sp.
metabolites. Major peaks correspond to O-H/N-H stretching
(3396 cm™), aliphatic C-H stretching (2925 and 2856 cm™),
carbonyl (C=0) stretching (1676cm™), and C-H bending
(1460 cm™), 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™
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 (~2-3nm pores), with contrast variation
suggesting successful metabolite incorporation. Scale bars: 50 nm.

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.

Evaluation of Biofilm Formation on Foley Catheter Segments by P.
aeruginosa PAOI. (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 (ODso).
Uncoated control catheter exhibits the highest absorbance, indicating
robust biofilm formation, while coated surfaces (e.g., Chitosan (CS),
CS-MCM-41, EMBA45, CS- EMB45@MCM-41) show significantly
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Figure 5.5

Figure 5.6

Figure 6.1

Figure 6.2

Figure 6.3

reduced OD values. Data represent mean + SD of triplicate.

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.

MTT Assay of the Nocardia sp. EMBA45 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

Schematic illustration of the synthesis and surface functionalization
of chitosan-coated upconversion nanoparticles (UCNPs). Rare-earth
precursors (YCls, YbCls, and ErCls) were thermally decomposed in
oleic acid and l-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.

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 B-phase NaYFa
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 Er**
transitions

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™, CS), C—
H stretching (~2925 cm™, PLGA), ester C=0 stretching (~1740 cm™,
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Figure 6.4

Figure 6.5

PLGA), and amide I/II bands (~1650 and ~1540 cm™!, CS). A distinct
Ce6 peak (~1640 cm™) was also observed. Overlapping and shifted
bands in UCNPs@PLGA@CS+Ce6 indicated strong interactions
among components.

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/cm?),
demonstrating upconversion-mediated activation of Ce6.

Antibiofilm efficacy of treatments against Pseudomonas aeruginosa
biofilms.7op 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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