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Abstract

Fluoroquinolone is an important class of antibiotics, and ciprofloxacin is a repre-

sentative drug with broad antibacterial activity. This study aimed to design and

synthesize novel ciprofloxacin derivatives (CW1-CW5). The antimicrobial poten-

tial of the derivatives was evaluated using experimental, and in silico approaches.

These compounds were characterized using thin-layer chromatography (TLC) and

Fourier-transform infrared (FTIR) spectroscopy to confirm their chemical struc-

tures.

FTIR confirmed the characteristic peaks of hydroxyl group (3000 cm−1 3300

cm−1), amide carbonyl group (1650 cm−1 1750 cm−1), and -CH stretching (2800

cm-1 3300 cm−1), which validated the successful incorporation of pharmacophores.

Molecular docking studies of OmpF, Topoisomerase II, and a multidrug efflux

pump revealed stronger binding affinities for the synthesized derivatives than

ciprofloxacin. The docking scores of the synthesized compounds against OmpF

(-8.8 to -9.8 kcal/mol), topoisomerase II (-8.5 to -10.3 kcal/mol), and multi-

drug efflux pump (-8.0 to -10.0 kcal/mol) were higher than those of the standard

ciprofloxacin. However, CW3 showed the highest binding affinity against multi-

ple targets. SwissADME analysis revealed satisfactory drug-likeness and physico-

chemical properties for most compounds, with moderate lipophilicity (iLogP 2.64-

3.66) and TPSA values ranging from 94.88 Å2 to 175.21 Å2. Toxicity prediction

by ProTox-II 3.0 classified the compounds into GHS toxicity cclasses4 and c, with

predicted LD50 values ranging from 4000 to 4336 mg/kg, representing low to

moderate acute toxicity.

The synthesized compounds exhibited notable antibacterial activity against non-

resistant bacterial strains, with zones of inhibition ranging from 19.70 ± 1.98

mm to 31.51 ± 1.34 mm against E. coli. Among the derivatives, CW5 demon-

strated strong activity against B. subtilis (37.16 ± 1.78 mm), while CW3 showed

the highest inhibition against S. abony (33.25 ± 0.95 mm). The antibacterial

activity against P. aeruginosa was comparatively lower across all compounds.
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Furthermore, evaluation against resistant bacterial strains revealed that the syn-

thesized derivatives retained significant antibacterial activity, with several com-

pounds demonstrating comparable or superior efficacy relative to ciprofloxacin.

In particular, CW5 exhibited the highest activity across resistant strains, followed

by CW3 and CW1. In addition, antifungal activity assessed by the disk diffusion

method against C. albicans, A. niger, and A. flavus showed no observable zones

of inhibition, indicating a lack of antifungal potential under the tested conditions.

In conclusion, this study demonstrates that structural modification of the ciproflo-

xacin scaffold significantly influences molecular binding affinity, drug-likeness, and

antibacterial activity in a compound-dependent manner. The synthesized deriva-

tives exhibited variable efficacy, with CW5 showing superior and consistent an-

tibacterial activity against both non-resistant and resistant bacterial strains, while

CW3 displayed strong binding affinity in molecular docking studies, supporting

its potential as a lead compound. Importantly, several derivatives exhibited com-

parable or enhanced activity relative to ciprofloxacin against resistant strains,

highlighting their potential in combating antimicrobial resistance. The combined

synthetic, in silico, and biological findings suggest that these derivatives provide

valuable lead structures for further optimization toward the development of effec-

tive antibacterial agents against resistant pathogens.

Keywords: Ciprofloxacin derivatives, Fluoroquinolones, Antibacterial activity,

Molecular docking, SwissADME, Toxicity prediction, Anti-microbial resistance
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Chapter 1

Introduction

1.1 Background

The global evolution of antibiotic therapy in the 20th century was a revolutionary

advancement in the treatment of infectious diseases. Infections that consistently

lead to death or lifelong disability are now frequently treated, resulting in notable

advances in surgery, cancer therapy, and intensive care medicine. However, in the

early 21st century, antimicrobial resistance (AMR) appeared as a new calamity.

The World Health Organization (WHO) projects that by 2050, there will be 10

million casualties annually [1, 2]. Multidrug - resistant bacteria are becoming com-

mon in community and hospital settings, undermining the efficacy of medications

and placing a significant burden on healthcare systems [3].

The synthetic fluoroquinolone class of antibiotics has led to the development of

antibacterial treatments. Fluoroquinolones emerged from nalidixic acid, which

was established in 1962; This drug was enhanced by adding a fluorine atom at

the C-6 site and a piperazinyl moiety at the C-7 position of the quinolone core,

thereby improving their antimicrobial activity and pharmacokinetic properties [4,

5]. Ciprofloxacin, a revolutionary drug of the fluoroquinolone class, is widely used

for urinary tract infections, respiratory infections, gastrointestinal infections, soft

tissue infections, and prophylaxis in high-risk patients [6]. Its broad spectrum,

1



Introduction 2

good oral bioavailability, and favorable tissue distribution make it the preferred

choice for clinicians worldwide [7].

Figure 1.1: Chemical structure of ciprofloxacin

Ciprofloxacin has well-defined and highly flexible chemical structure. The addition

of a fluorine atom at C-6 increases lipophilicity and cellular penetration, whereas

the piperazine ring at the C-7 position makes it a broad-spectrum drug and im-

proves gram-negative activity. The keto group at the C-4 position, together with

the carboxylic acid at the C-3 site, coordinates with Mg2+ and facilitates enzyme

interaction [8, 9]. The structural profile of ciprofloxacin allows it to stabilize the

cleavage complex formed by bacterial topoisomerase IV and DNA gyrase. This

action blocks the reannealing of DNA strands, causing double-strand breaks and

rapidly triggering bacterial cell death [10, 11].

However, the success of ciprofloxacin has contributed to the current challenge; the

widespread and sometimes non-selective use of fluoroquinolones has put notable

pressure on bacterial populations [12]. Consequently, resistance to ciprofloxacin

has emerged and increased significantly. Studies have shown that resistance rates

among clinical isolates of Escherichia coli (E. coli) vary from 30% to 60% in

specific settings [13]. Bacteria evade ciprofloxacin in various ways; alterations

in the quinolone resistance determining region (QRDR) of the gyrA and parC

genes decrease drug binding. Overexpression of efflux systems (e.g., AcrAB-TolC

in E. coli and MexAB-OprM in Pseudomonas aeruginosa) lowers intracellular

drug concentrations [14, 15]. Changes in outer membrane porins limit drug entry,
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whereas plasmid-mediated quinolone resistance (PMQR) elements, such as qnr

genes and aac(6’)-Ib-cr, enable the horizontal distribution of resistant traits [16].

These mechanisms significantly weaken the effectiveness of ciprofloxacin and limit

its empirical use.

The presence of a piperazine moiety at the C-7 position allows chemical deriva-

tization to decrease efflux susceptibility, improve enzyme binding, and enhance

pharmacokinetic properties [17]. Despite dual-site modification approaches that

alter both the C-3 and C-7 positions within the same molecule, they may yield

synergistic benefits in antibacterial activity [18, 19]. Furthermore, computer-aided

drug design (CADD) tools, including molecular docking, pharmacophore model-

ing, and molecular dynamics simulations, provide crucial predictive insights [20].

A gap persists between in silico design and experimental synthesis. Many com-

pounds predicted to be promising remain unpublished or unevaluated in biological

systems, and few studies have comprehensively correlated structure-activity rela-

tionships (SAR) with resistance-modulating outcomes [21].

Figure 1.2: Trends in ciprofloxacin resistance

Source: Reproduced from [22]

In addition to antimicrobial and resistance dimensions, the pharmacokinetic and

pharmacodynamic properties of ciprofloxacin must be considered. For instance,
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clinical efficacy correlates strongly with the Cmax/MIC and AUC/MIC ratios, and

suboptimal dosing can foster resistance rather than suppress it [23]. Additionally,

pressure of sub-therapeutic dosing and over-the-counter antibiotic use aggravate

AMR and reduce the efficacy of established drugs [24, 25]. This emphasizes the

necessity for advanced and targeted strategies that extend beyond the discovery

of novel antibiotics. As a substitute, designing more potent derivatives of existing

compounds, such as ciprofloxacin, offers a faster and more cost-effective solution.

1.2 Research Gap

Despite the abundance of ciprofloxacin derivatives, there is a need for structurally

improved compounds with better antibacterial efficacy against resistant bacte-

rial strains. Although many studies have documented single-site modifications

of ciprofloxacin, they are frequently limited in scope and mostly concentrate on

synthesis and initial antibacterial screening. Most investigations lack comprehen-

sive structural characterization, molecular docking with in silico drug-likeness and

toxicity evaluation, and comparison with conventional ciprofloxacin. Furthermore,

the study did not properly examine the structural alterations at established mod-

ification sites and potentially helpful functional groups. These drawbacks high-

light the need for carefully planned ciprofloxacin derivatives that are synthesized,

comprehensively described, and evaluated using computational and experimental

techniques to better understand their antibacterial potential.

1.3 Rationale of the Study

Owing to its chemical flexibility, ciprofloxacin serves as a suitable scaffold for

structural modifications, particularly at functionally important sites, such as the

C-7 piperazine moiety, influencing pharmacokinetics and antibacterial activity.

This study aimed to design, synthesize, and evaluate novel ciprofloxacin deriva-

tives using integrated experimental and in silico approaches to better understand

the structure-activity relationships and contribute to ongoing efforts to overcome

antimicrobial infections.
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1.4 Aim and Objectives

1.4.1 Aim

The main goal of the present study was to design, synthesize, characterize, and

evaluate ciprofloxacin derivatives to enhance their antibacterial efficacy against

gram-negative and gram-positive bacterial strains.

1.4.2 Objectives

i. Novel ciprofloxacin derivatives were synthesized by modifying the C-7 piper-

azine group.

ii. The synthesized derivatives were purified by recrystallization and column

chromatography.

iii. The synthesized derivatives were characterized using spectroscopic tech-

niques.

iv. In silico studies of synthesized derivatives targeting bacterial proteins.

v. Evaluation of the antimicrobial potential of the synthesized derivatives agai-

nst gram-negative and gram-positive bacterial strains.



Chapter 2

Review of Literature

2.1 Historical Development and Evolution of Fl-

uoroquinolones

The evolution of fluoroquinolones is intrinsically linked to the scientific goal of

overcoming bacterial resistance. In 1962, nalidixic acid was discovered as a syn-

thetic alternative to target bacterial DNA replication mechanisms following the

emergence of antimicrobial resistance to β-lactams and aminoglycosides [26, 27].

Nalidixic acid, a byproduct of chloroquine production, marked the beginning of

quinolone class antibiotics. It has selective efficacy against gram-negative bacte-

ria, particularly E. coli and Proteus species, by inhibiting DNA gyrase, an enzyme

required for supercoiling and maintaining the bacterial DNA structure [28]. How-

ever, its limited tissue distribution, rapid development of resistance, and narrow

antibacterial range limit its therapeutic applicability, necessitating further struc-

tural improvements [29].

Fluorine substitution at the C-6 position and alteration of the C-7 piperazine

ring in the 1980s resulted in the discovery of fluoroquinolones, which marked a

significant advance in antibiotic therapy [4]. These alterations improve lipophilic-

ity, bacterial cell penetration, and the antibacterial spectrum against both gram-

positive and gram-negative bacteria [30]. The resultant compounds, including

6
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norfloxacin, ciprofloxacin, and ofloxacin, are second-generation quinolones with

increased potency, good pharmacokinetics, and enhanced therapeutic character-

istics [31]. Ciprofloxacin has emerged as the most effective agent, primarily be-

cause of its high activity against P. aeruginosa, S. aureus, and E. Coli species, as

well as its good tissue distribution and oral absorption [32]. Structural changes

have been made to combat the increasing resistance and pharmacological chal-

lenges. Third-generation fluoroquinolones, such as levofloxacin and sparfloxacin,

are more effective against gram-positive bacteria, including Streptococcus pneu-

moniae [33, 34]. Fourth-generation antibiotics, such as moxifloxacin and gemi-

floxacin, have shown superior efficacy against anaerobes and atypical respiratory

infections [35]. Each subsequent generation has been guided by an improved un-

derstanding of the structure-activity relationship (SAR) of the fluoroquinolone

core, indicating that small alterations in key molecular regions can drastically

affect pharmacological effects [5, 36].

The effectiveness of ciprofloxacin has led to the optimization of the quinolone

framework to augment target affinity, enhance stability, and diminish toxicity.

Researchers have discovered that changes to the C-3 carboxylic acid group in-

fluence cooperation with magnesium ions and enzyme-DNA interactions [8]. In

contrast, C-7 substituents affect the bacterial spectrum and efflux susceptibility

[37].

For example, adding bulky heterocyclic groups at C-7 reduces efflux pump recog-

nition while increasing intracellular retention [38]. Similarly, substitution at the

N-1 position with aromatic or heteroaromatic moieties improved the action against

gram-positive organisms while decreasing resistance [39].

Despite these advances, fluoroquinolone resistance has spread rapidly in clinical

practice owing to misuse and bacterial adaptation. Early-generation drugs, such

as ciprofloxacin, were originally highly effective but were gradually limited by mu-

tations in the gyrA and parC genes, as well as plasmid-mediated mechanisms that

protect topoisomerases [40, 41]. These advances have driven the scientific commu-

nity to use CADD and rational drug design methodologies to prevent resistance

through in silico optimization before laboratory synthesis [42].
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The evolution of fluoroquinolones not only demonstrates the synthetic creativity

of medicinal chemists but also highlights the constant conflict between bacterial

resistance and medication innovation [43]. Each generation of fluoroquinolones has

increased our understanding of how molecular modifications can improve pharma-

cological efficacy.

The present strategy of combining computational design, synthesis, and biological

testing continues this trend, especially focusing on ciprofloxacin derivatives with

dual-site alterations to overcome resistance while maintaining safety and effective-

ness [44, 45].

Figure 2.1: Evolution of fluoroquinolones from nalidixic acid to modern
derivatives
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2.2 Antimicrobial Resistance

AMR has become a major health crisis in the 21st century, threatening the efficacy

of nearly all major classes of antibiotics. AMR refers to the ability of microorgan-

isms, particularly bacteria, to survive exposure to antimicrobial agents that would

normally inhibit or kill them [25]. The growing incidence of resistant infections

causes serious clinical challenges, leading to higher treatment costs, prolonged

hospital stays, and increased mortality [46].

According to the Global Research on Antimicrobial Resistance (GRAM) report, re-

sistant bacterial infections were responsible for approximately 1.27 million deaths

worldwide in 2019, and this estimate suggests that the number could rise to 10

million by 2050 if the current trends continue [47]. These alarming patterns high-

light the need for innovative drug discovery approaches and targeted structural

modifications of existing antibiotics to combat AMR.

The primary mechanisms that initiate AMR include genetic mutations, horizontal

gene transfer, and enzymatic degradation of antibiotics. These actions lead to

reduced drug permeability, enhanced efflux, and alterations in target binding sites

[48]. The misuse or overuse of antibiotics in clinical settings further accelerates

the spread of resistant strains [49]. Multidrug-resistant (MDR) pathogens, such as

P. aeruginosa, Klebsiella pneumoniae, Acinetobacter baumannii, and methicillin-

resistant Staphylococcus aureus (MRSA), have been recognized by the WHO as

critical or high-priority organisms for new drug development. The urgent need for

effective antibacterial agents that can target these resistant pathogens has renewed

the scientific focus on fluoroquinolones, a class of synthetic agents that once served

as a cornerstone in the management of bacterial infections [50, 51].

