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Abstract

Wound infections, particularly those caused by multidrug-resistant pathogens like
MRSA and Pseudomonas aeruginosa, remain a critical clinical challenge due to
the poor aqueous solubility and inadequate skin permeation of BCS Class IV flu-
oroquinolones such as norfloxacin. To overcome these multi-faceted barriers, we
developed an optimized norfloxacin-loaded nanostructured lipid carrier (NLC) in-
tegrated into a Carbopol 940 hydrogel via hot homogenization-ultrasonication.
The lead formulation (5% total lipid; Precirol ATO5: Labrafac WL1349 at 70:30;
1.5% Tween 80; 30% Transcutol P) exhibited a particle size of 102 nm, a poly-
dispersity index of 0.267, a zeta potential of -37.7 mV, and an encapsulation effi-
ciency of 94.95 £+ 0.13%. Solid-state characterization (DSC and XRD) confirmed
complete amorphization of norfloxacin within the lipid matrix, eliminating the
crystalline solubility barrier, while rheological analysis confirmed pseudoplastic,
wound-compatible gel characteristics. The hydrogel demonstrated pH-dependent
sustained release via anomalous non-Fickian transport (Korsmeyer-Peppas R? =
0.999). Importantly, while the formulation showed higher release at acidic skin
surface pH (5.5), it maintained substantial therapeutic release under the physio-
logically challenging alkaline wound pH (7.4), critically achieving a 1.60-fold higher
ex vivo skin flux than the plain drug gel at its optimal acidic pH, thereby con-
firming effective circumvention of norfloxacin’s intrinsic pH-dependent solubility
limitation. Dermal safety was validated by a non-irritant classification (Primary
Irritation Index = 0.00, OECD 404), and 3-month ICH-compliant stability studies
confirmed physicochemical integrity under accelerated conditions. Remarkably,
the NLC-gel demonstrated significantly superior antibacterial activity against S.
aureus, MRSA, E. coli, and P. aeruginosa compared to the plain norfloxacin gel,
effectively restoring therapeutic activity against multidrug-resistant wound iso-
lates. Collectively, this NLC-hydrogel platform provides a safe, stable, and effica-
cious topical strategy that successfully overcomes the solubility, permeation, and
resistance limitations of conventional norfloxacin formulations, offering a promising
advanced therapeutic option for challenging multidrug-resistant wound infections,

with potential for once-daily application and improved patient compliance.
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Chapter 1

Introduction

1.1 Wound Healing and the Global Burden of

Wound Infections

The skin constitutes the body’s primary physical and immunological barrier against

environmental insults, microbial invasion, and transepidermal water loss.

When this barrier is disrupted, through surgical incision, traumatic injury, thermal
burns, or progressive tissue breakdown, a tightly regulated biological cascade is

initiated to restore structural and functional integrity [1, 2].

This restorative process, collectively termed wound healing, proceeds through four
overlapping and interdependent phases: haemostasis, characterised by platelet ac-
tivation and fibrin clot formation within seconds of injury; inflammation, driven
by neutrophil and macrophage infiltration over the first 72-96 hours; proliferation,
encompassing granulation tissue deposition, angiogenesis, and re-epithelialisation
between days 4 and 21; and remodelling, involving the progressive maturation of
collagen architecture over months to years [2]. Under normal physiological con-
ditions, these phases progress in an orderly temporal sequence. When disrupted,
most critically by microbial infection, healing is arrested at the inflammatory

phase, giving rise to the chronic, non-healing wound phenotype [3].

1
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The global burden of wound-related morbidity is both substantial and escalating.
Chronic wounds affect an estimated 1-2% of populations in developed nations and
considerably higher proportions in low- and middle-income countries, where un-
controlled comorbidities and limited access to specialised wound care substantially
amplify risk [3]. The global wound care market is projected to surpass USD 25
billion by 2026, reflecting the enormous clinical demand for innovative therapeutic
solutions [4]. In the context of Pakistan specifically, the burden is compounded by
a diabetes prevalence that ranks the country first globally according to Interna-
tional Diabetes Federation estimates, widespread unregulated antibiotic use that
accelerates resistance development, and environmental conditions that increase
wound contamination risk. The four principal categories of chronic wounds, di-
abetic foot ulcers, venous leg ulcers, pressure injuries, and non-healing surgical
wounds, all share a defining clinical vulnerability: the propensity for secondary
microbial infection. In the diabetic foot alone, a lower limb amputation occurs ev-
ery 30 seconds globally as a direct consequence of infection-driven complications,
underscoring the critical importance of effective, sustained antimicrobial delivery
to the wound bed. Infection is, unequivocally, the primary biological and clinical

barrier to wound healing [5, 6].

1.2 Current Therapeutic Approaches and their

Limitations

Contemporary wound infection management relies principally on two therapeu-
tic modalities: systemic antibiotic therapy and conventional topical antimicrobial
formulations. Both approaches are constrained by well-characterised pharmacoki-
netic and physicochemical limitations that fundamentally restrict their effective-

ness against the wound pathogens of greatest clinical concern.

Systemic antibiotic therapy, administered orally or parenterally, is the standard
of care for wound infections with systemic features, yet its pharmacokinetic basis

is inherently unfavourable in the wound context. Drug penetration into wound
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tissue depends upon tissue perfusion, precisely the parameter most profoundly

compromised in the high-risk wound populations most susceptible to infection.

Peripheral arterial disease in diabetic patients may reduce foot tissue perfusion to
10-20% of normal values, generating a pharmacokinetic dead zone in which sys-
temic antibiotics fail to achieve effective wound-bed concentrations despite thera-

peutic plasma levels [7, 8].

Even in adequately perfused wounds, interstitial drug concentrations rarely ex-
ceed 40-60% of plasma values. Repeated systemic antibiotic courses addition-
ally impose selective pressure across the entire body microbiome, accelerat-
ing the emergence of methicillin-resistant Staphylococcus aureus (MRSA) and
multidrug-resistant Pseudomonas aeruginosa the two most clinically recalcitrant
wound pathogens while generating systemic adverse effects including nephro-
toxicity, Clostridioides difficile-associated colitis, and fluoroquinolone-associated
tendinopathy that are particularly consequential in the elderly, immunocompro-

mised patients who constitute the majority of the chronic wound population [9, 10].

Conventional topical formulations, creams, ointments, and aqueous gels, offer the
theoretical advantage of direct wound-site drug delivery without systemic distri-
bution. However, these formulations are limited by rapid displacement from the
wound surface by exudate flow, a lack of sustained drug release mechanisms, and

the formidable physicochemical barrier presented by the stratum corneum.

This 1520 um layer of highly ordered lamellar lipid bilayers restricts transcu-
taneous permeation to molecules satisfying stringent criteria: molecular weight
below 500 Da, moderate lipophilicity (logP 1-3), and low melting point [11]. Most
wound-relevant antibiotics and norfloxacin specifically , satisfy none of these crite-
ria in crystalline form, rendering conventional topical delivery pharmacokinetically

inadequate.

Advanced first-generation systems including chitosan-based nanofibers, liposomal
formulations, and electrospun constructs represent incremental improvements but

uniformly fail to integrate controlled sustained release, wound bioadhesion, and
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broad-spectrum efficacy against resistant pathogens into a single, practically trans-
latable formulation [12, 13]. A fundamental and clinically consequential gap in the

therapeutic arsenal therefore remains.

1.3 Norfloxacin: Pharmacological Rationale and

Physicochemical Challenge

Norfloxacin (Ci16H1sFN3O3; MW 319.33 g/mol) is a first-generation fluoro-
quinolone antibiotic that exerts concentration-dependent bactericidal activity
through the dual inhibition of DNA gyrase (GyrA/GyrB subunits) and topoi-
somerase IV (ParC/ParE subunits) [14, 15].

By stabilising enzyme-DNA cleavage complexes and stabilizing enzyme-DNA
cleavage complexes that stall replication forks; subsequent fork processing gen-
erates double-strand breaks that exceed cellular repair capacity, triggering SOS-
mediated cell death at above-MIC concentrations, norfloxacin achieves broad-
spectrum bactericidal activity encompassing precisely the four principal wound-

colonising pathogens targeted in this study.

Against S. aureus ATCC 6538, minimum inhibitory concentrations (MICs) range
from 0.5 to 4 pg/mL via topoisomerase IV inhibition; against E. coli ATCC 25922,
MICs of 0.06-0.25 ug/mL reflect the dominant sensitivity of gram-negative DNA

gyrase to fluoroquinolone poisoning.