Fluoroquinolones mainly work by blocking the topoisomerase IV and DNA gyrase

bacterial enzymes which are required for DNA replication and supercoiling. This

dual mode of action makes it effective against both gram-negative and gram-

positive bacteria [51–53]. However, during the last few decades, the widespread

use of fluoroquinolones has led to growing resistance, particularly to ciprofloxacin,

one of the most commonly prescribed members of this class. Resistance is caused
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by alterations in the activation of efflux pumps, quinolone resistance-determining

regions (QRDRs) of gyrA and parC, and plasmid-mediated mechanisms that shield

bacterial topoisomerases from inhibition [51, 54]. These multifaceted resistance

routes have severely reduced the clinical utility of ciprofloxacin, necessitating the

exploration of new derivatives with enhanced efficacy.

Figure 2.2: Different mechanisms of antimicrobial resistance

Source: Reproduced from [55]

Ciprofloxacin is an ideal candidate for structural alterations because of its well-

versed pharmacophore, safety profile, and synthetic flexibility [56]. Modifications

of the C-7 piperazine group have been widely explored to enhance antibacterial

effectiveness, improve pharmacokinetics, and overcome efflux-mediated resistance

[14]. Substituting the piperazine group at the C-7 position with bulky heterocycles

or aromatic amines could enhance drug binding and reduce efflux susceptibility

[51, 57].

In recent years, researchers have increasingly turned to CADD to predict the

effects of structural modifications on binding to target enzymes and to identify

potential leads prior to synthesis. Molecular docking and pharmacophore mod-

eling techniques enable the evaluation of novel fluoroquinolone derivatives based

on their predicted interactions with DNA gyrAse and topoisomerase IV, thereby
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accelerating drug development [20, 58]. Studies by [59] and [57] reported that

computational modeling of ciprofloxacin analogs effectively identified promising

derivatives with enhanced in vitro antibacterial activity.

2.3 Chemistry, Pharmacology and Mechanism

of Action of Ciprofloxacin

Ciprofloxacin is one of the most clinically important fluoroquinolones and serves as

the foundation for current antibacterial chemotherapies. It was developed in the

early 1980s as a second-generation fluoroquinolone derived from norfloxacin and

represents a significant advancement in potency, pharmacokinetics, and safety [4].

The IUPAC name of ciprofloxacin is 1-cyclopropyl - 6-fluoro-1, 4-dihydro-4-oxo-7-

(1-piperazinyl) -3-quinoline carboxylic acid and molecular formula is C17H18FN3O3

[60]. At C-6 position presence of a fluorine atom enhances cellular penetration and

activity against gram-negative organisms. Concurrently, at C-7 site presence of

piperazine ring expands the spectrum of activity, especially against Pseudomonas

aeruginosa and other resistant pathogens [56].

Figure 2.3: Key substitution sites in ciprofloxacin structure

The quinolone core of ciprofloxacin has key positions like C-3 and C-4, which are

crucial in drug target interactions because they form chelation complexes with

magnesium ions [61]. For replication and transcription these enzymes are vi-

tal for managing the supercoiling and relaxation of bacterial DNA [8, 39]. The

cyclopropyl group at N-1 position improves the antibacterial activity, whereas
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piperazine group at C-7 site influences the antibacterial activity, lipophilicity, and

efflux resistance [39]. Pharmacologically, by inhibiting type II topoisomerases,

specifically DNA gyrAse and topoisomerase IV ciprofloxacin exhibits bactericidal

activity. Topoisomerase IV handles the decatenation of daughter DNA molecules

after replication, whereas DNA gyrase induct negative supercoils into chromoso-

mal DNA, a process vital for replication and gene expression [62, 63]. Ciprofloxacin

prevent the re-ligation of DNA strands by stabilizing the DNA cleavage complex

formed during these reactions, result in double-stranded DNA breaks, chromosome

fragmentation, and ultimately bacterial cell death [64].

Figure 2.4: Ciprofloxacin binding to DNA gyrAse and formation of a ternary
complex

Source: Reproduced from [31]

Pharmacokinetics of ciprofloxacin exhibit high oral bioavailability (∼70%), rapid

absorption, and extensive tissue distribution, reaching therapeutic concentrations

in the lungs, kidneys, and the urinary tract [12]. It shows moderate plasma protein
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binding (∼30%) and is mainly excreted unchanged in the urine, making it effective

for treating urinary tract infections. It short half-life (∼4 hrs) supports twice

daily dosing [65]. Hence strong antibacterial properties, good pharmacokinetics,

and broad-spectrum activity make ciprofloxacin a valuable antibiotic in clinical

practice. However, the rise in resistance has encouraged structural modifications

in ciprofloxacin to preserve its effectiveness against multidrug-resistant strains [66].

2.4 Mechanisms of Ciprofloxacin Resistance

Ciprofloxacin is becoming less effective against multi - drug - resistant bacterial

strains. Resistance appeared soon after their introduction of ciprofloxacin and has

since developed through multiple molecular mechanisms that collectively impair

target binding, reduce drug accumulation, and lower overall antibacterial efficacy

[52].

These mechanisms can generally be grouped into (i) target-site mutations, (ii)

efflux pump activation, (iii) decreased outer membrane permeability, and (iv)

plasmid-mediated resistance, all of which often coexist in resistant clinical isolates.

2.4.1 Target Site Mutations

The most common and well-established mechanism of ciprofloxacin resistance in-

cludes point mutations in the genes gyrA and gyrB and parC and parE. Mutations

like these occur within specific amino acid residues known as quinolone resistance-

determining regions (QRDRs), which directly interact with ciprofloxacin during

enzyme–DNA complex formation [51].

Substitution of serine at position 83 and aspartate at position 87 of gyrA, along

with similar mutations in parC, have been frequently linked to high-level resistance

in E. coli, P. aeruginosa, and K. pneumoniae [67].

These alterations lowers the binding affinity of ciprofloxacin to its enzymatic tar-

gets, permitting the bacteria to continue DNA replication and repair even when

the drug is present [68].
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2.4.2 Efflux Pump Overexpression

Efflux pumps a major resistance pathway that actively removes ciprofloxacin from

the bacterial cytoplasm, bringing intracellular levels below the therapeutic thresh-

old [69]. The AcrAB-TolC system in E. coli and the MexAB - OprM system in

P. aeruginosa are two of the most extensively researched pumps responsible for

fluoroquinolone resistance [70]. Overproduction of these efflux systems not only

results in ciprofloxacin resistance, but additionally contributes to multidrug re-

sistance. These systems are regulated by complicated transcriptional regulatory

networks, such as the MarA, SoxS, and Rob regulons, which activate in response

to environmental stresses and sub-inhibitory drug doses [71].

2.4.3 Reduced Outer Membrane Permeability

Reduced outer membrane permeability is another factor that causes ciprofloxacin

resistance, especially in gram-negative bacteria. Changes in porin proteins, such

as OmpF and OmpC in E. coli and OprD in P. aeruginosa, decrease ciprofloxacin

penetration into bacterial cells [72]. Mutations that inhibit porin expression or

produce structural changes efficiently diminish intracellular drug accumulation.

In clinical isolates of K. pneumoniae, the cumulative impact of porin loss and

efflux overexpression has been shown to considerably enhance the MIC values for

ciprofloxacin, often exceeding serum levels [73]. These findings emphasize that

alterations to the outer membrane and target mutations play an essential role in

promoting resistance [74].

2.4.4 Plasmid Mediated Quinolone Resistance

In addition to chromosomal mechanisms, PMQR contributes significantly to the

dissemination of ciprofloxacin resistance genes across bacterial populations. The

first PMQR determinant, qnrA, was found in K. pneumoniae in 1998 [75]. The

DNA gyrAse and topoisomerase IV from quinolone inhibition are protect by qnr

proteins, acting as DNA mimic proteins that prevent drug enzyme binding [76].

Other PMQR mechanisms include acetylation of ciprofloxacin by the aac(6’)-Ib-

cr enzyme and active efflux mediated by plasmid-encoded transporters such as
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qepA and oqxAB [16]. The coexistence of PMQR genes with β-lactamase or

carbapenemase genes on the identical plasmids further accelerates the spread of

multidrug resistance through horizontal gene transfer [51].

Figure 2.5: Combined effects of target modification, efflux, and biofilm for-
mation in conferring high-level ciprofloxacin resistance

Source: Adapted from [77]

2.5 Strategies to Overcome Ciprofloxacin Resis-

tance

2.5.1 Structural Modification of Ciprofloxacin

One of the most widely adopted strategies to overcome resistance involves ratio-

nal structural modification at key sites of the ciprofloxacin molecule. Studies have

identified the C-3 carboxylic acid and C-7 piperazine positions as the most influ-

ential for altering the antibacterial spectrum, target affinity, and pharmacokinetic

behavior [18]. The C-3 carboxyl and C-4 keto groups form chelation bridges with

magnesium ions at the drug DNA enzyme complex, while the C-7 piperazine ring

influences bacterial cell penetration and efflux recognition [52, 78]. Substituting
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the C-7 piperazine with bulky heterocyclic or aromatic moieties has been shown to

enhance lipophilicity, reduce efflux susceptibility, and broaden antibacterial activ-

ity [12]. For example, [79] synthesized ciprofloxacin derivatives bearing substituted

benzimidazole and triazole groups at the C-7 position, which exhibited improved

docking scores against DNA gyrAse and enhanced inhibition zones compared to

parent ciprofloxacin. In the same way, modifications at the C-3 site, like esterifica-

tion or amide formation, can improve binding stability by providing electrostatic

interactions and additional hydrogen bonding with topoisomerase IV [80].

The addition of electron-withdrawing or hydrophobic groups into the fluoroquino-

lone scaffold can alter drug permeability and diminish efflux pump recognition.

For example, an investigation by [81] found that C-7 modified ciprofloxacin ana-

logues with halogen or nitrogen substituents have improved intracellular retention

and bactericidal action against overexpressing E. coli bacteria. These findings

highlight the necessity of chemical modification in overcoming resistance while

retaining critical physiological factors responsible for enzyme inhibition.

2.5.2 Hybrid and Conjugate Design

Hybridization is another promising approach to develop dual-acting compounds by

combining ciprofloxacin with other pharmacophores or biologically active scaffolds.

Hybrid compounds can target numerous metabolic pathways at once, minimizing

the risk of resistance formation [82]. For example, hybrid compounds including

ciprofloxacin-Schiff base conjugates and ciprofloxacin azoles have demonstrated

exceptional antibacterial and antifungal activity [83]. These compounds combine

the fluoroquinolone core with imine or triazole linkers, producing synergistic in-

teractions with bacterial enzymes and cell walls. Metal ciprofloxacin complexes

are novel hybrid derivatives. ciprofloxacin bind to transition metals like Cu(II),

Zn(II), and Fe(III) using C-3 and C-4 functional groups, resulting in complexes

with increased lipophilicity and membrane permeability [84].

Copper ciprofloxacin complexes have been shown to exhibit higher antibacterial

activity against S. aureus and P. aeruginosa, presumably due to increased ox-

idative stress and improved drug absorption [85]. These type alterations enhance
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the antibacterial effectiveness of ciprofloxacin and extend its therapeutic potential

and pharmacological properties, such as antioxidant or anticancer effects, thereby

expanding its therapeutic potential [86].

2.6 Computer Aided Drug Design in Fluoroqui-

nolone Optimization

Traditional trial-and-error drug development techniques are slow and ineffective

in the age of antimicrobial resistance. To solve this challenge, CADD emerged as

a significant method in medicinal chemistry, enabling the rational design and op-

timization of novel antibacterial compounds with superior pharmacological prop-

erties.

CADD combines computational chemistry, bioinformatics, and molecular mod-

elling to predict how structural changes influence biological activity, binding affin-

ity, and pharmacokinetics [87]. For fluoroquinolones like ciprofloxacin, CADD

serves as an effective tool for identifying structural analogues that overcome re-

sistance while maintaining the important pharmacophoric properties required for

enzyme inhibition.

Figure 2.6: Overview of the Computer Aided Drug Design workflow
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Source: Reproduced from [88]

2.6.1 Structure-Based Drug Design

SBDD simulates how candidate compounds interact at the active site by using high

resolution crystallographic data from target enzymes such as bacterial DNA gyrAse

and topoisomerase IV. These models provide data on the important residues in-

volved in ligand binding, assisting in the rational modification of ciprofloxacin

scaffolds [89].

Docking simulations assesses the incorporation of derivatives into the enzyme’s

active site, estimating binding free energy and identifying significant hydrogen

bonds, electrostatic interactions, and hydrophobic contacts [90].

For example, [91] use molecular docking and dynamics simulations to analyse

newly synthesized ciprofloxacin triazole derivatives. Their findings showed in-

creased binding stability within the DNA gyrAse pocket, which was consistent

with computational data and experimental inhibition results. Similarly, recent re-

search using cocrystal structures of E. coli gyrA and gyrB subunits found unique

binding conformations that allow fluoroquinolone analogues to avoid resistance-

associated mutations [51, 52].

2.6.2 Ligand-Based Drug Design

When the target protein’s 3D structure is either unavailable or only partially

determined, LBDD works in combination with SBDD. In LBDD, pharmacophore

models that specify structural elements responsible for activity are created by

analysing molecular characteristics from well-known active substances including

ciprofloxacin, levofloxacin, and moxifloxacin [92].

These characteristics usually consist of hydrophobic areas, aromatic ring cores, and

hydrogen bond donors and acceptors. By virtually screening chemical libraries for

novel compounds that fit these essential characteristics, pharmacophore modelling

enables in silico prediction of possible antimicrobial activity [93].
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For instance, [94] searched databases for structurally varied analogues with better

binding characteristics using a pharmacophore model developed from known flu-

oroquinolones. The predictive power of the ligand-based technique was confirmed

when several hits showed high pharmacophore fit scores and were then verified

using docking simulations [95].

2.7 Organic Synthesis and Characterization of

Ciprofloxacin Derivatives

The synthesis of new ciprofloxacin derivatives requires a solid foundation in or-

ganic synthesis and structural characterization. Altering ciprofloxacin’s molecular

structure, particularly at the C-7 piperazine position, becomes an effective method

to synthesize derivatives with enhanced antimicrobial activity and resistance eva-

sion. The method includes planning the synthetic route, carrying out reactions,

purifying the products, and via spectroscopic methods verify structural integrity

and purity.

2.7.1 Synthetic Strategy and Reaction Design

Ciprofloxacin contains carboxylic acid, a ketone, an amine, and a fluorine - sub-

stituted aromatic ring as functional groups which offer several reactive sites for

structural modifications. The most common positions for structural modifications

are the C-3, which can be converted into esters or amides, and the C-7, which can

be replaced with different aromatic or heterocyclic groups [96, 97].

At C-3 site, reactions typically start by activating the carboxylic acid to an acid

chloride via reagents such as, thionyl chloride (SOCl2) or oxalyl chloride. This

is followed by nucleophilic substitution with amines or alcohols to produce amide

or ester derivatives [98]. This approach facilitates the incorporation of pharma-

cologically significant groups that can enhance lipophilicity and target affinity.