Against MRSA ATCC 43300, elevated MICs are attributable to NorA major fa-
cilitator superfamily eflux pump activity; against P. aeruginosa ATCC 27853,
constitutive MexAB-OprM efflux elevates the intrinsic MIC to 1-8 ug/mL [14, 16].

Beyond direct bactericidal action, norfloxacin at sub-MIC concentrations sup-
presses NF-xB-mediated pro-inflammatory cytokine production and facilitates fi-
broblast proliferation, contributing indirectly to the restoration of the wound heal-

ing microenvironment [7]. Four decades of clinical pharmacological data and an
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established safety profile further support its selection as the model antibacterial

agent for topical NLC formulation development.

Despite these compelling pharmacological attributes, norfloxacin is classified as
a Biopharmaceutics Classification System (BCS) Class IV agent , characterised
by simultaneously low aqueous solubility and low membrane permeability [17].
This dual limitation is not merely a practical inconvenience but a fundamental

physicochemical constraint on its conventional topical delivery.

The amphoteric ionisation profile of norfloxacin (pK,; = 6.35 for the piperazinyl
nitrogen; pK,» = 8.80 for the carboxylic acid) generates a pH-dependent solubility
profile in which minimum aqueous solubility of approximately 0.32-0.39mg/mL
occurs at the isoelectric point near pH 7.4-7.5, the very pH prevailing at infected
wound beds [18]. This creates a fundamental therapeutic paradox: the dissolved
drug concentration available for antibacterial activity is lowest precisely at the
site and pH where maximum therapeutic need exists. The calculated LogP of
-1.03 for the zwitterionic species further precludes productive interaction with the
lipophilic lamellar structure of the stratum corneum. Conventional norfloxacin
Carbopol gel formulations fail primarily because this crystalline solubility barrier
limits dissolved drug concentrations at wound-bed pH to values far below the
MIC of target organisms, generating subtherapeutic exposure that represents an
optimal selective environment for fluoroquinolone resistance development rather

than an effective therapeutic intervention.

Norfloxacin (NFX), a second-generation fluoroquinolone antibacterial agent, ex-
erts broad-spectrum bactericidal action by inhibiting bacterial DNA gyrase and
topoisomerase IV, thereby disrupting DNA replication in a wide array of Gram-
negative organisms such as Pseudomonas aeruginosa and FEscherichia coli, as well
as several Gram-positive pathogens including Staphylococcus aureus, the most com-
mon bacterial species implicated in delayed or infected wound healing [19]. This
broad antibacterial coverage has made norfloxacin a preferred antibiotic candi-
date for topical wound-care formulations: norfloxacin-loaded lipid-polymer hybrid

nanoparticles have been shown to retain full antibacterial potency against both



Introduction 6

Gram-positive and Gram-negative wound pathogens while achieving nearly 90%
cumulative drug release within 24 hours, confirming its suitability for site-targeted

topical delivery [19].

Similarly, norfloxacin-loaded chitosan-based nanofiber and sponge dressings have
demonstrated accelerated healing in burn and excisional wound models, with an-
tibacterial efficacy directly proportional to the sustained release rate of the drug
from the polymeric matrix [20]. Considering its well-documented broad-spectrum
antibacterial efficacy, favorable safety profile, and proven track record in topical
and wound-healing drug delivery systems, norfloxacin is a rational drug of choice
for incorporation into a Nanostructured Lipid Carrier (NLC)-based gel; the NLC
platform can compensate for norfloxacin’s poor aqueous solubility and limited skin
permeability while enhancing entrapment efficiency, ensuring sustained and con-
trolled release, improving skin retention, and maintaining a moist wound-healing
environment, ultimately promoting faster bacterial clearance and accelerated re-

epithelialization compared to conventional topical formulations.

1.4 Nanostructured Lipid Carriers and Car-

bopol 940 (cel: Proposed Solution

Pharmaceutical nanotechnology provides a mechanistically rational and evidence-
supported solution to the dual challenge posed by norfloxacin’s BCS Class IV pro-
file. Among the diverse nanocarrier platforms investigated for topical drug deliv-
ery, nanostructured lipid carriers (NLCs) represent the most advanced lipid-based
system currently available [21, 22]. NLCs are formulated by blending structurally
incompatible solid and liquid lipid components, in the present study, Precirol®
ATO 5 (glyceryl palmitostearate) and Labrafac® WL 1349 (medium-chain triglyc-
erides), stabilised in aqueous dispersion by surfactants including Tween® 80,
Poloxamer 188, and co surfactant Transcutol® P. The deliberate structural in-
compatibility between the lipid components prevents complete crystallisation of

the matrix, generating a disordered, amorphous or nanostructured lipid phase
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in which norfloxacin is maintained in a molecularly dispersed state, effectively
eliminating the crystalline lattice energy barrier responsible for its poor aqueous
solubility and thereby markedly enhancing its apparent solubility and dissolution

rate at wound-bed pH [21, 23].

NLCs are selected over their first-generation predecessors, solid lipid nanoparticles
(SLNSs), because SLNs are plagued by polymorphic crystallisation of the lipid ma-
trix during storage, progressively expelling the encapsulated drug and generating

uncontrolled burst release [24, 25].

They are preferred over liposomes on account of superior physical stability, sub-
stantially higher drug loading for BCS Class IV molecules, intrinsic biocompat-
ibility of physiological glyceride lipid components with the wound healing envi-
ronment, and scalable manufacture. The nanosized lipid particles additionally
enhance stratum corneum permeation through productive lipid exchange interac-
tions with the ordered ceramide-rich lamellae of the stratum corneum, and exploit
the follicular shunt pathway for direct delivery to the dermal compartment [11].
To extend wound contact time and prevent NLC aggregation during storage, the
optimised NFX-NLC dispersion is incorporated into a Carbopol 940 gel matrix.
Carbopol 940, a crosslinked polyacrylic acid polymer (MW~4,000 kDa), forms
pseudoplastic, optically transparent gels at pH 5.5-6.5 that adhere to wound sur-
faces through hydrogen-bonding interactions with wound glycoproteins, resisting
displacement by wound exudate and maintaining the drug in sustained contact
with the wound bed [26, 27]. The dual NLC-gel system generates a biphasic release
profile: an initial rapid component from NLC surface drug, followed by sustained
matrix diffusion-controlled release that maintains above-MIC concentrations over

clinically relevant periods [28].

1.5 Problem Statement and Literature Gap

Despite norfloxacin’s well-documented broad-spectrum bactericidal efficacy

against the principal wound-colonising pathogens, its clinical potential in topical
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wound infection management remains fundamentally constrained by the limita-
tions of currently available delivery systems. The NorA efflux pump in MRSA
and the MexAB-OprM system in P. aeruginosa actively export fluoroquinolones
from the bacterial cytoplasm, necessitating sustained supratherapeutic local drug
concentrations for bactericidal efficacy , concentrations that are not achievable
through the transient, low-level drug release provided by conventional topical for-
mulations or by first-generation advanced delivery systems. Existing approaches,
chitosan nanofibers, liposomes, SLNs, and self-emulsifying systems, have individu-
ally addressed limited aspects of this challenge but have not successfully integrated
controlled sustained release, wound bioadhesion, adequate stratum corneum pen-
etration, and broad-spectrum bactericidal activity against both MRSA and P.

aeruginosa into a single, clinically practical formulation.

Critically, no published study to date has developed, characterised, or evaluated a
norfloxacin-loaded nanostructured lipid carrier incorporated into a Carbopol 940
gel matrix for topical wound infection management. No prior study has evaluated
norfloxacin NLC gel permeation at both the acidic skin surface pH (5.5) and the
wound-bed pH (7.4), nor demonstrated susceptible-range antibacterial activity
against both MRSA (ATCC 43300) and P. aeruginosa (ATCC 27853) from a
norfloxacin topical formulation at dose levels achievable in clinical practice. No
stability data exist under ICH Q1A (R2) accelerated conditions (40°C/75% RH) for
this formulation class, a regulatory prerequisite for products intended for clinical
use in Pakistan (Zone IVb) ((30°C/75% RH)). The present study uniquely and

comprehensively addresses each of these gaps.

1.6 Research Aim and Objectives

1.6.1 Aim

To develop, characterise, optimise, and evaluate a Carbopol 940-based norfloxacin-

loaded nanostructured lipid carrier (NFX-NLC) gel for topical wound infection
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management, targeting enhanced drug solubilisation, superior skin permeation,
controlled sustained drug release, and broad-spectrum bactericidal efficacy against

principal wound pathogens including MRSA and Pseudomonas aeruginosa.