At C-7 site, substitution is commonly done via nucleophilic aromatic substitution

or N-alkylation; ciprofloxacin reacts with various alkyl halides, acyl chlorides, or

aldehydes under basic conditions [99].
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For instance, [100] synthesized ciprofloxacin triazole compounds through click

chemistry by coupling azide linked ciprofloxacin intermediates with alkyne bearing

heterocycles in the presence of Cu(I) catalysts. This reaction exhibited regioselec-

tivity and also improved yield and purity. Similarly, [101] synthesized amide linked

ciprofloxacin compounds by utilizing chloroacetyl chloride and substituted amines,

showing enhanced antibacterial efficacy against multidrug resistant strains.

2.7.2 Purification and Isolation Techniques

Upon synthesizing ciprofloxacin derivatives, the reaction mixture often comprises

unreacted starting materials, intermediates, and undesirable byproducts. Conse-

quently, purification is crucial for isolating the target chemicals in a pure form

appropriate for structural investigation and biological testing. TLC, recrystalliza-

tion, and column chromatography are common purification techniques that offer

unique benefits for reaching high purity.

2.7.2.1 Thin Layer Chromatography

TLC is primarily employed as a fast, efficient analytical method for monitoring

reaction progress and determining product purity. In this technique, a tiny sample

is placed on a TLC plate covered with a thin covering of silica gel, which acts as

the stationary phase. The plate is then placed in a developing chamber with the

suitable solvent system. varying compounds travel at varying speeds as the solvent

goes up the plate due to capillary action, depending on their polarity and affinity

to the stationary phase. Each spot’s position is specified by an Rf (retention

factor), which gives comparative data on compound identity and polarity [102].

TLC is thus an important tool for validating reaction completeness and selecting

appropriate solvent systems for column chromatography.

2.7.2.2 Recrystallization

Recrystallization is a simple and effective process for purifying organic molecules,

particularly crystalline derivatives. The approach works on the differential solu-

bility principle, which states that the target compound dissolves in a hot solvent
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but crystallizes when cooled. Ciprofloxacin derivatives are typically formulated

with solvents such as ethanol, methanol, or ethyl acetate due to their low polarity

and volatility. Impurities are either left in the solvent or filtered out during the

process, while the pure result forms well-defined crystals. The recrystallized com-

pound is then filtered, washed, and dried, producing a product with higher purity

and a more uniform structure [103].

2.7.2.3 Column Chromatography

Column chromatography is an important purification technique for separating

mixtures of substances with comparable physical and chemical characteristics. It

works on the basis of adsorption and the polarity difference between the stationary

and mobile phases [104].

Silica gel is typically utilized as the stationary phase, with binary solvent solutions

as the mobile phase. When the crude sample is added to the column, components

of varying polarity flow through the silica at different rates, with less polar com-

pounds eluting first and more polar compounds following later. By carefully mon-

itoring the eluent polarity, high-resolution separation of ciprofloxacin derivatives

and their by-products is possible [105].

2.7.3 Characterization of Synthesized Derivatives

Thorough characterisation is necessary to confirm successful synthesis and struc-

tural changes. Standard analytical procedures include melting point determi-

nation, Fourier Transform Infrared (FTIR) spectroscopy, and Nuclear Magnetic

Resonance (NMR) spectroscopy.

2.7.3.1 Melting Point Determination

Melting point measurement is a fundamental analytical technique used to evalu-

ate the purity and preliminary identity of organic compounds. In general, pure

substances have a sharp and well-defined melting point range, indicating a ho-

mogeneous crystal structure. Impurities, on the other hand, disrupt this lattice,

resulting in melting point ranges that are either expanded or reduced. Thus,
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changes from the intended melting point serve as an early signal of contamination

or inadequate purification [106].

2.7.3.2 Fourier Transform Infrared Spectroscopy

FTIR an important analytical approach for detecting functional groups and vali-

dating structural changes in synthesised ciprofloxacin derivatives. It works on the

idea that different bonds absorb infrared radiation at specific frequencies, resulting

in a unique spectrum that reflects the structure of the molecule.

Ciprofloxacin derivatives show a carbonyl (C=O) stretching vibration of the car-

boxylic group between 1650-1740 cm−1 and a C-F stretching vibration of the

fluoroquinolone core around 1250 cm−1.

The removal of N-H stretching bands (typically about 3200-3500 cm−1) indicates

that these groups have reacted or been replaced. The formation of new amide

(-CONH) peak reveals successful derivatization at the intended sites. Therefore,

FTIR gives direct proof of structural changes and is critical for verifying the effi-

cacy of synthetic modifications in ciprofloxacin-based drugs [107].

2.8 Antimicrobial Evaluation

The antimicrobial evaluation of ciprofloxacin derivatives remains a major emphasis

in fluoroquinolone research, as it provides a clear indication of how structural

alterations affect biological effectiveness. Ciprofloxacin primarily inhibits bacterial

DNA gyrAse and topoisomerase IV, two enzymes required for DNA replication and

transcription [52].

However, the worldwide spread of fluoroquinolone-resistant bacterial species has

significantly diminished its clinical efficacy.

As a result, structural changes to ciprofloxacin, particularly C-7 piperazine ring,

have become essential techniques to improve its antimicrobial strength, expand its

antibacterial range, and counteract drug resistance mechanisms [80, 108].
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2.8.1 In vitro Antimicrobial Evaluation Techniques

Ciprofloxacin derivatives’ antibacterial efficacy is typically assessed using in vitro

microbiological techniques. The most often used procedures are agar well diffu-

sion, disc diffusion, and broth microdilution. These approaches assist determine

both qualitative and quantitative antibacterial parameters, such as the ZOI, MIC,

and MBC [109, 110]. The broth microdilution assay is regarded the most consis-

tent method for measuring MIC values, which are the lowest concentrations of a

compound that inhibits apparent bacterial growth. Meanwhile, MBC is defined

as the concentration needed to kill 99.9% of bacterial cells [111, 112].

The ratio of MBC to MIC readings frequently reflects whether a substance has

bacteriostatic or bactericidal activity. These characteristics, combined, provide a

reliable basis for assessing the potency of ciprofloxacin derivatives [113].

Figure 2.7: Visual illustration of antimicrobial techniques

Source: Reproduced from [114]
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2.8.2 Activity Against Gram-positive and Gram-negative

Pathogens

The spectrum of antibacterial activity of ciprofloxacin derivatives is commonly

evaluated against both gram-positive and gram-negative bacteria. This testing is

critical because resistance mechanisms often differ between these bacterial classes.

Gram-negative bacteria such as E. coli and P. aeruginosa have a dense outer

membrane and active efflux systems that limit drug entry. In contrast, gram-

positive organisms such as S. aureus and B. subtilis might develop resistance via

mutations in target enzymes [115].

C-3 amide linked ciprofloxacin derivatives exhibited higher antibacterial activity

than ciprofloxacin itself, with MIC values reduced by approximately 50% against

E. coli and S. aureus [108]. Similarly, C-7 triazole substituted ciprofloxacin deriva-

tives that exhibited wider inhibition zones and high bactericidal activity against

multidrug-resistant P. aeruginosa [116]. The observed improvements were at-

tributed to enhanced hydrogen bonding between the modified side chains and the

enzyme’s active sites, resulting in stronger stabilization of the drug target.

2.8.3 Bacteriostatic and Bactericidal Profiles

Fluoroquinolones are commonly regarded as bactericidal drugs, as they destroy

bacterial cells by causing double-stranded DNA breaks via the stabilization of en-

zyme DNA complexes. However, changes to the ciprofloxacin structure may affect

the killing kinetics. [117] synthesized Schiff base-linked ciprofloxacin analogues

that had both bacteriostatic and bactericidal properties depending on the con-

centration employed. The presence of aromatic imine linkages was discovered to

promote lipophilicity and permit better contact with bacterial membranes, hence

increasing overall antibacterial efficacy [118].

Halogen-substituted C-7 derivatives not only reduced MIC values but also ex-

hibited quicker bactericidal kinetics against S. aureus and E. coli. The better

performance was related to higher drug absorption and lower efflux recognition
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[119]. These findings demonstrate that the bactericidal profile of ciprofloxacin

derivatives can be modified through precise structural modifications.

2.9 Bridging the Gap in Drug Discovery

Despite substantial advances in antimicrobial agent discovery and optimization,

the rise of multidrug-resistant (MDR) bacteria continues to jeopardize the clini-

cal efficacy of even the most effective medicines. Fluoroquinolones, particularly

ciprofloxacin, have transformed the treatment of bacterial infections due to their

broad-spectrum action, excellent pharmacokinetics, and oral absorption. How-

ever, bacterial adaptation through target site mutations, efflux pump overexpres-

sion, and reduced membrane permeability has drastically limited the efficiency of

ciprofloxacin [12, 52]. Therefore, recent drug discovery efforts have turned from

inventing totally new antibiotic classes to re-engineering existing scaffolds, such

as fluoroquinolones, in order to maintain efficacy and delay the emergence of re-

sistance [120].

Figure 2.8: Illustration of drug discovery methods for combating antimicrobial
resistance
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Source: Reproduced from [121]

2.9.1 Challenges in Conventional Antibiotic Discovery

Traditional antibiotic discovery pipelines have slowed down significantly in recent

years, largely because of rising research and development costs, a shortage of

novel biological targets, and the fast adaptive mechanisms shown by bacteria.

As a result, most of the antibiotics developed in recent decades are not entirely

new entities but rather modified versions or structural derivatives of existing drug

scaffolds, reflecting an ongoing reliance on established chemical frameworks instead

of the discovery of first in-class agents [120].

Moreover, bacteria develop resistance to new agents within a few years of clinical

introduction, reflecting the adaptability of microbial genomes and their ability to

acquire resistance genes through horizontal transfer. This situation has created an

urgent need for rational, mechanism based modifications of existing antimicrobial

molecules rather than relying solely on random screening [122].

2.9.2 Role of Structural Modification and Rational Drug

Design

Ciprofloxacin, a valuable scaffold for rational drug design due to its well-defined

structure activity relationships (SARs) and known binding interactions with bac-

terial enzymes. Rational modification of C-7 functional group provides an oppor-

tunity to enhance drug target interactions, improve lipophilicity, and reduce efflux

susceptibility [49, 123].

Structural optimization through computational drug design, molecular docking,

and in silico ADMET profiling further accelerates the discovery of derivatives

with improved pharmacological profiles [109]. These strategies not only predict the

binding efficiency of novel compounds but also identify physicochemical properties

influencing absorption, distribution, metabolism, and toxicity critical for successful

translation from bench to bedside.
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Recent studies demonstrate that hybrid fluoroquinolones and metal drug com-

plexes can achieve synergistic effects by combining antibacterial and pharmacoki-

netic advantages [124]. The integration of such molecular design principles exem-

plifies the potential of medicinal chemistry to close the gap between discovery and

clinical utility.

2.9.3 Emerging Perspective in Ciprofloxacin Based An-

timicrobial Development

Although fluoroquinolone derivatives have shown promising results in vitro, few

have advanced to clinical trials due to concerns regarding toxicity and pharmacoki-

netic constraints. Addressing these problems necessitates ongoing research into

derivatives with balanced hydrophilicity, improved target selectivity, and fewer

adverse effects [125]. Ciprofloxacin’s molecular structure serves as a versatile scaf-

fold for such developments. The C-7 piperazine ring remains an ideal location

for adding heterocyclic moieties that can improve drug delivery, reduce resistance,

and preserve broad-spectrum efficacy [126, 127].

The continued development of ciprofloxacin modification techniques demonstrates

a paradigm change from random screening to focused chemical optimization. Re-

searchers can better anticipate activity, reduce resistance, and improve safety pro-

files by combining synthetic chemistry with computer modelling and biological

evaluation [128]. This interdisciplinary collaboration not only lays the ground-

work for new drug discovery, but it also indicates how fluoroquinolone derivatives

can be used as a model for next-generation antimicrobial innovation.
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Materials and Methods

3.1 Materials

The materials for this experimental study were carefully selected to ensure con-

sistency and reproducibility. Chemicals, solvents, and laboratory materials were

procured from recognized providers to preserve uniformity across synthetic, ana-

lytical, and biological operations.

3.1.1 Chemicals

Chemicals utilized in this experiment were of analytical grade. The chemicals

like 2-Amino Benzothiazole, 3-Indoleacetic acid, 3-Ethynylaniline, Amantadine,

Ciprofloxacin HCl, Chloroacetyl Chloride, Magnesium sulfate (MgSO4), Potas-

sium Iodide (KI), Sulfamethazine, Sodium Chloride (NaCl), Sabouraud Dextrose

Agar and Mueller Hinton Agar were bought directly from Sigma-Aldrich and used

without further purification.

3.1.2 Solvents

The solvents used for synthesis, purification, and spectrum analysis were analytical

grade. Sigma-Aldrich supplied Triethylamine (TEA), Dichloromethane (DCM),

Dimethyl Sulfoxide (DMSO), Diethyl Ether, and Methanol (MeOH). All solvents

were analytical grade and employed immediately in the experimental procedures,

28
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with no further purification. For moisture sensitive processes, anhydrous solvents

were used. DCM was dried on activated molecular sieves before usage.

3.1.3 Apparatus and Equipment

The compounds were synthesized, purified, and characterized using standard lab-

oratory and analytical tools.

A separating funnel, analytical balance, magnetic stirrers, round-bottom flasks,

micropipettes, heating mantles, and reflux settings for controlled reactions are all

essential pieces of equipment.

IR spectra were acquired using a Shimadzu FTIR (Shimadzu Corporation, Kyoto,

Japan) device. The Gallenkamp melting point apparatus was utilized to check the

melting point of synthesized compounds.

Microbiological evaluations were performed using petri plates, autoclave, incuba-

tor, and a laminar flow hood to maintain sterile conditions during antimicrobial

assays.

3.2 Methods

3.2.1 General Reaction for the Synthesis of Fluoroquino-

lone Derivatives

3.2.1.1 Regeneration of Ciprofloxacin Free Base

ciprofloxacin free base was synthesized from ciprofloxacin hydrochloride based on a

previously reported method [129]. 5.0 g (13.5 mmol) of ciprofloxacin hydrochloride

was dissolved in 30 ml of distilled water, and it was treated with an excess 5%

Na2CO3 solution.

Add Na2CO3 solution dropwise until the pH of 7 is attained. The resulting white

precipitate were filtered via a vacuum pump and allowed to dry to give 88% yield

(4.4 g).
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3.2.2 Synthesis of 7-(4-(2-Chloroacetyl)piperazin-1-yl)-1-c

yclopropyl-6-fluoro-1,4-dihydro-4-oxoquinoline-3-ca

rboxylicAcid

Compound 3 was synthesized from ciprofloxacin free base and chloroacetyl chloride

by following a previously reported method [101]. Compound 2 (4.0 g, 12 mmol)

was dissolved in 40 mL of dry DCM, and TEA (1.73 mL, 12 mmol) was added.

The reaction mixture was stirred at 0◦C for 15 minutes, followed by the slow

addition of chloroacetyl chloride (1.45 mL, 18.5 mmol) over 30 minutes. Stirring

continued for 30 minutes at 0◦C and then maintained at room temperature for an

additional 4-5 hours.

The reaction mixture was filtered, and the obtained solid was thoroughly washed

with water and DCM. The aqueous phase was then extracted with 3 × 30 mL

portions of DCM. The organic layer was dried over anhydrous MgSO4 and concen-

trated. The crude residue was purified by column chromatography using CH2Cl2:

MeOH (2%) as the eluent to yield the desired product.