1.6.2 Objectives

i. To prepare norfloxacin-loaded NLCs by hot homogenisation followed by ultra-
sonication, systematically optimising the solid-liquid lipid ratio, surfactant con-
centration, and drug loading to achieve particle size < 300 nm, PDI < 0.3, zeta

potential > 30 mV, and encapsulation efficiency > 80%.

ii. To characterise prepared NLC formulations for particle size, PDI, zeta poten-
tial, surface morphology (SEM), drug encapsulation efficiency, thermal behaviour
(DSC), drug-excipient compatibility (FTIR), crystallographic state (XRD), and

in vitro drug release kinetics.

iii. To incorporate the optimised NFX-NLC dispersion into Carbopol 940 gel
matrices at 0.3%, 0.6%, and 0.9% w/w and select the optimal gel formulation

based on comprehensive physicochemical characterisation.

iv. To evaluate physicochemical properties of the NFX-NLC gel including visual

appearance, pH, viscosity, rheological behaviour, spreadability, and extrudability.

v. To assess ex vivo skin permeation using Franz static diffusion cells at pH 5.5
and pH 7.4, determining steady-state flux (Jss), permeability coefficient (Kp), lag

time, cumulative permeation (Qa4), and enhancement ratio.

vi. To evaluate the antibacterial activity of the NFX-NLC gel by agar well diffu-
sion method against Staphylococcus aureus (ATCC 6538), MRSA (ATCC 43300),
FEscherichia coli (ATCC 25922), and Pseudomonas aeruginosa (ATCC 27853) at
three dose levels (2.5 mg, 5 mg, and 10 mg), with zone of inhibition (ZOI) in-
terpreted against published norfloxacin susceptibility thresholds and compared

against the plain norfloxacin Carbopol gel as a control formulation.
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vii. To conduct ICH Q1A(R2)-compliant accelerated stability studies at 4°C,
25°C/60% RH, and 40°C/75% RH over defined time points, assessing particle

size, drug content, pH, and physical appearance.

1.7 Research Hypothesis

It is hypothesised that the incorporation of norfloxacin within an optimised nanos-
tructured lipid carrier matrix, subsequently integrated into a bioadhesive Carbopol
940 gel, will overcome the solubility and permeability limitations imposed by the
drug’s BCS Class IV classification and will deliver statistically superior antibacte-
rial activity, skin permeation, and controlled sustained drug release compared with

a plain norfloxacin Carbopol 940 gel of equivalent drug concentration. Specifically:

i. The NLC lipid matrix (Precirol ATO 5 / Labrafac WL 1349) will maintain
norfloxacin in an amorphous or molecularly dispersed state , confirmed by absence
of the crystalline melting endotherm in DSC and disappearance of characteristic
diffraction peaks in XRD , thereby eliminating the crystalline solubility barrier at

wound-bed pH and enhancing dissolution rate and apparent aqueous solubility.

ii. Nanosized lipid particles will enhance transcutaneous norfloxacin permeation
through lipid exchange interactions with stratum corneum lamellar bilayers and
preferential follicular shunt accumulation, producing a statistically significant en-
hancement ratio (ER > 2) relative to plain norfloxacin Carbopol gel at pH 5.5,

the primary topical delivery condition.

iii. The dual NLC-Carbopol gel matrix will generate a sustained biphasic release
profile , initial rapid antibacterial coverage from surface-associated drug followed
by sustained diffusion-controlled release from the lipid core , maintaining nor-
floxacin concentrations above the MIC of all four target wound pathogens over a

clinically relevant 24-hour period.

iv. It is hypothesized that the NFX-NLC gel will achieve susceptible-range zones of
inhibition against all four target wound pathogens including MRSA (ATCC 43300)
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and P. aeruginosa (ATCC 27853) at all evaluated dose levels, and will demonstrate
statistically superior antibacterial performance compared to the plain norfloxacin
Carbopol gel, attributable to the enhanced membrane permeability and sustained

drug release conferred by the nanostructured lipid carrier system.



Chapter 2

Literature Review

2.1 Wound Healing: Biology Phases and Clinical

Significance

2.1.1 Definition and Classification of Wounds

A wound is defined as any disruption of the normal anatomy and physiological
function of the skin and underlying tissues, arising from physical, chemical, ther-

mal, electrical, or biological insult [1].

Wounds are broadly classified as acute or chronic based on their temporal heal-
ing behaviour, with further subdivision according to wound depth, mechanism of

injury, and the physiological context in which they arise [2, 3].

Table 2.1 provides a structured classification of the principal wound categories
encountered in clinical practice, together with their etiological basis, expected
healing trajectory, principal complication risks, and predominant infecting mi-

croorganisms.

Acute wounds arise from defined traumatic events and, in the absence of compli-
cating factors, heal within a predictable period through the orderly progression of
the four canonical wound healing phases [1, 2].

12



Literature Review

13

TABLE 2.1: Classification of Wound Types, Clinical Characteristics, and Prin-
cipal Infecting Pathogens

Wound Etiology  Clinical Expected Complication Pathogens
Cate- Examples Healing Risk of Concern
gory
Acute Surgical Post- Primary Surgical site S. aureus,
Surgical incision operative intention infection MRSA
incision (7-14
days)
Acute Mechanical Lacerations, Secondary  Contamination, S. aureus, FE.
Trau- trauma abrasions,  inten- sepsis coli
matic bites tion (24
weeks)
Burn Thermal Partial/full- Variable, MRSA, P. P aerugi-
Wounds chemical thickness depth- aeruginosa nosa, MRSA,
electrical burns dependent A. baumannii
Diabetic Neuropathy Plantar Chronic Amputation,  Polymicrobial,
Foot Ul- + is- ulcer, heel (months—  osteomyelitis ~MRSA
cer chaemia + ulcer years)
hypergly-
caemia
Venous  Chronic Gaiter area  Chronic, Biofilm, cel- S. aureus, P.
Leg venous hy- ulceration  high recur- lulitis aeruginosa
Ulcer pertension rence
Pressure Sustained  Sacral, Chronic, Deep tissue S. aureus, F.
Injury ischaemic  heel, grade de- infection coli,  anaer-
compres- trochanteric pendent obes
sion

Note. MRSA = methicillin-resistant Staphylococcus aureus; SSTIs = skin and soft tissue

infections; SSIs = surgical site infections.
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Surgically incised wounds, characterised by sharp wound margins and favourable
conditions for primary intention healing, represent the most straightforward cate-
gory. Traumatic acute wounds, including lacerations, abrasions, puncture wounds,
and bite injuries, present with greater tissue contamination and bioburden and

may necessitate secondary intention healing.

Burn wounds represent a therapeutically distinct and uniquely challenging cate-
gory: the destruction of the full-thickness skin barrier creates a vast protein-rich
wound surface immediately accessible to environmental and endogenous microor-
ganisms, the avascular eschar precludes systemic antibiotic delivery to the wound
site, and the combination of impaired innate immunity and frequent empirical an-
tibiotic exposure creates a selective environment for multidrug-resistant organisms,

particularly MRSA and P. aeruginosa [8, 9.

Chronic wounds are defined by their failure to progress through the normal healing
continuum within three months despite appropriate clinical management, reflect-
ing pathological arrest at the inflammatory phase [3, 29]. Common to all chronic
wound categories is a dysregulated inflammatory microenvironment characterised
by elevated pro-inflammatory cytokines (TNF-a, IL-153, IL-6), excessive matrix
metalloproteinase (MMP) activity that degrades growth factors and extracellu-
lar matrix components, impaired growth factor bioavailability, and high bacterial
bioburden, the combination of which perpetuates the inflammatory state and pre-

vents progression to the regenerative events of the proliferative phase [3, 30].

2.1.2 Epidemiology and Global Burden of Wound Infec-

tions

The global epidemiology of wound infections is characterised by high and rising
prevalence, substantial economic burden, and marked disparities between high-
income and low-to-middle-income countries. In the United States, skin and soft
tissue infections account for approximately 14 million outpatient visits annually [7].

Surgical site infections (SSIs) constitute the most common healthcare-associated
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infection and are associated with two-fold increases in hospital mortality and av-
erage additional costs of USD 10,000-25,000 per case [6]. Point-prevalence studies
across European hospital settings document wound infection rates of 15-25% of
all healthcare-associated infections, with gram-positive organisms, particularly S.
aureus, accounting for 40-50% of isolates [8, 9]. National Health Service data from
England estimate the annual cost of managing all wound types at over £8.3 billion,

with wound infection representing the single largest driver of cost variability.

In Pakistan, the burden of wound infection is compounded by several structural
and epidemiological factors. The country bears the fourth highest global burden
of diabetes mellitus (International Diabetes Federation data), generating an ex-
tensive population at risk for diabetic foot ulcers, the most common and clinically
consequential chronic wound category. The prevalence of MRSA among S. au-
reus wound isolates in tertiary care hospitals in Pakistan has been reported at
30-60% in recent surveys, substantially exceeding rates observed in many West-
ern healthcare systems, reflecting the compounding effects of overcrowded hospital
facilities, limited infection control infrastructure, and unregulated antibiotic dis-
pensing that allows over-the-counter access to fluoroquinolones and cephalosporins
without prescription. These epidemiological features substantially amplify the
clinical relevance and potential public health impact of developing topical delivery
systems capable of achieving and sustaining therapeutic concentrations against

drug-resistant wound pathogens.

2.1.3 Phases of Normal Wound Healing

Haemostasis, the first phase of wound healing, is initiated within seconds of vas-
cular disruption through platelet activation at the wound site. Exposure of sub-
endothelial collagen and tissue factor triggers the sequential activation of pri-
mary haemostasis, platelet adhesion, activation, and aggregation mediated by von
Willebrand factor-collagen binding and ADP /thromboxane A,-dependent platelet
activation, and secondary haemostasis, culminating in thrombin-mediated fibrino-

gen cleavage and fibrin polymerisation. The resulting platelet-fibrin clot performs
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the dual function of haemostatic plug and provisional extracellular matrix scaf-
fold, into which growth factors stored within platelet a-granules (PDGF, TGF-p,
VEGF, EGF) are released upon platelet activation, initiating the chemoattraction
of inflammatory cells that defines the next phase [1].

The inflammatory phase, beginning within minutes of injury and extending for 4-6
days in normally healing acute wounds, is dominated sequentially by neutrophil
and macrophage activity. Neutrophils, attracted by PDGF, complement activation
products (C3a, Cha), and formylated bacterial peptides, arrive within 2-4 hours
and serve the critical dual function of pathogen elimination through oxidative
burst and non-oxidative mechanisms, and cytokine-mediated amplification of the

inflammatory response.

Monocyte-derived macrophages arriving at 48-96 hours represent the pivotal tran-
sitional cell population bridging inflammation and proliferation: M1-polarised
macrophages continue pathogen clearance; M2-polarised macrophages secrete pro-
reparative growth factors (PDGF, VEGF, TGF-5;, IGF-1) that drive the subse-

quent proliferative response.

Critically, the persistence of M1 macrophage polarization, sustained by continued
bacterial infection and pathogen-associated molecular patterns, is the central cel-
lular mechanism underlying the arrest of healing at the inflammatory phase in

infected chronic wounds [2, 29].

The proliferative phase (days 4-21) encompasses angiogenesis, fibroplasia, and re-
epithelialisation [1, 2]. Angiogenesis, driven by VEGF, bFGF, and angiopoietins
secreted by activated macrophages and endothelial cells, establishes the oxygen
and nutrient supply required for fibroblast proliferation and collagen synthesis.
Fibroblasts synthesise type III collagen, fibronectin, and hyaluronic acid, forming
the granulation tissue matrix; a proportion undergo TGF-f;-mediated differenti-
ation into a-smooth muscle actin-expressing myofibroblasts that mediate wound
contraction. Re-epithelialisation, the migration of keratinocytes from wound mar-
gins and surviving hair follicle units across the granulation tissue surface, consti-

tutes the defining event of wound closure. The remodelling phase, extending for
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months to years, involves progressive replacement of disorganised type III collagen
with mechanically superior type I collagen, cross-linked by lysyl oxidase to achieve

a maximum tensile strength of 70-80% of unwounded skin at 12-18 months [2].

2.1.4 Factors Disrupting Normal Wound Healing

Microbial biofilm formation represents the most critical and clinically prevalent
factor disrupting wound healing [8]. Biofilms, structured microbial communi-
ties enclosed within a self-produced extracellular polymeric matrix (EPS), con-
fer antimicrobial resistance 100-1,000-fold greater than planktonic counterparts
through multiple concurrent mechanisms: the EPS matrix retards antibiotic dif-
fusion; metabolically quiescent bacteria at the biofilm core are intrinsically toler-
ant to antibiotics requiring active replication for efficacy; quorum sensing coordi-
nates virulence factor expression and eflux pump upregulation; and a persister
cell subpopulation provides the reservoir for biofilm re-establishment after treat-
ment cessation [10, 30]. Molecular microbiological studies indicate that biofilms
are present in up to 60-80% of chronic wound beds versus fewer than 6% of acute
wound specimens, strongly implicating biofilm establishment as a causal driver of

wound chronicity rather than merely its consequence.

Diabetes mellitus impairs wound healing through peripheral sensorimotor neuropa-
thy (permitting unrecognised repetitive microtrauma), peripheral arterial disease
(reducing tissue perfusion and antibiotic delivery), and direct hyperglycaemia-
mediated cellular dysfunction [3, 5]. Non-enzymatic glycation of collagen and
growth factors reduces biological activity; advanced glycation end products acti-
vate NF-xB via receptor for advanced glycation end products (RAGE), perpetu-
ating chronic inflammation; and hyperglycaemia-induced reactive oxygen species
trigger fibroblast and keratinocyte apoptosis. Immune dysfunction, manifesting
as impaired neutrophil chemotaxis, defective macrophage polarisation, and dimin-
ished complement activity, substantially increases wound infection susceptibility
and severity in diabetic patients. Poor vascularity, tissue hypoxia, nutritional defi-

ciencies, and pharmacological immunosuppression represent additional disrupting
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factors that collectively define the hostile wound microenvironment targeted by

the NFX-NLC Carbopol 940 gel [29].

2.2 Wound Infections: Pathogenesis and Micro-

biology

2.2.1 Pathogenesis of Wound Infection

Wound infection is defined as the invasion of viable wound tissue by microorgan-
isms replicating to sufficient densities to elicit a pathological host inflammatory
response, clinically manifested as localised erythema, warmth, oedema, pain, and
purulent exudate, with quantitative microbial culture demonstrating pathogens

exceeding 10° colony-forming units per gram of wound tissue [30, 31].

The pathogenesis involves sequential bacterial adherence, colonisation, prolifera-
tion, invasion through the wound bed, and immune evasion, a continuum in which
progression is determined by the balance between microbial virulence and the

integrity of the local wound immune microenvironment [8].

The ability to interrupt this progression through sustained local delivery of bac-
tericidal concentrations of norfloxacin constitutes the primary pharmacological

objective of the NFX-NLC gel.

The clinically important distinction between wound contamination, colonisation,
and infection reflects progressive increases in microbial biomass, metabolic activity,
and immunological impact. Contamination, the transient presence of organisms
without multiplication, is ubiquitous in all wounds. Colonisation , sustained repli-
cation without host tissue damage, is present in virtually all chronic wounds and

does not in itself impair healing.

Critical colonisation and infection represent the pathological states in which mi-

crobial activity begins to impair cellular healing programmes through virulence
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factor secretion, biofilm formation, and immune activation, warranting antimicro-

bial intervention [12, 30].

2.2.2 Principal Wound Pathogens and their Clinical Sig-

nificance

Staphylococcus aureus is the dominant pathogen in wound infections globally, iso-
lated from 40-80% of culture-positive wound specimens across epidemiological
studies encompassing acute traumatic wounds, surgical site infections, chronic di-

abetic ulcers, and venous leg ulcers [8, 9.

Its exceptional clinical ubiquity reflects a versatile virulence armamentarium: sur-
face adhesins including fibronectin-binding proteins (FnBPA /FnBPB), collagen-
binding protein (CNA), and clumping factors (CIfA/ClfB) mediate adhesion to
wound matrix proteins; secreted factors including a-haemolysin, Panton-Valentine
leukocidin (PVL), and toxic shock syndrome toxin-1 amplify local tissue destruc-
tion and systemic inflammatory responses; and coagulase converts fibrinogen to
a protective pseudocapsule around bacterial colonies, shielding them from phago-
cytic clearance. The biofilm-forming capacity of S. aureus , driven by the ica
operon-encoded polysaccharide intercellular adhesin (PIA) | further compounds

treatment difficulty.