3.2.2.1 General Procedure for the Preparation of Derivatives of Cipro-

floxacin (CW1 - CW5)

To a solution of compound 3 (407 mg, 1 mmol) in dry DCM (10 mL), TEA (139

µL, 1 mmol) was added at room temperature, and the reaction mixture was stirred

for 15 mins. Then, add KI (166 mg, 1 mmol), and stir the reaction mixture for 15

more minutes at room temperature. After this activation, an equimolar amount (1

mmol) of the selected nucleophilic partner, namely the amantadine, 3-Indoleacetic

acid, 3-Ethynylaniline, 2-Amino benzothiazole, and sulfamethazine was added to

the reaction mixture.

The resulting mixture was stirred under the same conditions until completion, as

monitored by TLC. Upon completion, the reaction was quenched with saturated

brine solution. The aqueous phase was then extracted with 3 × 30 mL portions of

DCM, and the organic layer was separated, dried over anhydrous MgSO4, filtered,
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and concentrated. The crude product was purified by silica gel chromatography

using CH2Cl2: MeOH (2%) as the eluent to yield the corresponding derivatives.

3.3 General Reaction Scheme of Synthesized De-

rivatives

Figure 3.1: General reaction scheme of ciprofloxacin derivatives
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3.4 Purification of Synthesized Compounds

Purification of the synthesized compounds was carried out using standard tech-

niques to ensure high purity for subsequent characterization and biological evalu-

ation.

3.4.1 Recrystallization

Recrystallization was accomplished by dissolving the crude product in a suitable

solvent and slowly cooling it to room temperature. Filters were used to capture

the crystals, which were then rinsed with a cold solvent and dried.

3.4.2 Column Chromatography

Column chromatography was utilized for substances that could not be efficiently

purified via recrystallization. Silica gel served as the stationary phase, while sol-

vent solutions were adjusted based on the polarity of the target molecules. Frac-

tions were collected, tested using TLC, and mixed depending on chemical purity.

3.5 Characterization of Synthesized Compounds

The purity and structural integrity of all produced compounds were validated

using a mix of physicochemical and spectroscopic methods. Each method offered

complimentary data to validate the molecular structure and measure quality.

3.5.1 Melting Point Determination

The melting points of the synthesized compounds were determined using a Gal-

lenkamp digital melting point instrument and the capillary tube method. The

chemical was inserted into the capillary tube, with one end closed. Tap the open

end lightly to confirm that the compound was packed correctly. Then, place the

capillary tube and thermometer into the Gallenkamp melting point apparatus’s

designated slot. The complex was then monitored using a lens until it melted.

Take note of the readings, repeat the practice in triplicate to reduce errors, and
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determine the average. The values were checked with starting materials or pub-

lished literature to ensure compound production and purity.

3.5.2 Solubility Testing

The synthesised derivatives were tested for solubility. To test the solubility of

the compounds, a small amount of chemical was introduced to several Eppendorf

tubes, which were subsequently filled with various solvents one at a time. Close

the lid tightly, shake the Eppendorf tubes on the shaker until the compound is

dissolved, then leave the tubes to stand for a while so that the settled contents

may be clearly seen.

3.5.3 FTIR Spectroscopy

The produced compounds were characterized using FTIR spectroscopy, which

detected important functional groups and confirmed structural alterations after

derivatization. Solids were prepared by coarsely grinding 1-2 mg of the synthe-

sized chemical and mixing it with spectroscopic grade KBr before compressing it

into a clear pellet. Semi-solid materials were tested as tidy films by sandwiching a

little portion of the sample between clean KBr plates. The prepared samples were

scanned using a Shimadzu FTIR spectrometer in the mid-infrared band (4000-

400 cm−1), with a background spectra obtained before each study to exclude air

influence. The resulting spectra were evaluated for typical absorption bands and

aromatic vibrations, and compared with standard frequency values to confirm the

existence of functional groups and assess spectrum shifts associated to effective

derivatization.

3.6 In silico Studies

In silico studies on the synthesized derivatives were conducted to get insight into

their potential interactions with the receptor’s active region. The spatial orien-

tation of the ligands within the target proteins’ active pocket was determined,

binding affinities were predicted, and critical amino acid residues implicated in
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interactions were identified using molecular docking. These computational eval-

uations not only provide a solid framework for understanding the compounds’

mechanisms of action, but also highlight their promise as a front-runner for future

therapeutic development.

Such approaches provide a cost-effective and time-saving alternative to early-stage

experimental screening, hence increasing the efficacy of structure-based drug de-

velopment programs. Computational studies were conducted to supplement exper-

imental work and forecast the binding interactions, pharmacokinetic properties,

and likely biological activity of the synthesized [130].

3.6.1 Molecular Docking Investigation

Molecular docking was performed to assess the interaction of the synthesized com-

pounds with the target proteins. The docking procedure provided insights into

binding modes, energy scores, and potential active site interactions.

3.6.1.1 Recovering Protein Structure from PDB

The three-dimensional structures of Salmonella typhi OmpF (4KRA), Topoiso-

merase II (5BTC) and multi-drug efflux pump (8GJL) were retrieved from the

Protein Data Bank (PDB) (https://www.rcsb.org/). Structures were selected

based on relevance to the antimicrobial target and downloaded in PDB format.

3.6.1.2 Preparation of a Protein Macromolecule

The selected molecular proteins were prepared and docked for further examination

using the AutoDock Tools. After that, the chosen proteins underwent addition of

Gasteiger charge and energy reduction. Protein structures were stored in pdbqt

format once the foundation was laid. Discovery Studio 4.1 Client (2012) used for

structural validation and visualization resulted in quicker generation of Ramachan-

dran plots and hydrophobicity profiles. In addition, the statistical distribution of

physical features, such as β-helices, coils, turns, and β-sheets, was examined using

the VADAR 1.8 web server [131].

https://www.rcsb.org/
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3.6.1.3 Ligand Proteins Molecular Docking

The ligands were drawn using the Discovery Studio Client after energy reduction,

and they were then saved as ligands in pdb format. Using AutoDock Tools most

stable configuration of ligands was generated.

After adding the Gasteiger and Kolman charges, the ligands were stored in pdbqt

format. An application for virtual screening that uses the Auto Dock Vina Wizard

technique discussed in [132] for better conformational placement in the active

region of the target protein.

The default exhaustiveness value of 100 was used to dock the chosen protein targets

to individual molecules. The lowest binding energy values (kcal/mol) were used to

assess the anticipated docked complexes. Discovery Studio (2.1.0) and (Discovery

Studio Visualizer Software, Version 4.0 (2012)) were used to graphically depict

each docked complex in three dimensions [133].

3.6.1.4 ADMET Assessment

The Swiss ADME prediction system (https://www.swissadme.ch/) was used to

evaluate the pharmacokinetic parameters and physicochemical properties of the

synthesized compounds. The number of hydrogen bond donors/acceptors, molecu-

lar weight, Topological polar surface area (TPSA), number of rotatable bonds, and

Log P (o/w) (iLOGP) were all assessed using Swiss ADME prediction. The drugs’

inhibitory potential, carcinogenicity, human intestinal absorption and plasma pro-

tein binding were estimated using the Pre ADME-T server [134, 135].

The BOILED-Egg model was developed using the Swiss ADME tool’s online in-

terface. The ProTox-II website was developed by Drwal et al. (2014) [136]. It was

used for the in -silico study. Parameters such as genetic toxicity endpoints (specif-

ically carcinogenicity, mutagenicity, and cytotoxicity), organ toxicity (specifically

immunotoxicity and hepatotoxicity), and oral acute toxicity (specifically median

lethal dose [LD50] in mg/kg) were predicted for established synthetic compounds

based on the protocol of [136].

https://www.swissadme.ch/
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3.7 Biological Evaluation of Synthesized Com-

pounds

3.7.1 Antibacterial Activity

The antibacterial potential synthesized derivatives were evaluated using standard

in vitro assays against resistant strains Methicillin resistant staphylococcus aureus

(MRSA) (ATCC 43300), Escherichia coli (E. coli) (ATCC 25922), Acinetobac-

ter baumannii (A. baumannii) (ATCC 17978) and non-resistant strain Salmonella

abony (S. abony) (ATCC 6017), Escherichia coli (E. coli) (ATCC 10536), Staphy-

lococcus aureus (S. aureus) (ATCC 6538), Pseudomonas aeruginosa (P. aerugi-

nosa) (ATCC 9027) and Bacillus subtilis (B. subtilis) (ATCC 6633). Experiments

were designed to evaluate zone of inhibition effects under controlled conditions.

3.7.2 Agar Well Diffusion Method

The antibacterial activity of the synthesized compounds was evaluated using the

agar well diffusion method against resistant and non-resistant bacterial strains.

Mueller–Hinton agar plates were prepared and uniformly inoculated with stan-

dardized bacterial cultures. Wells of consistent diameter were aseptically created

in the agar using a sterile cork borer in each plate. Each well was then filled

with 0.05 µg/mL concentration of the respective synthesized derivatives for non-

resistant strains and 0.2 µg/mL used for resistant strains. The inoculated plates

were incubated at 37◦C for 24 hours duration. After incubation, antibacterial

activity was assessed by measuring the diameter of the clear ZOI surrounding

each well. The extent of these inhibition zones was used as an indicator of the

antibacterial efficacy of the synthesized compounds.

3.8 Antifungal Activity

Antifungal activity of the synthesized derivatives was assessed through disc diffu-

sion method against C. albicans, A. flavus, and A. niger. Fresh fungal cultures

were prepared, and fungal concentrations were homogenously spread onto sterile
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agar plates under aseptic conditions. 6 mm diameter discs were prepared with

fixed 0.1 µg/ml concentrations of the synthesized compounds and placed on the

agar plates, while ciprofloxacin drug was included as a reference control with same

concentration. The plates were incubated for 24 hours, after which they were ob-

served for the presence of ZOI around the disks. The diameter of inhibition zones

was measured in millimeters, and all experiments were performed in triplicate; the

absence of a zone was indication of no antifungal activity.

3.9 Statistical Analysis

Statistical analysis was performed in triplicate, and findings were expressed as

mean ± SD. ZOI and melting point values were measured for each synthesized

derivative, and descriptive statistical analysis was used. Mean and standard devi-

ation were determined in Microsoft Excel to analyse data variability and consis-

tency. The study did not use inferential statistical tests because it was primarily

focused on the descriptive and comparative evaluation of the synthesized deriva-

tives.
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Results

4.1 Chemistry

Ciprofloxacin derivatives were synthesized by following the synthesis scheme shown

in Figure 3.1. The purity of the compounds was confirmed by TLC, and structures

were elucidated through FTIR. The successful formation of ciprofloxacin deriva-

tives was confirmed by changing position of the chromatogram over the TLC plate

and the presence or absence of stretching frequencies in FTIR spectra, confirming

the structural integrity of the synthesized compound.

The synthesis of ciprofloxacin derivatives was optimized under various reaction

conditions, as summarized in Table 4.1. The optimization trials validate that

basic conditions and extended reaction time were vital for product formation.

Additionally, the chemical structures of all synthesized compounds are illustrated

in Figure 4.1.

Table 4.1: Optimization of reaction conditions for the synthesis of compounds
CW1-CW5

Compound Trial

No.

Temp

(◦C)

Catalyst Time

(hr)

pH Solvent Molar

Ratio

Product

formed

CW1 1 60 - 8 3 Acetonitrile 1:1 No

CW1 2 60 KI 8 3 Acetonitrile 1:1 No

CW1 3 rt - 10 5 Acetonitrile 1:1 No

CW1 4 rt KI 10 5 Acetonitrile 1:1 No

38
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Table 4.1 continued from previous page

Compound Trial

No.

Tem

(◦C)

Catalyst Time

(hr)

pH Solvent Molar

Ratio

Product

formed

CW1 5 60 KI 10 5 Acetonitrile 1:1 No

CW1 6 rt - 6 3 DCM 1:1 No

CW1 7 rt KI 6 3 DCM 1:1 No

CW1 8 rt KI 8 5 DCM 1:1 Yes

CW2 1 60 - 5 3 Acetonitrile 1:1 No

CW2 2 rt KI 7 3 Acetonitrile 1:1 No

CW2 3 rt KI 10 5 Acetonitrile 1:1 No

CW2 4 60 KI 8 5 Acetonitrile 1:1 No

CW2 5 rt - 7 3 DCM 1:1 No

CW2 6 rt KI 10 3 DCM 1:1 No

CW2 7 rt KI 12 5 DCM 1:1 Yes

CW3 1 rt - 8 3 DCM 1:1 No

CW3 2 rt KI 10 3 DCM 1:1 No

CW3 3 rt KI 12 4.5 DCM 1:1 No

CW3 4 rt KI 10 5 Acetonitrile 1:1 No

CW3 5 60 KI 10 5 Acetonitrile 1:1 No

CW3 6 rt KI 12 6.5 DCM 1:1 Yes

CW4 1 rt KI 8 3 DCM 1:1 No

CW4 2 rt KI 8 4.5 DCM 1:1 No

CW4 3 rt KI 12 5 DCM 1:1 No

CW4 4 rt KI 18 7 DCM 1:1 Yes

CW5 1 rt KI 8 5 DCM 1:1 No

CW5 2 rt KI 12 3.5 DCM 1:1 No

CW5 3 rt KI 12 7 DCM 1:1 Yes

The physical characteristics of synthesized compounds, including molecular for-

mula, melting point, yield, and solubility, are presented in Table 4.2.

Table 4.2: Physical Data of Synthesized Compounds

Com-

pound

Molecular

formula

Mol

weight

(g/mol)

Melting

point

(◦C)

Physical

state

Color Percentage

Yield (%)

Solubility

CW1 C29H35FN4O4 522.61 224 Solid White 70 DMSO
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Table 4.2 continued from previous page

Com-

pound

Molecular

formula

Mol

weight

(g/mol)

Melting

point

(◦C)

Physical

state

Color Percentage

Yield (%)

Solubility

CW2 C27H25FN4O4 488.51 192 Solid Light

Brown

69 DMSO

CW3 C31H32FN7O6S 649.69 212 Semi

solid

Pale

Yellow

62 DMSO

CW4 C29H27FN4O6 546.55 234 Solid Dark

Brown

51 DMSO

CW5 C26H24FN5O4S 521.56 174 Semi

solid

Cinnamon 54 DMSO

Figure 4.1: Structures of the synthesized derivatives of ciprofloxacin

4.2 FTIR Spectral Data

The derivatives of ciprofloxacin were synthesized according to reported procedures

in the literature, and the desired compounds were attained in good yields. Fourier
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Transform Infrared (FTIR) spectroscopy was employed to check the functional

groups present in the synthesized compounds.

4.2.1 FTIR of 1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1

-yl)-1,4-dihydroquinoline-3-carboxylicacidhydrochlo

ride

The FTIR spectrum of the ciprofloxacin was shown in Figure 4.2. A broader

stretching vibration present at 3530, indicating the presence of the hydroxyl group

of quinolone scaffold.

Table 4.3: FTIR Spectral data of Ciprofloxacin

Functional Group Observed Wavenumber (cm−1)

-OH 3368

C=O 1700

C=C 1610

Strong absorption band appearing at 1700 cm−1 is characteristic of carbonyl

(C=O) stretching vibration. Especially, the amide carbonyl, confirming the suc-

cessful formation of the carbonyl amide linkage.

Figure 4.2: FTIR Spectra of compound Ciprofloxacin
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The aromatic C=C stretch of the quinolone core appear at 1610 cm−1 are consis-

tent with the ciprofloxacin aromatic framework [137]. Overall, the FTIR spectrum

confirms all key functional groups of ciprofloxacin. The principal FTIR absorption

bands for Ciprofloxacin are shown in Table 4.3.

4.2.2 FTIR of 7-(4-(2-((3s,5s,7s)-adamantan-1-ylamino)ac

etyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4

-dihydroquinoline-3-carboxylicacid(CW1)

The FTIR spectrum of the synthesized compound CW1 was shown in Figure 4.3.

A broad absorption peak observed at 3429 cm−1 corresponds to the hydroxyl (-

OH) group in the quinolone scaffold. In the same region, weaker N-H stretching

vibrations present, indicating the presence of the secondary amine linkage formed

between the intermediate and the attached moiety [138].

Table 4.4: FTIR Spectral data of compound CW1

Functional Group Observed Wavenumber (cm−1)

OH/ N-H 3429

C-H 2913

C=O 1733

C=C 1622

Strong absorption band appearing at 1733 cm−1 is characteristic of carbonyl

(C=O) stretching vibration. Especially, the amide carbonyl, confirming the suc-

cessful formation of the carbonyl amide linkage. The aromatic C=C stretch of the

quinolone core appear at 1622 cm−1 are consistent with the ciprofloxacin aromatic

framework. The successful incorporation of the amantadine moiety is evidenced

by characteristic C-H stretching vibration at 2913 cm−1 region, overlapping with

other aliphatic signals from the cyclopropyl group [139].

Overall, the FTIR spectrum confirms the successful conjugation with amantadine,

clearly showing all key functional groups. The principal FTIR absorption bands

for CW1 are shown in Table 4.4.
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Figure 4.3: FTIR Spectra of compound CW1

4.2.3 FTIR of 1-cyclopropyl-7-(4-(2-((3-ethynylphenyl)a

mino)acetyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihy

droquinoline-3-carboxylicacid(CW2)

The FTIR spectrum of compound CW2 was shown in Figure 4.4. It displays

sharp absorption band at 3482 which are attributed to -OH and N-H stretching

vibration. Absorption band observed at 3355 cm−1 belongs to terminal alkyne

which confirms successful incorporation of desired compound [140].

The absorption band observed at 2940 cm−1 corresponds to aliphatic C-H stretch-

ing vibrations, consistent with the presence of the quinolone nucleus [141].

Table 4.5: FTIR Spectral data of compound CW2

Functional Group Observed Wavenumber (cm−1)

N-H/ -OH 3482

-C≡CH 3355

C-H 2940

C=O 1682

C=C 1600
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A strong and sharp absorption band appearing at 1682 cm−1 is assigned to the

amide carbonyl (C=O) stretching vibration, confirming successful chloroacetyla-

tion of the piperazine nitrogen. The absorption band at 1600 cm−1 corresponds

to aromatic C=C stretching vibrations of the quinolone ring. The FTIR spectrum

confirms the successful conjugation with 3-ethynylylaniline, clearly showing all key

functional groups. The major FTIR absorption bands of CW2 are summarized in

Table 4.5.

Figure 4.4: FTIR Spectra of compound CW2

4.2.4 FTIR of 1-cyclopropyl-7-(4-(2-((4-(N-(4,6-dimethyl

pyrimidin-2-yl)sulfamoyl)phenyl)amino)acetyl)pipe

razin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-ca

rboxylicacid(CW3)

The FTIR spectrum of compound CW3 was shown in Figure 4.5. The spectra

show broad and intense absorption band at 3218 cm−1 which is attributed to the

-OH stretching vibration of the carboxylic acid group, and 3400 is assigned to

the N-H stretching vibration of the amine. The absorption band appearing at
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2983 cm−1 is assigned to C-H stretching vibration, confirming the presence of the

quinolone nucleus.

Table 4.6: FTIR Spectral data of compound CW3

Functional Group Observed Wavenumber (cm−1)

N-H/ -OH 3400 & 3218

-CH 2983

C=O 1722

C=C 1608

S=O 1463

A strong absorption band appearing at 1722 cm−1 is assigned to the amide car-

bonyl (C=O) stretching vibration. In addition, a prominent band observed at

1608 cm−1 is attributed to C=C stretching vibrations of the aromatic rings. Fur-

thermore, absorption band detected at 1463 cm−1 is attributed to the asymmetric

and symmetric stretching vibrations of the sulfonyl (S=O) group, respectively.

These results provide clear spectroscopic evidence for the successful incorporation

of sulfonamide functionality, a key structural feature of CW3. The main FTIR

absorption bands for CW3 are shown in Table 4.6.

Figure 4.5: FTIR Spectra of compound CW3
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4.2.5 FTIR of 7-(4-(2-(3-(carboxymethyl)-1H-indol-1-yl)a

cetyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,

4-dihydroquinoline-3-carboxylicacid(CW4)

The FTIR spectrum of compound CW4 was shown in Figure 4.6. A broad and

intense absorption band observed at 3400 cm−1 is attributed to the -OH stretching

vibration of the quinolone ring.

The absorption band appearing at 2925 cm−1 is assigned to -CH stretching vibra-

tion, confirming the presence of the quinolone nucleus and the indole ring system.

Table 4.7: FTIR Spectral data of compound CW4

Functional Group Observed Wavenumber (cm−1)

-OH 3400

-CH stretching 2925

C=O 1715

C=C 1622

Figure 4.6: FTIR Spectra of compound CW4
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A strong absorption band seen at 1715 cm−1 is characteristic of the amide carbonyl

(C=O) stretching vibration. Moreover, a prominent band appearing at 1622 cm−1

is attributed to C=C stretching vibration of aromatic rings.

These results provide strong spectroscopic evidence supportive to structural confir-

mation of the indole-linked fluoroquinolone derivative. The main FTIR absorption

bands for CW4 are shown in Table 4.7.

4.2.6 FTIR of 7-(4-(2-(benzo[d]thiazol-2-ylamino)acetyl)p

iperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihy

droquinoline-3-carboxylicacid(CW5)

The FTIR spectrum of compound CW5 was recorded in Figure 4.7. A broad

absorption band seen at 3415 cm−1 is ascribed to the O-H stretching vibration.

While a sharp band present at 2977 cm−1 represents C-H stretching vibration of

the quinolone ring.

These peaks confirm the presence of both the quinolone nucleus and the benzoth-

iazole ring system.

Table 4.8: FTIR Spectral data of compound CW5

Functional Group Observed Wavenumber (cm−1)

O-H 3415

C-H 2977

C=O 1720

C=C 1623

A strong and sharp absorption band observed at 1720 cm−1 is characteristic of

the amide carbonyl (C=O) stretching vibration. The absorption band detected

at 1623 cm−1 is assigned to C=C stretching vibrations of aromatic rings. These

results offer solid evidence supporting the successful synthesis of the benzothiazole-

linked fluoroquinolone derivative. The key FTIR absorption bands for CW5 are

shown in Table 4.8.
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Figure 4.7: FTIR Spectra of compound CW5

4.3 In silico ADME and Drug-Likeness Evalua-

tion

4.3.1 Physicochemical Properties of Synthesized Deriva-

tives

The physicochemical features of the synthesized derivatives (CW1-CW5) were

evaluated using the SwissADME web server, and the calculated parameters are

summarized in Table 4.9. These parameters included molecular weight, hydrogen

bond donors and acceptors, topological polar surface area (TPSA), lipophilic-

ity, rotatable bonds, molar refractivity, and fraction of sp3-hybridized carbons

(F.Csp3).

The molecular weights of the synthesized derivatives of ciprofloxacin ranged from

488.51 g/mol to 649.69 g/mol. However, CW2 possess the lowest molecular weight,

while CW3 exhibited the highest molecular weight (649.69 g/mol). Furthermore,

hydrogen bond acceptors ranged from 5 to 9, but hydrogen bond donors ranged
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between 2 and 3 across the derivatives. The TPSA values show considerable vari-

ability, however, both CW1 and CW2 exhibit similar values of 94.88 Å2, while

CW3 exhibited the highest TPSA (175.21 Å2) and CW4 and CW5 displayed in-

termediate TPSA values of 125.08 Å2 and 136.01 Å2.

The number of rotatable bonds ranged between 7 to 10, with CW3 owning highest

molecular flexibility. The fraction of sp3 carbon atoms (F.Csp3) vary from 0.30 to

0.32 for all compounds except CW1 which show higher value of 0.62 demonstrat-

ing a relatively greater degree of saturation in comparison to other compounds.

Generally, the physicochemical parameters show structural diversity among the

compounds, with variability in size, polarity, and flexibility that might influence

their pharmacokinetic behavior.

Table 4.9: SwissADME database utilized to calculate Physiochemical proper-
ties of compounds

Com-

pound

Molecular

Formula

MW

(g/mol)

F.Csp3 nHAnAHA nHBA nHBD nRB MR TPSA

(A2)

CW1 C29H35FN4O4 522.61 0.62 38 10 6 2 7 149.72 94.88

CW2 C27H25FN4O4 488.51 0.30 36 16 5 2 7 141.92 94.88

CW3 C31H32FN7O6S 649.69 0.32 46 22 9 3 10 176.62 175.21

CW4 C29H27FN4O6 546.55 0.31 40 19 7 2 8 152.98 125.08

CW5 C26H24FN5O4S 521.56 0.31 37 19 6 2 7 147.16 136.01

4.3.2 Pharmacokinetic Profile Prediction

Pharmacokinetic properties of the synthesized derivatives were predicted with

SwissADME, and the results were presented in Table 4.10. Key parameters eval-

uated include gastrointestinal (GI) absorption, blood-brain barrier (BBB) per-

meability, P-glycoprotein (P-gp) substrate status, bioavailability score, and cy-

tochrome P450 (CYP) enzyme inhibition profiles.

CW1, CW2, and CW4 show higher GI absorption, whereas CW3 and CW5 are

predicted to have low GI absorption. The bioavailability scores of CW1, CW2,

CW4 and CW5 consisted with values ranging from 0.55 to 0.56. However, CW3

presented low bioavailability score of 0.11. All compounds were predicted to be
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non-permeable across the blood-brain barrier, suggesting limited central nervous

system exposure.

None of the synthesized compounds were predicted to act as P-gp substrates.

Regarding metabolic interactions, all compounds were prophesied to inhibit the

CYP2C9 and CYP3A4 enzymes. CYP1A2 inhibition was not detected for any

compound. CYP2C19 inhibition was predicted for CW1, CW2, CW4, and CW5,

while CW3 showed no inhibition of this enzyme. CYP2D6 inhibition was predicted

for CW2 and CW4, whereas CW1, CW3, and CW5 were predicted to be non-

inhibitors.

Table 4.10: The bioavailability evaluations and pharmacokinetics of Schiff
base derivatives calculated using the SwissADME database

Com-

pound

Bio

avail-

ability

GI ab-

sorp-

tion

BBB

perme

ability

P-gp

sub

strate

CYP

1A2

Inh

CYP

2C19

Inh

CYP

2C9

Inh

CYP

2D6

Inh

CYP

3A4

Inh

TPSA

(A2)

CW1 0.55 High No Yes No Yes No Yes Yes 94.88

CW2 0.56 High No Yes No Yes Yes Yes Yes 94.88

CW3 0.11 Low No Yes No No Yes No Yes 175.21

CW4 0.56 High No Yes No Yes Yes Yes No 125.08

CW5 0.56 Low No Yes No Yes Yes Yes Yes 136.01

Figure 4.8: The boiled egg analysis of the produced derivatives
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The BOILED-Egg model shown in Figure 4.8 further reinforced the predicted

pharmacokinetic behavior, showing that the compounds mostly fall within regions

associated with limited BBB penetration. At the same time, selected derivatives

demonstrated favorable GI absorption characteristics.

4.3.3 Drug-Likeness Assessment

Drug-likeness properties of the synthesized compounds were assessed using five

commonly applied rule-based filters, including Lipinski, Ghose, Veber, Egan, and

Muegge rules. The results of this assessment are summarized in Table 4.11.

CW1, CW2, CW4, and CW5 satisfied the Lipinski criteria, whereas CW3 failed

to comply with this rule. All compounds exhibited Ghose filter violations. CW3

compound failed to comply with Veber, Egan, and Muegge criteria, while rest

of the compounds obeyed these rules. Overall, CW1, CW2, CW4, and CW5 pre-

sented favorable drug-likeness profiles against multiple filters, while CW3 exhibited

multiple variations from predictable drug-likeness parameters.

Table 4.11: Drug Likeness scores

Compound Lipinski Ghose Veber Egan Muege

CW1 Yes No Yes Yes Yes

CW2 Yes No Yes Yes Yes

CW3 No No No No No

CW4 Yes No Yes Yes Yes

CW5 Yes No Yes No Yes

4.3.4 Medicinal Chemistry

Medicinal chemistry profile of the synthesized derivatives was evaluated through

SwissADME, focusing on PAINS alerts, Brenk alerts, lead-likeness, and synthetic

accessibility. The results are briefly shown in Table 4.12.

None of the derivatives exhibited PAINS alerts, presenting low likelihood of false

positive activity in biological assays. Brenk alerts were absent in all compounds,

while CW2 presented one alert linked to a triple-bond feature. Neither of the
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derivatives satisfied lead-likeness criteria, mainly due to molecular weight val-

ues above 350 g/mol. CW3 and CW4 showed additional violations linked to

lipophilicity and the number of rotatable bonds. Synthetic accessibility scores

ranged between 3.42 to 5.81, presenting moderate synthetic complexity across the

derivatives. CW2 exhibited the lowest synthetic accessibility score, while CW1

displayed the highest synthetic accessibility score.

Table 4.12: PAINS, Brenk, Lead-likeness, and synthetic accessibility scores of
new derivatives

Com-

pound

Pains Brenk Lead Likeness Synthetic

Accessibility

CW1 0 alert 0 alert No, 1 violation: MW>350 5.81

CW2 0 alert 1 alert:

triple - bond

No, 1 violation: MW>350 3.42

CW3 0 alert 0 alert No; 2 violations: MW>350, Rotors>7 4.23

CW4 0 alert 0 alert No; 2 violations: MW>350, Rotors>7 3.71

CW5 0 alert 0 alert No; 2 violations: MW>350,

XLOGP3>3.5

3.71

4.3.5 Lipophilicity

The lipophilicity of the compounds was predicted via five different models includ-

ing; XlogP3, WlogP, iLogP, MlogP, and SILICOS-IT provided by SwissADME.

The predicted values are shown in Table 4.13. iLogP values ranged between 2.64

to 3.66, demonstrating moderate lipophilicity across the compounds. XlogP3 val-

ues displayed variability with CW5 demonstrating the highest value. WlogP val-

ues were relatively higher, particularly for CW3, which presented the maximum

predicted lipophilicity in this model. MlogP values were commonly lower, rang-

ing between 0.60 to 2.57. SILICOS-IT predictions recognized CW5 as the most

lipophilic compound and CW3 displayed the lowest value.

Table 4.13: SwissADME used to calculate lipophilic parameters of derivatives

Compound ILogP XLogP3 WLog MLogP SILICOS-IT

CW1 3.66 1.12 2.98 2.57 3.02

CW2 3.11 3.08 2.40 2.16 3.17
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Table 4.13 continued from previous page

Compound ILogP XLogP3 WLog MLogP SILICOS-IT

CW3 2.92 2.78 3.44 0.60 1.97

CW4 2.64 2.50 2.70 1.68 2.54

CW5 2.72 3.63 2.95 2.05 3.47

4.3.6 Water Solubility Predictions

Water solubility of the compounds was predicted via three computational models:

ESOL, Ali, and SILICOS-IT. The results are summarized in Table 4.14. According

to the ESOL model, CW1 was classified as soluble, while others were classified as

moderately soluble. The Ali model yielded similar classifications, with CW3 and

CW5 predicted as poorly soluble. In contrast, the SILICOS-IT model predicted

CW3 and CW5 as poorly soluble and the remaining compounds as moderately

soluble.