Methicillin-resistant S. aureus (MRSA), defined by the mecA gene encoding
penicillin-binding protein 2a (PBP2a) with negligible f-lactam affinity, repre-
sents a critically important subset of wound-colonising staphylococci. PBP2a
retains transpeptidase activity in the presence of (-lactam concentrations that
saturate all native S. aureus PBPs, rendering MRSA resistant to all penicillins,
cephalosporins, and carbapenems and substantially narrowing therapeutic options
[9]. Fluoroquinolone resistance in MRSA is mediated primarily through NorA |
a major facilitator superfamily (MFS) efflux transporter that exports norfloxacin
and other hydrophilic fluoroquinolones from the bacterial cytoplasm via proton

antiport, reducing intracellular drug concentrations below the topoisomerase IV
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TABLE 2.2: Principal Wound Pathogens: Virulence Factors, Resistance Mech-

anisms, and Clinical Significance

Pathogen ClassificationKey Virulence Principal Wound Infec-
Factors Resistance tion Signifi-
Mechanisms cance
S. aureus Gram- Fibronectin Methicillin- Leading cause of
ATCC positive adhesins susceptible; acute SSTIs and
6538 coccus (FnBPA/B), NorA efflux SSIs;  isolated
a-haemolysin, pump may from 30-60% of
Panton- reduce fluo- wound cultures
Valentine leuko- roquinolone
cidin, coagulase, accumulation
biofilm (PIA)
MRSA Gram- All S, aureus mecA-encoded  Dominant in
ATCC positive virulence fac- PBP2a (8- chronic wounds,
43300 coccus tors; PVL; en- lactam resis- burns, and
hanced biofilm; tance); NorA HAISs; associated
TSST-1 eflux ~ (fluoro- with treatment
quinolones); failure and limb
broad multidrug amputation
resistance
E. coli Gram- Type 1 and ESBL produc- Important in
ATCC negative rod P fimbriae, tion  (CTX-M diabetic foot
25922 a-haemolysin, variants); intrin- ulcers, per-
iron-acquisition  sic ampicillin ineal = wounds;
systems (aer- resistance; ESBL-producing
obactin), capsu- emerging flu- strains increas-
lar polysaccha- oroquinolone ingly prevalent
rides resistance
P. aerug- Gram- Alginate biofilm, MexAB-OprM Major burn and
1nosa negative rod  pyocyanin, constitutive chronic  wound
ATCC exotoxin A, efflux; OprD pathogen;
27853 elastase (LasB), downregulation; extremely
rhamnolipids, intrinsic AmpC treatment-
quorum sensing [-lactamase; low resistant;  high
(las/rhl/pgs outer membrane mortality when
systems) permeability systemic
Note. MRSA = methicillin-resistant S. aureus; PVL = Panton-Valentine leukocidin;

ESBL = extended-spectrum [-lactamase; SSTIs = skin and soft tissue infections; HAIs
= healthcare-associated infections; TSST-1 = toxic shock syndrome toxin-1.

inhibitory threshold. The development of topical delivery systems capable of gen-

erating and sustaining intracellular norfloxacin concentrations sufficient to tran-

siently saturate NorA efflux capacity represents a central mechanistic objective of
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the NFX-NLC gel. Pseudomonas aeruginosa is the second most frequently iso-
lated pathogen from chronic wound infections and the dominant organism in burn

wound infections [10].

Its extraordinary intrinsic multidrug resistance arises from the synergistic action of
restricted outer membrane permeability, a limited repertoire of general diffusion
porins substantially reduces passive antibiotic influx, and constitutive MexAB-
OprM efflux pump expression, which actively extrudes fluoroquinolones (as well
as (-lactams, tetracyclines, and chloramphenicol) across both inner and outer

membranes before they accumulate to inhibitory intracellular concentrations.

Biofilm formation by P. aeruginosa, characterised macroscopically by green-
ish wound discolouration and a characteristic grape-like malodour (from 2-
aminoacetophenone), establishes a treatment-resistant state of particular clinical

intractability.

Achieving intracellular norfloxacin concentrations sufficient for bactericidal topoi-
somerase II inhibition in P. aeruginosa requires extracellular concentrations sub-
stantially above the planktonic MIC, a pharmacokinetic demand that the sus-
tained high-concentration NLC-mediated release profile is specifically designed to

address.

Escherichia coli is an increasingly significant wound pathogen, particularly in
wounds associated with faecal flora contamination, perineal wounds, parastomal
infections, abdominal surgical dehiscence, and in diabetic foot ulcers and pres-
sure injuries in incontinent patients. Pathogenic E. coli express type 1 fimbriae
mediating adhesion to wound fibronectin, a-haemolysin, and iron-acquisition sys-
tems (aerobactin, enterobactin). The global dissemination of extended-spectrum
p-lactamase (ESBL)-producing E. coli, particularly CTX-M-15 associated with
the pandemic O25b-ST131 clonal lineage, has substantially complicated wound
infection management, eliminating most orally bioavailable S-lactam options. Nor-
floxacin retains activity against the majority of non-ESBL E. coli wound isolates
at MICs of 0.06-0.25 pg/mL, making it pharmacologically rational for topical

delivery when administered at adequate local concentrations [14, 16].
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2.2.3 Antimicrobial Resistance and Its Consequences for

Wound Management

The epidemiological trajectory of antimicrobial resistance in wound pathogens
over the past two decades has been characterised by the progressive accumula-
tion of resistance determinants within individual isolates, producing multidrug-
resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant (PDR)
phenotypes, and the horizontal dissemination of resistance genes across species
through plasmids, transposons, and integrons. The WHO designation of MRSA
and carbapenem-resistant P. aeruginosa as critical-priority pathogens for new an-
timicrobial agent development reflects the severity of the therapeutic crisis these
organisms represent. In the wound infection context, MDR pathogens narrow the
spectrum of effective systemic antimicrobials while simultaneously rendering con-
ventional topical formulations, which fail to achieve sustained above-MIC drug
concentrations, therapeutically futile. Advanced formulation strategies that re-
store therapeutic efficacy against MDR wound pathogens using established an-
tibiotics, by overcoming formulation-level barriers, represent the highest-priority

research direction directly addressed by the present study.

2.3 Current Therapeutic Approaches for Wound

Infections and their Limitations

2.3.1 Systemic Antibiotic Therapy

The pharmacokinetic basis for the limited clinical efficacy of systemic antibiotic
therapy in wound infections is well established. Antibiotic penetration into wound
tissue is governed by plasma protein binding, tissue perfusion, the physicochemical
properties of the antibiotic, and the anatomical characteristics of the wound mi-
croenvironment [7]. In the diabetic foot ulcer, the most therapeutically challenging

wound infection context, peripheral arterial disease may reduce tissue perfusion
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to 10-20% of normal values, creating a pharmacokinetic dead zone in which sys-
temically administered antibiotics fail to achieve effective wound-bed concentra-
tions despite therapeutic plasma levels. Microdialysis studies in diabetic patients
have demonstrated that tissue concentrations of systemically administered fluoro-
quinolones in the foot fall below MIC values for target organisms despite nominally

therapeutic plasma concentrations.

Systemic fluoroquinolone administration subjects the drug to hepatic first-pass
metabolism and exposes all body tissues to drug concentrations, generating class-
specific adverse effects including gastrointestinal intolerance, central nervous sys-
tem toxicity (headache, dizziness, seizure risk in predisposed patients), QT interval
prolongation, tendinopathy and tendon rupture (particularly Achilles tendon rup-
ture in elderly patients receiving concurrent corticosteroids), phototoxicity, and
hypersensitivity reactions. These adverse effects carry disproportionate impact
in the elderly, immunocompromised patients who constitute the majority of the
chronic wound population. Systemic antibiotic prescribing additionally exposes
the entire body microbiome to selection pressure, accelerating resistance emer-
gence at anatomical sites remote from the wound, a concern with substantial public

health implications in the contemporary antimicrobial stewardship context.

2.3.2 Conventional Topical Formulations

Topical antibiotic creams and ointments provide the theoretical advantage of di-
rect wound-site delivery without systemic distribution. However, they suffer from
profound physicochemical and pharmacokinetic limitations that constrain clinical
utility. Wound exudate continuously flowing across the wound surface displaces
non-adhesive ointment vehicles, reducing drug-wound contact time to minutes
rather than the hours required for sustained antibacterial coverage. Cream bases
(oil-in-water emulsions) spread easily but exhibit even lower wound retention than
ointments. Both formulation types lack controlled sustained release mechanisms:
drug concentrations decline exponentially after initial application as the concen-

tration gradient dissipates, generating only a brief burst of drug delivery followed
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by rapid decay to subtherapeutic levels. For norfloxacin specifically, dissolution
from crystalline particles in conventional gel bases is further limited by the low
aqueous solubility of the drug at wound-bed pH 7.0, creating a concentration ceil-
ing on dissolved drug available for diffusion that is pharmacokinetically insufficient

to sustain inhibitory concentrations against MRSA or P. aeruginosa.