Table 4.14: Water solubility prediction, values based on alternative models

Com-

pound

Log S

(ESOL)

Solubility

Class

Log S

(Ali)

Solubility

Class

Log S (SILICOS-

IT)

Solubility

Class

CW1 -3.52 Soluble -2.71 Soluble -5.08 Moderately

Soluble

CW2 -4.68 Moderately

Soluble

-4.74 Moderately

Soluble

-5.66 Moderately

Soluble

CW3 -5.31 Moderately

Soluble

-6.12 Poorly Sol-

uble

-7.89 Poorly Sol-

uble

CW4 -4.63 Moderately

Soluble

-4.77 Moderately

Soluble

-5.29 Moderately

Soluble

CW5 -5.28 Moderately

Soluble

-6.17 Poorly Sol-

uble

-6.11 Poorly Sol-

uble

4.4 In silico Toxicological Evaluation

4.4.1 Acute Toxicity and GHS Classification

Acute toxicity predictions for the synthesized derivatives were generated using the

Pro-Tox 3.0 platform, and the results are presented in Table 4.15. The predicted
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LD50 values ranged from 4000 to 4336 mg/kg. Based on these values, CW1 and

CW3 were classified under GHS toxicity class 5, while others were categorized

under class 4. These classifications indicate low to moderate acute toxicity across

the series.

Table 4.15: Acute Toxicity and Toxicity Class

Compound LD50 (mg/kg) GHS Toxicity Class Toxicity Interpretation

CW1 4000 5 May be harmful

CW2 4336 4 Harmful if swallowed

CW3 4000 5 May be harmful

CW4 4336 4 Harmful if swallowed

CW5 4336 4 Harmful if swallowed

4.4.2 Organ-Specific Toxicity Prediction

Organ toxicity predictions are summarized in Table 4.16. All compounds were

predicted to be inactive for hepatotoxicity except CW3 which is predicted to be

active. While all compounds were predicted to be active for neurotoxicity except

CW3 which is predicted inactive. However, respiratory toxicity and nephrotoxicity

were predicted to be active for all compounds, while cardiotoxicity was predicted

to be inactive across all compounds.

Table 4.16: Organ Toxicity Prediction of Synthesized Compounds

Com-

pound

Hepato tox-

icity

Neuro toxicity Nephro

toxicity

Respiratory

toxicity

Cardio tox-

icity

CW1 Inactive

(0.64)

Active (0.88) Active (0.76) Active (0.85) Inactive

(0.85)

CW2 Inactive

(0.59)

Active (0.90) Active (0.77) Active (0.83) Inactive

(0.83)

CW3 Active (0.54) Inactive (0.50) Active (0.60) Active (0.85) Inactive

(0.80)

CW4 Inactive

(0.57)

Active (0.94) Active (0.79) Active (0.85) Inactive

(0.84)

CW5 Inactive

(0.52)

Active (0.85) Active (0.67) Active (0.92) Inactive

(0.82)
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4.4.3 Systemic and Genetic Toxicity Prediction

Systemic and genetic toxicity predictions are shown in Table 4.17. CW5 was pre-

dicted to be active for carcinogenicity, whereas the remaining compounds were

predicted to be inactive. All derivatives were predicted to be inactive for muta-

genicity and cytotoxicity.

Clinical toxicity was predicted to be active across all compounds. Immunotoxicity

predictions varied, with CW2 showing active immunotoxicity, while the remaining

derivatives were predicted to be inactive.

Table 4.17: Systemic and Genetic Toxicity

Com-

pound

Carcino

genicity

Immuno

toxicity

Muta

genicity

Cytotoxicity Clinical

Toxicity

CW1 Inactive

(0.63)

Inactive

(0.69)

Inactive

(0.59)

Inactive (0.73) Active (0.89)

CW2 Inactive

(0.61)

Active (0.90) Inactive

(0.53)

Inactive (0.75) Active (0.87)

CW3 Inactive

(0.61)

Inactive

(0.77)

Inactive

(0.69)

Inactive (0.67) Active (0.54)

CW4 Inactive

(0.58)

Inactive

(0.82)

Inactive

(0.59)

Inactive (0.64) Active (0.82)

CW5 Active (0.89) Inactive

(0.57)

Inactive

(0.72)

Inactive (0.70) Active (0.70)

4.5 Structural Analysis of Target Proteins

Structural analysis was done to evaluate the stability, quality, and suitability of

the protein structures for subsequent computational studies. Key parameters,

including resolution, R-value, unit cell geometry, and Ramachandran plot statistics

were used to evaluate structural assessment.

These parameters are widely accepted indicators of model accuracy and are essen-

tial for ensuring meaningful molecular interaction and docking analyses.
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4.5.1 OmpF (PDB ID: 4KRA)

The OmpF protein has resolution of 3.32 Åand an R-value of 0.339, demonstrating

a well-defined protein structure. The unit cell angles lie at 90◦ and the unit

cell dimensions observed were consistent with reported outer membrane porin

structures.

Analysis of Ramachandran plot shown in Figure 4.9 displayed that 98.0% of amino

acid residues were placed within the allowed regions of the phi (ϕ) and psi (ψ)

angles. This proportion reflects good stereochemical quality and proposes minimal

strain in the protein backbone.

Figure 4.9: Structural analysis of OmpF
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4.5.2 Topoisomerase II (PDB ID: 5BTC)

The selected protein shows 2.55 Åresolution and an R-value of 0.250, reflecting

refined quality. The unit cell geometry with 90◦ angles, designate consistent crystal

packing.

Evaluation of Ramachandran plot in Figure 4.10 displayed 98.0% of residues lie

in the permitted regions, confirming favorable backbone conformations and struc-

tural stability. This level of conformational precision is particularly important for

enzymes such as topoisomerase II, where accurate folding is essential for catalytic

function.

Figure 4.10: Structural analysis of Topoisomerase II
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4.5.3 Multi-drug Efflux Pump (PDB ID: 8GJL)

The selected protein structure has a resolution of 3.44 Å. The unit cell angles

and dimensions were in acceptable limits. Analysis of Ramachandran Figure 4.11

showed that 98.0% of amino acid residues fell within the allowed conformational

regions, indicating good stereochemical quality and minimal structural distortion.

Figure 4.11: Structural analysis of Multi-drug Efflux Pump

4.5.4 Assessment of Binding Interaction across Multiple

Proteins

Molecular docking was carried out to assess the interaction of synthesized com-

pounds with the bacterial target proteins. Docking simulations were run with

AutoDock Vina, and binding affinities were calculated using the estimated binding

free energy values (kcal/mol), which indicate the stability of the ligand protein

complexes. The docking study revealed precise information about the ligands’
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binding mechanisms and interaction patterns within the active regions of target

proteins. The produced compounds displayed significant binding affinities against

OmpF, Topoisomerase II, and the multidrug efflux pump proteins, as shown in

Tables 4.18-4.20. Compared to the reference ciprofloxacin, most compounds had

higher binding energies and developed various non-covalent interactions, like π-

alkyl, π-π stacking, hydrogen bonding, and van der Waals interactions. These

excellent docking results indicate that the synthesized compounds have strong

and specific protein-ligand interactions, implying that they could interfere with

bacterial permeability, DNA replication, and efflux mechanism.

4.5.4.1 Protein 1: OmpF (4KRA)

Molecular docking was performed to assess the binding of the synthesized com-

pounds against the OmpF protein. The docking scores and interaction profiles

revealed that all synthesized compounds exhibited higher binding affinities com-

pared to the standard ciprofloxacin, indicating their enhanced potential to interact

with the OmpF active site.

Table 4.18: Docking analysis of compounds in OmpF active site: Binding
affinity, interaction residues and bond types

Com-

pound

Binding

Affinity

(kcal/mol)

Bonding Interac-

tion Type

Interacting with Amino

Acid Residues

Bond Type

with Ligand

CW1 -9.8 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl,

Carbon-hydrogen

bond, π-π T-

shaped

TYR A:112, TYR A:301,

ARG A:268, ASP A:108, SER

A:114, PRO A:111, TRP

A:309, MET A:109, ALA

A:121

Aromatic C-H,

Aromatic ring,

C=O, OH

CW2 -8.8 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl,

Carbon-hydrogen

bond,

TYR A:301, THR A:299,

ARG A:268, ASN A:307,

ASP A:108, ARG A:60, ARG

A:130, GLY A:120, GLU

A:116

Aromatic C-

H, Aromatic

ring, Alkyl

chain, C=O,

OH

π-π T-shaped, Van

der Waals

TYR A:112, ARG A:20, ALA

A:110
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Continued from previous page

Com-

pound

Binding

Affinity

Bonding Interac-

tion Type

Interacting with Amino

Acid Residues

Bond Type

with Ligand

CW3 -8.9 π-Alkyl, Con-

ventional hydro-

gen bond, π-π

T-shaped, π-π

stacked, Carbon-

hydrogen bond

ARG A:20, TYR A:36, LYS

A:16, ALA A:110, ASP

A:108, TYR A:112, TRP

A:309, TYR A:36, ASN

A:307, ARG A:130

Aromatic C-H,

Aromatic ring,

NH-NH, C=O,

OH

CW4 -9.2 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl,

Carbon-hydrogen

bond, Unfavor-

able donor-donor,

π-Cation

SER A:114, TYR A:36, ARG

A:20, ARG A:268, ARG

A:60, VAL A:18, GLY A:120,

ALA A:110, THR A:299,

TYR A:301, TRP A:309,

ASP A:108, GLU A:116,

ARG A:130, PHE A:113, LYS

A:16, MET A:109

Aromatic C-

H, C=O, OH,

Aromatic-

alkyl, Alkyl

chain

CW5 -9.6 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl,

Carbon-hydrogen

bond, π-π stacked,

π-π T-shaped

TYR A:301, GLY A:120,

ARG A:268, ASP A:108,

TYR A:112, PRO A:111,

TRP A:309, MET A:109

Aromatic C-H,

Aromatic ring,

C=O, NH

Cipro

floxacin

-6.9 Conventional hy-

drogen bond, π-π

T-shaped, Unfavor-

able donor-donor,

Carbon-hydrogen

bond, Van der

Waals, π-cation

TYR A:36, ARG A:20, TYR

A:301, TYR A:112, ASN

A:307, ARG A:60 MET

A:109, ARG A:20, PRO

A:111, LYS A:16, TRP

A:309, ASP A:108, ALA

A:110, ASN A:307

Aromatic C-

H, OH, N-H,

N-H···H-N,

Aromatic-

cation

Molecular docking analysis of all synthesized compounds (CW1-CW5) exhibited

strong and favourable binding with the OmpF active site, with docking scores

ranging from -8.8 to -9.8 kcal/mol. Among them, CW1 showed the highest binding

affinity (-9.8 kcal/mol), while CW2 showed lowest binding affinity (-9.2 kcal/mol),

indicating CW1 has highly stable ligand-protein complex.
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These compounds consistently interacted with key active site residues such as

TYR112, TYR301, ARG268, ASP108, TRP309, MET109, PRO111, and GLY120

through a combination of π-π interactions, π-alkyl contacts, and conventional

hydrogen bonding, which collectively contributed to enhanced stabilization within

the binding pocket.

(a - CW1)

(b - CW1)
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(a - CW2)

(b - CW2)
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(a - CW3)

(b - CW3)

Figure 4.12: Illustration of molecular docking with compound CW1, CW2
and CW3 against OmpF

In comparison, the reference drug ciprofloxacin showed relatively lower binding

affinity (-6.9 kcal/mol), in spite of forming interactions with several important

residues including TYR36, ARG20, TYR301, TYR112, TRP309, and ASP108.

Whereas ciprofloxacin involved hydrogen bonding, π-π, and π-cation interactions,
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the reduced docking score proposes weaker overall stabilization compared to the

synthesized compounds. These findings show that the newly designed compounds,

mainly CW1 and CW5, own superior binding potential toward OmpF, highlighting

their potential as more effective antibacterial candidates than the standard drug.

(a - CW4)

(b - CW4)
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(a - CW5)

(b - CW5)

(a - Standard)
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(b - Standard)

Figure 4.13: Illustration of molecular docking with compound CW4, CW5
and Standard against OmpF

To study the binding affinities and interaction patterns of the synthesized deriva-

tives within the active site of the Topoisomerase II enzyme, molecular docking

was conducted. All of the synthesized compounds showed higher binding affinities

than standard ciprofloxacin, according to the docking results, suggesting that they

might successfully interact with and inhibit Topoisomerase II.

Table 4.19: Docking analysis of compounds in Topoisomerase II active site:
Binding affinity, interaction residues, and bond types

Com-

pound

Binding

Affinity

(kcal/mol)

Bonding Interac-

tion Type

Interacting with Amino

Acid Residues

Bond Type

with Ligand

CW1 -9.4 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl,

Carbon-hydrogen

bond, π-Sigma

ASP A:157, ARG A:587,

TYR A:569, ARG A:609,

ASN A:602, GLU A:604, GLY

A:606, ILE A:607, LEU A:591,

ASP A:588, TYR A:156, ASP

A:157, ILE A:607, ILE A:601,

LYS A:603, LYS A:611, TYR

A:610, TYR A:610, LYS A:603

Aromatic C-

H, NH, C=O,

Aromatic-σ,

Aromatic-

alkyl
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Continued from previous page

Com-

pound

Binding

Affinity

Bonding Interac-

tion Type

Interacting with Amino

Acid Residues

Bond Type

with Ligand

CW2 -8.5 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl,

Carbon-hydrogen

bond, Van der

Waals, π-Donor

hydrogen bond

ASP A:94, SER A:104, GLY

A:120, ASN A:121, ASN A:279,

SER A:118, GLN A:277, TRP

A:103, TYR A:276, VAL A:97,

ALA A:126, GLN A:101, MET

A:127, SER A:90, PRO A:124,

ARG A:98, TYR A:93, PRO

A:123

Aromatic C-

H, Aromatic

alkyl, C=O,

π-H, NH,

CW3 -10.3 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl, π-

Anion, Carbon

hydrogen bond

ILE A:607, ARG A:609, ASP

A:532, HIS A:87, GLU A:615,

ASP A:157, GLU A:459, PRO

A:86, PRO A:86

Aromatic

C-H, C=O,

Aromatic

anion, NH

CW4 -9.4 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl,

Carbon-hydrogen

bond

ASP A:157, ARG A:609, GLY

A:606, ASP A:605, GLU A:604,

GLN A:608

Aromatic C-H,

C=O, NH

π-Cation, π-Anion,

π-Sigma, Van der

Waals

TYR A:610, ASP A:157, ARG

A:159, ILE A:607, LYS A:603,

ILE A6:01, LYS A:611, TYR

A:569, LEU A:591, ARG

A:587, GLU A:615

Aromatic-

cation,

Aromatic-

σ

CW5 -9.4 Alkyl, Conven-

tional hydrogen

bond,

ARG A:609, ARG A:587, ASP

A:605, ASP A:157, ILE A:607,

ILE A:607

Aromatic C-

H, Aromatic

alkyl,

π-Alkyl, Van der

Waals, Carbon-

hydrogen bond

C=O, NH

Cipro

floxacin

-7.3 π-Alkyl, Conven-

tional hydrogen

bond, Carbon-

hydrogen bond,

π-π T-shaped, Van

der Waals

ASN A:279, SER A:104, TRP

A:103, GLY A:120, TYR

A:276, TYR A:276, GLN

A:101, PRO A:124, THR

A:230, PRO A:275, LEU

A:274, VAL A:278, ASN A:121

Aromatic C-

H, C=O, NH,

Aromatic-

aromatic,

Aromatic-

alkyl
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Molecular docking analysis of all synthesized compounds (CW1-CW5) exhibited

strong and favourable binding affinities, ranging from -8.5 to -10.3 kcal/mol against

Topoisomerase II. Amongst them, CW3 demonstrated the highest binding affinity

(-10.3 kcal/mol), indicating the most stable ligand enzyme complex, while CW1,

CW4, and CW5 showed comparable and strong binding scores (-9.4 kcal/mol).

These compounds consistently formed multiple stabilizing interactions, includ-

ing conventional hydrogen bonding, π-alkyl, π-cation/anion, and carbon hydro-

gen interactions, with key active site residues such as ARG609, ASP157, ILE607,

ARG587, GLU604, GLY606, TYR610, and LYS603. The involvement of charged,

polar, and hydrophobic residues contributed substantially to effective ligand an-

choring and stabilization within the Topoisomerase II binding pocket. In con-

trast, the reference compound ciprofloxacin exhibited a lower binding affinity (-7.3

kcal/mol) despite interacting with several active site residues through hydrogen

bonding, π-alkyl, π-π T-shaped, and van der Waals interactions.

Even though ciprofloxacin displayed appropriate lodging within the binding cav-

ity, its weaker docking score recommends reduced overall stabilization linked to

the synthesized derivatives. Collectively, these findings indicate that the newly

designed compounds, particularly CW3 possess superior binding potential against

Topoisomerase II.

(a - CW1)
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(b - CW1)

(a - CW2)

(b - CW2)
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(a - CW3)

(b - CW3)

(a - CW4)
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(b - CW4)

Figure 4.14: Illustration of molecular docking with compound CW1, CW2,
CW3 and CW4 against Topoisomerase II

(a - CW5)

(b - CW5)
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(a - Standard)

(b - Standard)

Figure 4.15: Illustration of molecular docking with compound CW5 and
ciprofloxacin against Topoisomerase II

4.5.4.2 Protein 3: Multidrug Efflux Pump

The binding affinities and interaction patterns of the synthetic compounds within

the active region of the multidrug efflux pump protein were assessed by molecular
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docking. All synthesized compounds showed higher binding affinities than stan-

dard ciprofloxacin, according to the docking studies, indicating their potential to

disrupt efflux-mediated drug resistance pathways.

Table 4.20: Docking analysis of compounds in Multi-drug Efflux Pump active
site: Binding affinity, interaction residues, and bond types

Com-

pound

Binding

Affinity

(kcal/mol)

Bonding Interac-

tion Type

Interacting with Amino

Acid Residues

Bond Type

with Ligand

CW1 -9.7 Alkyl, Conventional

hydrogen bond,

π-Alkyl, Van der

Waals,

SER A:132, SER A:133, TYR

A:78, ARG A:130, LEU A:670,

TYR A:93, GLN A:45, THR

A:43, PRO A:41, ASN A:293,

PHE A:613,

Aromatic C-

H, NH, OH,

Alkyl chain,

Aromatic-

alkyl

Carbon-hydrogen

bond

GLU A:675, SER A:669, SER

A:854, GLY A:855

CW2 -8.7 π-Alkyl, Conven-

tional hydrogen

bond, Alkyl, Van der

Waals, π-π Stacked,

Amide-π stacked,

π-Sigma

ALA A:868, GLY A:867, ASN

A:917, GLN A:922, GLY

A:865, SER A:558 SER A:559,

SER A:863, PHE A:553, LYS

A:864, LEU A:925, GLU

A:860, PHE A:871, GLU

A:860, VAL A:861, ILE A:834,

ASP A:835, SER A:558,

Alkyl chain,

Aromatic-

alkyl, C=O,

NH, Amide-

aromatic

CW3 -10 π-donor hydrogen

bond, Conventional

hydrogen bond,

Van der Waals, π-π

stacked, Carbon-

hydrogen bond

ALA A:177, SER A:176, THR

A:51, TYR A:50, ASN A:180,

THR A:49, TYR A:751, TYR

A:751, THR A:749, TYR A:50,

SER A:176, ASN A:180

Aromatic C-

H, C=O, NH,

OH, π-donor

CW4 -9.8 Alkyl, Conventional

H bond, Carbon-

H bond, π-Anion,

π-Donor hydrogen

bond, π-π T-shaped,

π-Alkyl

THR A:43, PRO A:41, TYR

A:93, TYR A:78, GLN A:45,

SER A:133, ASP A:174, SER

A:132, SER A:615, GLU A:675,

GLY A:855, ASN A:293, ASP

A:174, LEU A:670, SER A:176,

LEU A:668, PHE A:613

Aromatic C-

H, C=O, OH,

Aromatic-

ring, NH,

Aromatic π

system
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Continued from previous page

Com-

pound

Binding

Affinity

Bonding Interac-

tion Type

Interacting with Amino

Acid Residues

Bond Type

with Ligand

CW5 -8.0 Alkyl, Conventional

H bond, π-Donor H

bond π-Alkyl

SER A:132, SER A:133, SER

A:615, ASN A:293, ILE A:291,

LEU A:617, PHE A:610, ASN

A:180

Aromatic π

system, NH,

Aromatic-

alkyl

Cipro

floxacin

-7.7 Alkyl, Unfavorable

donor-donor

SER A:132, LEU A:668, SER

A:134, GLN A:45, ASN A:293,

LEU A:670

C=O, N-H,

Aromatic C-H

(a - CW1)

(b - CW1)
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(a - CW2)

(b - CW2)

Figure 4.16: Illustration of molecular docking with compound CW1 and CW2
against Topoisomerase II

Molecular docking against the multidrug efflux pump showed that the synthe-

sized compounds exhibited favourable binding affinities (-8.0 to -10.0 kcal/mol).

Amongst them, CW3 showed the strongest binding affinity (-10.0 kcal/mol), where

as CW5 showed lowest binding affinity (-8.0 kcal/mol).These synthesized com-

pounds formed multiple stabilizing interactions, like π-alkyl, π-π stacking, van

der Waals interactions, π-donor hydrogen bonding, conventional hydrogen bonding

with vital residues such as SER132, SER133, ARG130, ASN293, TYR78, TYR93,

GLU675, LEU670, GLY855, and PRO41. The involvement of polar, aromatic,

and hydrophobic residues contributed significantly to effective ligand anchoring

and stabilization within the efflux pump binding pocket.
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(a - CW3)

(b - CW3)

(a - CW4)
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(b - CW4)

(a - CW5)

(a - CW5)
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(a - Standard)

(b - Standard)

Figure 4.17: Illustration of molecular docking with compound CW3, CW4,
CW5 and ciprofloxacin against Multi-drug Efflux pump

In contrast, the standard ciprofloxacin displayed low binding affinity (–7.7 kcal

/ mol) in spite of interacting with several overlapping residues through hydro-

gen bonding and hydrophobic contacts. Though relatively weaker docking score

show reduced stabilization within the efflux pump cavity. Together, these find-

ings propose that the synthesized derivatives, particularly CW3 own superior
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binding potential against the multi-drug efflux pump compared to the standard

drug. Comparative docking results confirmed that all synthesized compounds

displayed stronger and more consistent binding affinities toward OmpF, Topoi-

somerase II, and the multi-drug efflux pump linked with ciprofloxacin. CW1

and CW5 displayed the most favorable interactions with OmpF, whereas CW3

presented the strongest binding against Topoisomerase II and the efflux pump.

These improved affinities were led by multiple stabilizing non-covalent interac-

tions, but ciprofloxacin exhibited weaker binding and fewer interactions. Overall,

the outcomes highlight the superior multi-target binding potential of the synthe-

sized derivatives, suggesting their promise in overcoming key bacterial resistance

mechanisms.

Figure 4.18: Illustration of binding affinities of Compounds

The Figure 4.18 illustrate comparison among binding affinities (kcal/mol) of syn-

thesized compounds and standard against protein targets: OmpF, Efflux pump,

and Topoisomerase II. Overall, CW3 displayed the strongest binding affinity agai-

nst efflux pump and topoisomerase II targets, while CW5 displayed strong interac-

tion with OmpF. Ciprofloxacin showed relatively weaker binding, mainly against
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OmpF. The graph highlights variability in binding performance of synthesized

derivatives comparative to the standard drug.

4.6 Biological Activities

4.6.1 Antibacterial Activity Against Non-Resistant Strains

The antibacterial efficacy of the synthesized compounds was evaluated against

both non-resistant and resistant bacterial strains. The results for non-resistant

strains are summarized in 4.21 as mean ± standard deviation of triplicate exper-

iments.

All synthesized compounds showed comparable antibacterial activity against the

bacterial strains at 0.05 µg/ml concentration, although their effectiveness varied.

Table 4.21: Assessment of antibacterial activity of synthesized compounds
against non-resistant strains (ZOI mm, ±SD; n=3)

Compound E. coli B. subtilis S. aureus P. aeruginosa S. abony

CW1 31.51±1.34 34.06±1.81 24.85±1.45 23.80±1.49 26.91±1.09

CW2 22.73±1.61 31.41±1.56 20.67±1.83 13.99±1.78 30.93±1.21

CW3 19.70±1.98 36.53±1.36 17.76±0.92 22.78±1.32 33.25±0.95

CW4 24.94±1.79 30.50±2.22 15.82±1.59 18.79±1.04 29.19±1.32

CW5 29.53±1.19 37.16±1.78 28.19±1.61 25.29±1.30 30.49±1.75

Ciprofloxacin 37.02±1.39 40.76±1.08 32.09±2.72 31.05±2.36 38.72±1.45

Against E. coli, CW1 showed the highest activity amongst the compounds (31.51

± 1.34 mm), followed by CW5 (29.53 ± 1.19 mm), however CW3 showed com-

paratively lower activity (19.70 ± 1.98 mm).

For B. subtilis, CW5 demonstrated the strongest antibacterial effect (37.16 ± 1.78

mm), followed by CW3 (36.53 ± 1.36 mm) and CW1 (34.06 ± 1.81 mm). In the

case of S. aureus, CW5 again showed the highest inhibition (28.19 ± 1.61 mm),

while CW4 and CW3 displayed lower activity.
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Figure 4.19: Zone of inhibition of synthesized compounds against non-
resistant bacterial strains

The activity against P. aeruginosa was normally reduced compared to other

strains, which is consistent with its known intrinsic resistance. Among the com-

pounds, CW5 (25.29 ± 1.30 mm) and CW1 (23.80 ± 1.49 mm) exhibited rela-

tively better activity, whereas CW2 showed the lowest inhibition (13.99 ± 1.78

mm). Against S. abony, CW3 demonstrated the highest antibacterial activity

(33.25±0.95 mm), followed by CW2 and CW5, indicating comparatively better

susceptibility.

Figure 4.20: Illustration of Zone of inhibition by synthesized compounds
against non-resistant bacterial strains
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The Figure 4.20 illustrates the comparative zone of inhibition of synthesized cipro-

floxacin derivatives (CW1–CW5) and standard ciprofloxacin against the tested

bacterial strains. ciprofloxacin produced the largest zones of inhibition, ranging

from 31.05 ± 2.36 mm against P. aeruginosa to 40.76 ± 1.08 mm against B. sub-

tilis. However, some compounds, mainly CW5 and CW1, exhibited activity closer

to the standard ciprofloxacin against gram-positive bacteria, whereas CW3 dis-

played notable activity against S. abony and B. subtilis. Overall, CW5 presented

the better antibacterial activity against these strains. These findings indicate that

structural alteration of ciprofloxacin influenced antibacterial activity.

4.6.2 Antibacterial Activity Against Resistant Strains

The antibacterial activity of the synthesized ciprofloxacin derivatives was further

evaluated against resistant bacterial strains, including E. coli, A. baumannii, and

MRSA. The results are presented as mean ± standard deviation of triplicate ex-

periments in Table 4.22

Table 4.22: Assessment of antibacterial activity of synthesized compounds
against resistant strains (ZOI mm, ±SD; n=3)

Compound E. coli A. Baumannii MRSA

CW1 28.23±1.43 27.12±0.65 25.81±1.03

CW2 27.51±1.35 26.54±0.92 24.59±1.43

CW3 29.48±1.25 27.85±0.76 26.44±0.68

CW4 26.89±1.05 26.27±1.33 22.61±0.85

CW5 30.7±1.02 30.68±0.73 27.36±1.27

Ciprofloxacin 26.81±1.57 24.21±1.69 21.8±1.6

Against resistant E. coli, CW5 exhibited the highest antibacterial activity with

a zone of inhibition of 30.7 ± 1.02 mm, followed by CW3 (29.48 ± 1.25 mm)

and CW1 (28.23 ± 1.43 mm). CW2 (27.51 ± 1.35 mm) and CW4 (26.89 ±

1.05 mm) showed comparatively lower but still considerable activity. Notably,

all synthesized compounds demonstrated activity comparable to or higher than

ciprofloxacin (26.81 ± 1.57 mm).
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In the case of resistant A. baumannii, CW5 again showed the strongest inhibition

(30.68 ± 0.73 mm), followed by CW3 (27.85 ± 0.76 mm) and CW1 (27.12 ± 0.65

mm). CW2 (26.54 ± 0.92 mm) and CW4 (26.27 ± 1.33 mm) exhibited slightly

lower activity among the derivatives. Importantly, all synthesized compounds

displayed significantly higher antibacterial activity than ciprofloxacin (24.21 ±

1.69 mm) against this strain.

Similarly, againstMRSA, CW5 demonstrated the highest antibacterial effect (27.36

± 1.27 mm), followed by CW3 (26.44 ± 0.68 mm) and CW1 (25.81 ± 1.03 mm).

CW2 (24.59 ± 1.43 mm) and CW4 (22.61 ± 0.85 mm) showed comparatively re-

duced inhibition; however, all compounds remained more active than ciprofloxacin

(21.8 ± 1.6 mm).

Figure 4.21: Illustration of Zone of inhibition by synthesized compounds
against resistant bacterial strains

Overall, the synthesized ciprofloxacin derivatives exhibited strong antibacterial

activity against resistant bacterial strains, with several compounds demonstrating

superior efficacy compared to the standard drug. Among them, CW5 consis-

tently emerged as the most potent compound across all tested resistant strains,

followed by CW3 and CW1. These findings indicate that structural modification
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of ciprofloxacin not only preserved antibacterial activity but also enhanced effec-

tiveness against resistant pathogens, highlighting the potential of these derivatives

as promising candidates for combating antimicrobial resistance.

A comparison between non-resistant and resistant bacterial strains revealed that

the synthesized ciprofloxacin derivatives retained significant antibacterial activity

across both categories.

While the compounds exhibited strong activity against non-resistant strains, their

efficacy against resistant strains remained comparable and, in several cases, even

superior to the standard ciprofloxacin.

Notably, CW5 consistently demonstrated the highest antibacterial activity against

both non-resistant and resistant strains, followed by CW3 and CW1, indicating

that these derivatives maintained their effectiveness despite the presence of resis-

tance mechanisms.