2.3.3 Advanced Wound Delivery Systems and their Re-

maining Limitations

The recognised limitations of conventional formulations have driven intense re-
search into advanced drug delivery platforms for wound infection management
[12, 30]. Liposomal formulations, vesicular systems comprising phospholipid bi-
layers encapsulating an aqueous core, offer enhanced biocompatibility and initial
improvement in skin retention but suffer from poor physical stability (drug leak-
age at 37°C and particle aggregation over shelf-life), limited drug loading for hy-
drophilic BCS Class IV molecules typically below 5% w/w, and high manufacturing
costs that constrain clinical translation. Niosomal systems (non-ionic surfactant
vesicles) offer improved chemical stability relative to phospholipid liposomes but

share similar loading and penetration limitations [12].

Chitosan-based nanofiber dressings produced by electrospinning provide a high
surface area-to-volume ratio enabling rapid initial drug release, but this same prop-
erty generates unacceptable burst release exhausting the drug reservoir within 1-2
hours, failing to provide the sustained coverage required for biofilm suppression.
Chitosan-grafted norfloxacin constructs, where the drug is covalently conjugated to
the chitosan backbone, sacrifice the concentration-dependent bactericidal kinetics
of free norfloxacin. Solid lipid nanoparticles (SLNs) represent the closest concep-
tual approach to NLC technology but are limited by polymorphic crystallisation
of the solid lipid matrix during storage, progressively reducing drug accommoda-
tion volume and generating uncontrolled drug expulsion, a critical limitation that
NLC architecture is specifically engineered to overcome. Collectively, no exist-

ing system simultaneously satisfies all criteria of the ideal topical antimicrobial
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formulation: solubilised drug delivery at wound-bed pH, sustained 12-24 hour
above-MIC release, wound bioadhesion, adequate stratum corneum penetration,
biocompatibility with wound healing processes, and physicochemical stability un-

der tropical storage conditions.

2.4 Norfloxacin: Pharmacology Physicochemi-
cal Properties and Wound Healing Rele-

vance

2.4.1 Introduction to Fluoroquinolone Antibiotics

Fluoroquinolones are synthetic broad-spectrum antibacterial agents derived from
nalidixic acid through iterative structural optimisation commencing in the 1960s
[14, 15]. The introduction of a fluorine substituent at position 6 of the quinolone
core, defining the fluoroquinolone class, substantially enhanced antibacterial po-
tency and broadened the spectrum to encompass both gram-negative and gram-
positive organisms. Norfloxacin, the first clinically approved fluoroquinolone
(United States FDA approval, 1986), retains foundational antibacterial proper-
ties against cutaneous and wound-associated bacteria, and its well-characterised
pharmacological and safety profile accumulated over four decades of clinical use
provides a robust framework for evaluating the formulation-specific performance

improvements afforded by NLC encapsulation [14, 16].

2.4.2 Physicochemical Properties and BCS Classification

The Biopharmaceutics Classification System (BCS), developed by Amidon and
colleagues, classifies drug substances according to aqueous solubility and mem-
brane permeability [17]. BCS Class IV drugs, characterised by simultaneously low

solubility and low permeability, present the most challenging biopharmaceutical



Literature Review

26

profile, requiring simultaneous enhancement of both parameters for effective deliv-

ery. Norfloxacin’s BCS Class IV classification represents a fundamental constraint

on conventional topical formulations that the NLC approach addresses at the

molecular level: lipid nanoencapsulation maintains norfloxacin in an amorphous

state, abolishing the crystalline solubility barrier, while the lipophilic NLC surface

and follicular penetration route enhance stratum corneum permeation [11, 21, 22].

TABLE 2.3: Physicochemical Properties of Norfloxacin Relevant to Topical NLC
Delivery [32, 33].

PhysicochemicalValue / De- BCS Rele- Implication for

Property scription vance Topical NLC De-
livery

Molecular For- CHFNO / 319.33 Below 500 Da Favourable MW for

mula / MW g/mol Lipinski limit membrane perme-

BCS Classifica-

tion

Aqueous  Solu-
bility

pKa (Piper-
azinyl N)

Class IV , low sol-

ubility / low per-

meability
~0.32-0.39
mg/mlL (mini-
mum near iso-

electric point pH
(7.4-7.5)
6.35

Dual  formula-

tion challenge

Critical BCS sol-
ubility parame-

ter

Governs cationic
species at skin

pH

ation; however, other
parameters limit
passive flux

Requires simultaneous
solubility and perme-
ability enhancement;
primary rationale for
NLC

Minimum availability
at  wound-bed pH;
NLC amorphous dis-
circumvents

persion

this barrier

At pH 5.5, pre-
dominantly  cationic
(~88%); increased

solubility and flux at

skin surface pH
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Table 2.3 continued from previous page

PhysicochemicalValue / De- BCS Rele- Implication for

Property scription vance Topical NLC De-
livery

pK.o (Car- 8.80 Amphoteric Zwitterionic form at

boxylic acid) character pH 7.0-8.5 with min-

imum solubility and

permeability
LogP (oc- 1.03 (zwitterionic BCS permeabil- Pronounced hy-
tanol /water) form) ity determinant  drophilicity; un-

favourable for passive
transcellular stratum
corneum permeation
Melting Point 227-228°C  (crys- Reflects crystal High melting point in-
talline) lattice energy dicates strong crystal
lattice; NLC elimi-
nates this energy bar-

rier by amorphisation

Membrane <2 x 10 em/s BCS Class IV Low passive perme-
Permeability (Caco-2) permeability cri- ability; NLC lipid-SC
(Papp) terion interaction enhances

transcutaneous drug

flux
Amax (UV) 273 nm Analytical pa- Basis for spectropho-
rameter tometric  quantifica-

tion in release and

permeation studies

Note. BCS = Biopharmaceutics Classification System; SC = stratum corneum;

NLC = nanostructured lipid carrier; Papp = apparent permeability coefficient.
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The amphoteric character of Norfloxacin, arising from the piperazinyl nitrogen
(pKa = 6.35) and the carboxylic acid (pK.e = 8.80), generates a pH-dependent
solubility profile with critical implications for topical wound delivery [18]. At skin
surface pH 4.5-5.5, the protonated cationic species exhibits enhanced solubility
(up to 6-8 mg/mL at pH 4.0) but limited membrane permeability. At wound-bed
pH 7.0-8.5, norfloxacin approaches its isoelectric point with minimum solubility
(~0.32-0.39 mg/mL), creating the paradox of minimum drug availability at the site
of maximum therapeutic need. NLC encapsulation circumvents this by maintain-
ing norfloxacin in a lipid-dissolved, pH-independent amorphous state [21, 25]. The
topological polar surface area (TPSA) of approximately 72.9 A2 approaches the
75-80 A2 threshold above which transcellular passive permeation is substantially

impaired, reinforcing the need for a carrier-mediated delivery strategy.

Norfloxacin exerts bactericidal activity through dual inhibition of two essential
bacterial type II topoisomerases [14, 15]. DNA gyrase (GyrA,/GyrB, heterote-
tramer) catalyses the introduction of negative supercoils into the bacterial chro-
mosome, relieving torsional stress ahead of the replication fork and transcription
machinery; norfloxacin intercalates between cleaved DNA base pairs and contacts
residues in the quinolone resistance-determining region (QRDR) of GyrA, partic-
ularly Ser83 and Asp87 in E. coli, stabilising the enzyme-DNA cleavage complex

and preventing strand relegation [14, 16].