This suggests that structural modification of the ciprofloxacin scaffold may con-

tribute to overcoming bacterial resistance, potentially by enhancing interaction

with target sites or reducing susceptibility to common resistance pathways.

Overall, these findings highlight the potential of the synthesized derivatives as

promising candidates for the development of new antibacterial agents targeting

antimicrobial resistance.

4.6.3 Antifungal Activity

The antifungal effectiveness of the synthesized derivatives assessed against As-

pergillus niger, Aspergillus flavus and Candida albican through disk diffusion

method. To ensure reproducibility, every experiment was conducted in triplicate

under standardized setting.

The synthesized compounds were evaluated at predetermined concentrations. The

fungal growth inhibition was observed by measuring the presence or absence of

clear regions around the disks following incubation period.
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Figure 4.22: Illustration of Antifungal activity against synthesized compounds

The results revealed that none of the compounds produced detectable ZOI against

any of the fungal strains, demonstrating lack of antifungal activity under the

experimental conditions. Likewise, the standard drug included in the assay did

not exhibit observable inhibitory effects against C. albican, A. flavus, or A. niger.

The absence of ZOI in both the test compounds and the standard drug suggests

limited susceptibility of the fungal strains to the synthesized compounds under

the employed conditions.

4.7 Structure - Activity Relationship

Table 4.23: Structure – Activity Relationship (SAR) of Synthesized
Ciprofloxacin Derivatives (CW1 – CW5)

Compound Structural Mod-

ification at C-7

Piperazine

Physicochemical

Characteristics

Binding

Affinity

(kcal/mol)

Structure–Activity Rela-

tionship (SAR)

CW1 Adamantane moiety

(bulky aliphatic cage

structure)

High lipophilicity,

high sp3 fraction

(0.62), good GI

absorption

-9.8 The presence of a bulky hy-

drophobic adamantane group

enhances hydrophobic and van

der Waals interactions within

the binding pocket, resulting in

improved binding affinity and

overall activity.
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Table 4.23 continued from previous page

Compound Structural Mod-

ification at C-7

Piperazine

Physicochemical

Characteristics

Binding

Affinity

(kcal/mol)

Structure–Activity Rela-

tionship (SAR)

CW2 Ethynyl phenyl

group (aromatic

ring with terminal

alkyne)

Moderate lipophilic-

ity, good GI absorp-

tion

-8.8 The aromatic ring contributes

to π–π stacking interactions;

however, the linear alkyne

group limits conformational

flexibility, leading to compara-

tively lower activity.

CW3 Sulfonamide-linked

pyrimidine moiety

(polar substituent)

High TPSA (175

Å2), low bioavail-

ability, poor drug-

likeness

-10.3 Increased polarity and hydro-

gen bonding capacity enhance

target interaction but reduce

membrane permeability and

oral bioavailability, resulting in

moderate activity.

CW4 Indole moiety (aro-

matic heterocycle)

Moderate lipophilic-

ity, good GI absorp-

tion

-9.2 The indole ring enhances π–π

stacking and hydrogen bond-

ing interactions, contributing

to improved binding affinity

and biological activity.

CW5 Benzothiazole

moiety (sulfur-

containing heterocy-

cle)

High lipophilicity,

moderate solubility

-9.6 The benzothiazole ring facili-

tates strong π–π and electronic

interactions, particularly due

to the presence of sulfur, lead-

ing to enhanced binding affin-

ity.

Cipro

floxacin

Unmodified parent

scaffold

Moderate lipophilic-

ity and pharmacoki-

netic profile

-6.9 Lower binding affinity due to

absence of additional bulky or

heterocyclic substituents, re-

sulting in comparatively re-

duced interaction with the tar-

get site [108].



Chapter 5

Discussion

The management of infectious diseases is now significantly hindered by AMR,

which lowers the clinical efficacy of several well-known drugs. Among these flu-

oroquinolones, particularly ciprofloxacin has been widely prescribed because of

its favourable pharmacokinetics, broad-spectrum activity, and oral bioavailabil-

ity [137]. Furthermore, widespread and irrational utilization of antibiotics has

led to the development of resistant bacterial strains. Therefore, current research

increasingly focused on structural modification of existing antibiotics instead of

discovery of entirely new classes. Ciprofloxacin remains an attractive scaffold for

such structural modifications because its resistance pathways, molecular targets,

and structure activity relationships are well documented [56, 138].

The designing approach adopted in this study was based on modifying key C-7

piperazine functional region of the ciprofloxacin scaffold, which has been shown

to strongly influence antibacterial spectrum, target interaction, and susceptibil-

ity to efflux mechanisms. Early structure activity relationship studies confirmed

that substitutions at this position can evidently alter biological performance [18].

Furthermore, recent studies have confirmed that the introduction of aromatic, het-

erocyclic, or bulky substituents at this site may enhance or reduce antibacterial

activity depending on their physicochemical properties [139, 140]. The compounds

synthesized in this study were designed in step with these established principles

to explore how such alterations effect antimicrobial activity.

87
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The synthetic strategy used in this research study led to the successful prepara-

tion of ciprofloxacin derivatives using a step by step and reproducible approach.

Similar synthetic approaches involving chloroacetylation followed by nucleophilic

substitution have been described in previous studies as an effective approach for

introducing substituents at the ciprofloxacin scaffold [18, 141]. The purification

of the synthesized derivatives by recrystallization and column chromatography

yielded compounds with purity for further investigation. Structural validation by

FTIR confirmed the successful integration of the intended substituents, whereas

preserving the core fluoroquinolone framework. The characterization data is con-

sistent for related ciprofloxacin compounds already reported [142].

To primary understanding of the binding interaction between the synthesized

derivatives and the bacterial proteins OmpF, topoisomerase II, and multi-drug

efflux pump and molecular docking research was conducted. Molecular docking

study has been widely used in fluoroquinolone research as a supportive tool to rank

compounds and recognizing potential binding interactions prior to experimental

testing [141]. In this study, CW3 displayed more favourable docking interactions

relative to other derivatives, suggesting improved lodging within the target bind-

ing site. Similar results have been reported in previous studies, where ciprofloxacin

derived compounds show higher docking affinity and enhanced in vitro antibacte-

rial activity [140]. However, docking results were interpreted carefully, recognizing

that such simulations offer predictive instead of definitive evidence of biological

activity.

The antibacterial activity outcomes obtained using the agar well diffusion method

confirmed that structural modification of ciprofloxacin significantly influenced bio-

logical activity. The synthesized derivatives exhibited variable antibacterial effec-

tiveness against both gram-negative and gram-positive bacteria [143]. Among the

compounds, CW5 emerged as the most active derivative, producing larger zones

of inhibition across most tested strains, while CW2 demonstrated comparatively

lower antibacterial activity. Similar variability has been reported in the literature,

where only selected ciprofloxacin derivatives exhibit improved or comparable ac-

tivity relative to the parent drug [139, 144]. These findings indicate that while
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structural modification can enhance antibacterial activity, its success depends on

maintaining key pharmacophoric interactions and optimizing molecular features.

A comparison between molecular docking and experimental antimicrobial activ-

ity revealed that CW3 exhibited the most favorable binding interactions with

target proteins, indicating strong theoretical affinity. However, in vitro antibacte-

rial results demonstrated that CW5 showed the highest biological activity, while

CW3, despite strong docking performance, did not consistently exhibit the high-

est antibacterial efficacy [145]. This discrepancy highlights a known limitation of

molecular docking, as it primarily predicts binding affinity but does not account

for essential biological factors such as membrane permeability, solubility, efflux

mechanisms, and intracellular accumulation [56, 138]. Therefore, although dock-

ing provides valuable insights into ligand–target interactions, actual antibacterial

performance is influenced by multiple physicochemical and pharmacokinetic pa-

rameters. These findings emphasize the importance of integrating computational

and experimental approaches in antimicrobial drug development.

In comparison with ciprofloxacin, the results demonstrated that several synthe-

sized derivatives exhibited comparable or superior antibacterial activity, particu-

larly against resistant strains, while some compounds showed slightly lower effi-

cacy. These observations are consistent with previous studies on fluoroquinolone

derivatives, where structural modifications can either enhance or reduce activity

depending on their impact on bacterial uptake and target interaction [151]. The

comparatively lower activity observed for certain derivatives may be attributed

to unfavorable physicochemical properties that limit intracellular accumulation.

Overall, these findings reinforce the importance of balancing structural innovation

with biological performance [152].

A comparative evaluation of antibacterial activity against non-resistant and resis-

tant strains revealed that the synthesized compounds retained significant antibac-

terial efficacy across both categories. Notably, several derivatives, particularly

CW5, CW3, and CW1, demonstrated strong activity against resistant strains,

often exceeding the activity of ciprofloxacin. This observation suggests that struc-

tural modification of the ciprofloxacin scaffold may enhance the ability of these
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compounds to overcome bacterial resistance mechanisms such as efflux and target

site alterations [14, 18].

Among the synthesized derivatives, CW5 consistently exhibited the highest an-

tibacterial activity against resistant strains, followed by CW3 and CW1, indicating

their strong potential as anti-resistant agents. In contrast to conventional expec-

tations, the synthesized compounds displayed comparable or superior activity rel-

ative to ciprofloxacin, highlighting the effectiveness of the designed modifications.

These findings suggest that rational structural optimization can significantly im-

prove antibacterial performance against resistant pathogens and may provide a

promising strategy for addressing antimicrobial resistance [153, 154].

The synthesized derivatives did not exhibit inhibitory activity against C. albicans,

A. flavus, or A. niger. This finding is consistent with the established pharma-

cological profile of ciprofloxacin and other fluoroquinolones, which are primarily

antibacterial agents with limited antifungal activity. Previous studies have re-

ported that fluoroquinolone scaffolds generally lack antifungal properties unless

specifically modified to target fungal pathways [155].

The absence of antifungal activity in both the synthesized compounds and ciproflo-

xacin further supports the conclusion that the molecular features required for

interaction with fungal targets were not achieved in this study [156]. These results

emphasize the specificity of the synthesized derivatives toward bacterial targets

and highlight the need for targeted structural modifications if antifungal activity

is to be explored in future work.

A qualitative correlation between docking results and experimental antibacterial

activity was observed. Compounds such as CW3 and CW5 demonstrated both

favorable binding interactions and strong antibacterial effects, supporting the re-

liability of the docking predictions. Similar trends have been reported in previous

studies where docking-guided design of ciprofloxacin derivatives resulted in im-

proved biological activity [157].

However, consistent with literature reports, docking alone cannot fully account

for biological factors such as drug transport, metabolic stability, and intracellular
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concentration. Therefore, the docking results should be interpreted as supportive

rather than definitive, reinforcing their role as a complementary tool in early-stage

drug design [158].

Furthermore, several limitations of this study should be acknowledged. The bio-

logical evaluation was based on the agar well diffusion assay, which provides qual-

itative and semi-quantitative data but does not determine minimum inhibitory

concentration (MIC) or bactericidal activity. Additionally, ADME and toxicity

assessments were limited to in silico predictions and require experimental vali-

dation. The absence of cytotoxicity and enzyme inhibition studies further limits

comprehensive evaluation of the compounds’ therapeutic potential [108, 159].

Despite these limitations, this study provides meaningful insights into the de-

velopment of fluoroquinolone derivatives. The results demonstrate that rational

modification of the ciprofloxacin scaffold can influence antibacterial activity in a

predictable manner and, importantly, can enhance efficacy against resistant bac-

terial strains [14]. These findings are consistent with reported structure–activity

relationships and offer a strong foundation for further optimization and biological

evaluation.

In conclusion, this study supports the potential of ciprofloxacin derivatives as

promising antimicrobial agents, particularly in the context of antimicrobial resis-

tance. The integration of synthetic chemistry, structural characterization, compu-

tational modeling, and biological evaluation provides a comprehensive framework

for early-stage drug development. Further studies, including quantitative antibac-

terial assays, cytotoxicity evaluation, and mechanistic investigations, are necessary

to fully establish the therapeutic potential of the most active derivatives identified

in this study.
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Conclusion

The primary objective of this study was to investigate the impact of rational

structural modification of ciprofloxacin on its antibacterial activity. Antimicro-

bial resistance (AMR) has significantly reduced the effectiveness of widely used

antibiotics, including fluoroquinolones, and this study aimed to contribute toward

enhancing the efficacy of existing antibacterial agents rather than developing en-

tirely new drug classes. Ciprofloxacin was selected as the parent molecule due to

its well-established pharmacological profile and clearly defined structure–activity

relationship.

In this study, five ciprofloxacin derivatives (CW1–CW5) were successfully synthe-

sized using a reproducible synthetic approach. The structures of the synthesized

compounds were confirmed using FTIR spectroscopy, which verified that the in-

tended functional modifications were achieved while preserving the integrity of the

fluoroquinolone core. The applied purification techniques ensured the isolation of

compounds with sufficient purity for subsequent biological evaluation.

Molecular docking studies provided valuable insights into the interaction of the

synthesized derivatives with key bacterial target proteins. Among the compounds,

CW3 exhibited the strongest binding affinities, indicating favorable interactions

within the active sites of the selected targets. Although docking results are predic-

tive in nature, they supported the observed experimental trends and contributed to
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understanding the binding behavior and potential mechanisms of action of the syn-

thesized compounds. Antibacterial evaluation using the agar well diffusion method

demonstrated that structural modification of ciprofloxacin significantly influenced

biological activity. The synthesized derivatives exhibited variable antibacterial ef-

ficacy against both non-resistant and resistant bacterial strains. Among the com-

pounds, CW5 consistently demonstrated the highest antibacterial activity across

both non-resistant and resistant strains, showing larger zones of inhibition against

all tested organisms.

Importantly, several derivatives, including CW5, CW3, and CW1, exhibited com-

parable or superior activity to ciprofloxacin against resistant strains, highlight-

ing their potential to overcome bacterial resistance mechanisms. These findings

indicate that rational structural modification can not only preserve but also en-

hance antibacterial activity against resistant pathogens. The antifungal evalua-

tion revealed that none of the synthesized derivatives exhibited measurable activ-

ity against the tested fungal strains. This outcome is consistent with the known

antibacterial specificity of the fluoroquinolone scaffold and suggests that the struc-

tural modifications introduced in this study were not sufficient to confer antifungal

properties.

Overall, the results of this study demonstrate that rational modification of the

ciprofloxacin scaffold can significantly influence antibacterial activity in a com-

pound - dependent manner. CW5 emerged as the most promising derivative,

exhibiting strong and consistent antibacterial activity across both non-resistant

and resistant bacterial strains, while CW3 showed excellent binding affinity in

docking studies, supporting its potential as a lead compound. The integration

of synthetic chemistry, spectroscopic characterization, computational modeling,

and biological evaluation provided a comprehensive framework for assessing the

therapeutic potential of the synthesized derivatives.

6.1 Future Perspectives

i. Bactericidal assays will be conducted to authenticate the antibacterial po-

tential of the synthesized compounds.
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ii. Structural optimization of the most promising compounds, particularly CW3

and CW5, may improve antimicrobial potency and selectivity.

iii. Employ advanced in silico molecular dynamic simulations and binding free-

energy analyses to further explain the stability and mechanism of action of

the most active compounds.

iv. Expanded testing against a broader range of resistant bacterial strains may

provide deeper insight into the clinical relevance of the synthesized deriva-

tives.

v. In vivo studies could be considered to evaluate pharmacokinetic behaviour

and therapeutic potential in biological systems.
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