Topoisomerase IV (ParCy/ParEy heterotetramer) decatenates replicated chromo-
somes during cell division; fluoroquinolone stabilisation of the topoisomerase IV-
DNA cleavage complex prevents chromosome segregation. These stabilised cleav-
age complexes generate protein-linked double-strand breaks at above-MIC con-
centrations when the replication fork encounters the stalled enzyme-DNA adduct,
triggering SOS response activation that exceeds cellular repair capacity and leads
to chromosomal fragmentation and cell death [15]. The concentration-dependent
bactericidal kinetics of Norfloxacin, achieving maximum kill rates of > 3 log reduc-
tion within 4-6 hours at 4-10x MIC, provides the pharmacodynamic rationale for
the sustained high-concentration wound-site drug delivery targeted by the NLC

formulation.
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2.4.3 Role of Norfloxacin in Wound Healing

Bacterial burden within the wound, particularly from S. aureus and P. aeruginosa,
perpetuates a destructive pro-inflammatory state characterised by elevated TNF-
a, 1L-13, and IL-6, which sustains M1 macrophage dominance and impairs the
transition to the M2 wound-healing phenotype required for tissue repair [34, 35].
In infected wounds, P. aeruginosa promotes excessive M1 macrophage activation
with a relatively inadequate M2 phenotype induction, locking the wound in a state
of persistent inflammation that arrests the proliferative phase of healing [36]. By
eradicating these pathogens, norfloxacin removes the primary bacterial stimulus
driving this dysregulated inflammatory cascade, thereby permitting macrophage
reprogramming toward the M2 wound-healing phenotype and resolution of chronic

wound inflammation.

Critically, P. aeruginosa secretes the zinc metalloprotease LasB (pseudolysin),
which directly inhibits fibroblast and keratinocyte migration and survival, de-
grades collagen, impedes neovascularization, and sustains elevated IL-6, collec-

tively arresting the proliferative phase of wound healing [37].

Elastase-producing P. aeruginosa isolates have further been shown to degrade
plasma proteins, antiproteinases, proteoglycans, and fibroblast-derived ECM com-
ponents in vitro, thus mimicking the proteolytic activity observed in chronic ulcer

fluid in vivo [38].

Concurrently, S. aureus exploits ECM proteins including fibronectin, laminin, and
collagen as adhesion substrates, [39] and its proteases disrupt these structural
components, destabilising the scaffold essential for keratinocyte and fibroblast at-

tachment and migration [40].

The suppression of these bacterial protease-driven ECM degradation mechanisms
through norfloxacin-mediated pathogen eradication restores the MMP /TIMP bal-
ance and preserves the structural integrity of the wound ECM, creating a permis-

sive environment for re-epithelialisation and dermal regeneration [41].
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These indirect mechanisms, acting through bacterial burden clearance rather than
direct pharmacological modulation of host cell signaling, provide additional ther-
apeutic rationale for the selection of norfloxacin in topical wound infection man-

agement beyond its primary bactericidal function.

2.4.4 Previous Norfloxacin Delivery Systems and their

Limitations

The pharmaceutical literature reports a diverse range of nanocarrier approaches
investigated for enhancing norfloxacin delivery, each with characteristic advantages

and well-defined limitations.

Liposomes demonstrated improvements in skin retention relative to free drug but
suffered from poor physical stability, drug leakage at physiological temperatures,
and drug loading below 5% w/w for the hydrophilic zwitterionic form of nor-

floxacin.

Niosomes offered improved chemical stability but shared similar loading and pen-

etration limitations.

Polymeric nanoparticles (PLGA, chitosan, albumin) and lipid-polymer hybrids
improved encapsulation efficiency and release kinetics but have not been compre-

hensively characterised in the wound exudate environment.

Chitosan-based nanofiber dressings uniformly exhibited critical burst release ex-
hausting the drug reservoir within 1-2 hours. SLNs represent the closest con-
ceptual approach to the present NLC system but are critically limited by lipid
polymorphism and drug expulsion during storage [24, 25].

None of the previously investigated systems has simultaneously provided amor-
phous drug solubilisation, wound bioadhesion, sustained above-MIC drug release,
and demonstrated antibacterial efficacy against both MRSA and P. aeruginosa,

the combination of attributes targeted by the present NFX-NLC Carbopol gel.
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2.5 Nanostructured Lipid Carriers: An Evolved
Lipid-Based Drug Delivery System

2.5.1 Introduction Classification of Nanocarriers and NLC

Historical Evolution

Nanotechnology, the science of structures and materials at the 1-1,000 nm scale,
has emerged as a transformative platform for pharmaceutical drug delivery, en-
abling the engineering of carrier systems with precisely controlled nanoscale dimen-
sions, surface chemistry, and release kinetics [21, 22]. At the nanoscale, the high
surface area-to-volume ratio facilitates rapid drug dissolution through amorphous
drug dispersion eliminates crystalline lattice energy barriers, enhancing apparent
solubility, while size-dependent biological interactions can be exploited to over-
come fundamental barriers to drug absorption and therapeutic efficacy [42, 43].
Table 2.4 provides a comparative classification of the principal nanocarrier systems
employed in topical drug delivery, highlighting the specific advantages that distin-
guish NLCs for the present application. Nanostructured lipid carriers were con-
ceptually developed by Miiller, Radtke, and Wissing in the late 1990s as a second-
generation solid lipid nanoparticle platform that retains the advantages of SLNs,
biocompatibility, scalability, physical stability superior to liquid nanoemulsions,
and stratum corneum permeation enhancement, while fundamentally overcoming
their drug loading and polymorphic instability limitations [23]. SLNs, composed
entirely of physiologically compatible lipids solid at body temperature (glycerides
such as Compritol® 888 ATO, Precirol® ATO 5, cetyl palmitate), suffer from
well-characterised limitations: drug loading is severely constrained because drug
molecules can only be accommodated in crystal imperfections and grain bound-
aries (typically 5-10% w/w); lipid crystal polymorphism, the thermodynamically
driven conversion from metastable o and 8 polymorphs to the stable 5 polymorph,
progressively reduces drug accommodation space, causing drug expulsion during
storage; and the resulting burst release substantially reduces suitability for sus-

tained drug delivery applications [24, 25].



TABLE 2.4: Classification and Comparative Properties of Principal Nanocarrier Systems for Topical Drug Delivery

Nanocarrier = Matrix Size (nm) Drug Load- Release Pro- Key Advantage Main Limitation
Type Composi- ing file
tion
Liposomes Phospholipid  100-400 Low-moderate Burst; pH- Biocompatible;  cell Poor stability; drug
bilayers sensitive membrane-mimetic leakage at 37°C
Niosomes Non-ionic 100-500 Low-moderate Sustained Improved chemical Limited loading for
surfactant stability vs liposomes  hydrophilic drugs
vesicles
Polymeric NPs  PLGA, chi- 100400 Moderate Sustained; pH- Versatile surface func- Organic solvents in
tosan, PLA responsive tionalisation preparation;  higher
cost
Dendrimers Branched <10 Low (surface Fast Precise size; multiva- Cytotoxicity; complex
polymers only) lent surface synthesis
SLNs Solid lipid 50-400 Moderate Controlled; Biocompatible; scal- Polymorphic transi-
only burst risk able tions; drug expulsion
on storage
NLCs Solid + liquid  100—400 High Sustained; Amorphous drug dis- Preparation optimisa-
lipids biphasic persion; high loading; tion required

stable

Note. SLNs = solid lipid nanoparticles; NLCs = nanostructured lipid carriers; PLGA = poly(lactic-co-glycolic acid); PLA = polylactic

acid.
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NLC technology overcomes each of these limitations by incorporating structurally

incompatible liquid lipids that prevent complete crystallisation of the matrix.

2.5.2 Structural Characteristics: The Imperfect Lipid Ma-

trix Concept

The structural basis of NLC superiority over SLNs lies in the deliberate creation

of an imperfect lipid matrix.

TABLE 2.5: Classification of NLC Structural Types with Drug Loading Mech-
anisms and Applications

NLC Structural Lipid Ma- Drug Loading Preferred Ap-
Type Descrip- trix Organi- Capacity plication
tion zation
Imperfect  Solid lipid Partially Moderate to high; Lipophilic drugs
Type predom- crystalline substantially en- requiring en-
inates with  amor- hanced over SLN hanced skin
with small phous do- baseline retention
amounts of mains; liquid
liquid lipid lipid creates
creating nanospaces
crystalline in the crystal
defects lattice
Multiple Higher Solid lipid High; drug par- Highly lipophilic
Type liquid lipid shell en- titions prefer- drugs; prolonged
content capsulating entially into oil extended release
generating liquid oil core; nanodroplets
oil nan- nanoemulsion-
odroplets  within-
within the nanoparticle
solid lipid architecture

matrix
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Table 2.5 continued from previous page

NLC Structural Lipid Ma- Drug Loading Preferred Ap-
Type Descrip- trix Organi- Capacity plication
tion zation
Amorphous Fully Completely Highest; amor- BCS Class II/IV
Type amorphous amorphous; phous  solubility drugs  requiring
solid no crystalline exceeds crys- amorphous  sol-
matrix domains; talline  solubility ubility enhance-
produced  maximum by 1.1-1.7-fold ment; present
by lipid drug accom- study
blends modation
that resist space; pre-
crystalli- vents drug
sation on expulsion
cooling

Note. The present study employs an amorphous/imperfect hybrid NLC matrix
using Precirol ® ATO 5 (solid lipid) and Labrafac ® WL 1349 (liquid lipid) at

optimised solid-to-liquid ratios.

In a conventional SLN composed of structurally similar solid lipids (e.g., tristearin
and tripalmitin), the lipid molecules pack efficiently into a well-ordered crystalline
lattice with minimal free volume, excluding drug molecules from the interior. In an
NLC, the introduction of a structurally disparate liquid lipid, typically a medium-
chain triglyceride, an unsaturated fatty acid, or a mixed glyceride with branched
or short-chain fatty acid residues such as oleic acid or caprylic/capric acid, gen-
erates spatial incompatibilities with the regular solid lipid crystal lattice. These
structural incompatibilities prevent complete crystallisation, creating domains of
amorphous or nanocrystalline lipid in which drug molecules are accommodated
within the spaces between disordered lipid chains. The greater the structural
dissimilarity between solid and liquid lipid components, the more profoundly is

crystallinity disrupted and the greater the drug loading capacity and physical sta-
bility achievable.
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2.5.3 Composition of the Proposed NFX-NLC Formula-

tion

Precirol® ATO 5 (glyceryl palmitostearate) is selected as the solid lipid compo-
nent on the basis of its established use in numerous published NLC formulations
for topical drug delivery, its relatively low melting point (50-60°C) enabling NLC
preparation at temperatures compatible with norfloxacin thermal stability, its su-
perior norfloxacin lipid solubility compared with long-chain saturated glycerides,
and its regulatory acceptability as a GRAS-designated pharmaceutical excipient
25, 44]. Labrafac® WL 1349 (caprylic/capric triglycerides) is selected as the lig-
uid lipid on the basis of its structural incompatibility with Precirol ATO 5, which
generates the imperfect matrix required for enhanced drug loading, its widely re-
ported use in Precirol-based NLC formulations, and its demonstrated ability to
solubilise norfloxacin in the liquid lipid phase. Transcutol® P (diethylene glycol
monoethyl ether) serves the dual function of drug solubiliser , substantially increas-
ing norfloxacin’s apparent solubility in the lipid phase and improving encapsulation
efficiency , and permeation enhancer that modifies stratum corneum hydration and

lipid organisation to facilitate transcutaneous drug transport [11, 45].

2.5.4 Mechanisms of Drug Release from NLCs

Drug release from NLC formulations proceeds through multiple simultaneous
mechanisms whose relative contributions depend upon lipid matrix composition,
degree of crystallinity, and the environmental conditions at the site of applica-
tion [28, 46]. Diffusion-controlled release, described by Fickian diffusion theory,
occurs as drug molecules dissolved in the NLC lipid matrix diffuse down their
concentration gradient through the lipid core to the lipid-water interface, where
they partition into the aqueous phase and become available for biological activity.
Surface desorption contributes an initial rapid release component from weakly ad-
sorbed drug at the NLC surface, a burst phase that may be beneficial for initiating

rapid antibacterial activity.



TABLE 2.6: Composition of the NFX-NLC Formulation: Excipient Roles and Selection Justification

Component Chemical Identity

Functional Role

Concentration Key Property

Regulatory Status

Range
Precirol® Glyceryl palmi- Solid lipid matrix former 3-8% w/w Melting point GRAS; pharma-
ATO 5 tostearate (C16/C18 50-60°C; excellent copoeial excipient
mixed glycerides) norfloxacin lipid
solubility
Labrafac®  Medium-chain triglyc- Liquid lipid; crystallinity 1-3% w/w Structural incompat- GRAS; widely used in
WL 1349 erides (C8/C10 disruptor ibility with Precirol topical formulations
caprylic/capric esters) generates  imperfect
matrix
®
Transcutol  Diethylene glycol Co-surfactant; drug sol- 2-5% w/w Enhances norfloxacin Pharmacopoeial;
P monoethyl ether ubiliser; permeation en- lipid-phase solubility; GRAS-designated
(DGME) hancer promotes SC hydra-
tion and partitioning
Tween® 80 Polysorbate 80 (poly- Primary surfactant; emulsi- 1.5-3% w/w HLB 15; excellent GRAS; pharma-
oxyethylene sorbitan fier; particle stabiliser O/W  emulsification; copoeial
monooleate) prevents nanoparticle

aggregation
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Table 2.6 continued from previous page

Component Chemical Identity

Functional Role

Concentration Key Property

Regulatory Status

Range

Poloxamer  Polyoxyethylene- Co-surfactant; steric sta- 0.5-1.5% w/w PEO chains provide GRAS; widely used
188 polyoxypropylene biliser steric stabilisation; stabiliser

block copolymer prevents Ostwald

ripening

Carbopol®  Crosslinked poly- Gel former; bioadhesive 0.3-0.9% w/w Pseudoplastic  rheol- FDA GRAS; pharma-
940 acrylic acid (Car- agent ogy; wound bioadhe- copoeial

bomer 940) sion; transparent gel;

pH-sensitive gelation

Note. GRAS = generally recognised as safe; HLB = hydrophile-lipophile balance; SC = stratum corneum.

MINIY dUNIDLIJLT
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Matrix erosion by tissue lipases at the wound surface provides a third mechanism of
therapeutic relevance, progressively exposing encapsulated drug in a degradation-

rate-dependent manner.

The Korsmeyer-Peppas power law relates cumulative drug release to a release ex-
ponent n: n < 0.43 indicates Fickian diffusion; 0.43 < n < 0.85 indicates anomalous
(non-Fickian) transport combining diffusion with matrix relaxation or erosion; n
> 0.85 indicates Case II erosion-controlled transport [28]. NLC formulations in-
corporating lipophilic or poorly water-soluble drugs typically exhibit anomalous
transport (n = 0.5-0.7), consistent with the dual-barrier mechanism of lipid core

diffusion followed by Carbopol gel network retardation.

2.5.5 Skin Permeation Enhancement by NLCs

The molecular mechanisms by which NLCs enhance transcutaneous drug per-
meation are multifactorial. At the stratum corneum-formulation interface, NLC
lipid components interact with the lamellar lipid bilayers of the stratum corneum
through lipid exchange and partial miscibility, introducing the liquid lipid compo-
nent (medium-chain triglycerides) into the highly ordered ceramide-rich lamellae.
This lipid intercalation perturbs the crystalline lipid phase organisation, increasing
bilayer fluidity and transiently reducing the diffusional resistance of the stratum
corneum to drug permeation, an effect that is reversible and dose-dependent, pro-
viding enhancement without permanent barrier disruption [11]. Application of
lipid nanoparticle formulations additionally creates an occlusive film that reduces
transepidermal water loss, increasing stratum corneum hydration and expanding
the aqueous pore pathways that represent the principal transcutaneous route for
polar drugs. Hair follicles provide a third and distinct permeation pathway: NLC
particles in the 100400 nm size range preferentially accumulate in hair follicle
ostia by a physical funnel effect driven by the cyclical hair movement cycle, de-
livering drug to the dermal compartment at 1-2 mm depth and bypassing the
interfollicular stratum corneum entirely [11, 45]. The combination of these three

mechanisms, lipid exchange, occlusive hydration, and follicular shunt penetration,
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collectively generates the enhanced flux demonstrated for NLC formulations in ex

vivo Franz diffusion cell studies.

2.5.6 Carbopol 940 as the Gel Matrix for NLC Integration

The incorporation of norfloxacin-loaded NLCs into a semisolid Carbopol 940 gel
matrix addresses the fundamental limitation of liquid NLC dispersions for topi-
cal wound application: inadequate wound residence time [26, 27]. Carbopol 940,
a high-molecular-weight crosslinked polyacrylic acid homopolymer (MW ~4,000
kDa; crosslinked with allyl sucrose at ~1-2% w/w), forms clear, highly viscous
gels at concentrations of 0.1-2.0% w/w upon neutralisation with triethanolamine
(pKa ~4.5-5), converting -COOH to -COO groups whose electrostatic repulsion
extends polymer chains and dramatically increases network mesh density and hy-

drodynamic volume [26].

Carbopol 940 gels exhibit pseudoplastic (shear-thinning) behaviour with
thixotropic recovery, the rheological profile ideally suited for topical wound ap-
plication. Under low-shear conditions, high viscosity prevents gravitational dis-
placement from wound surfaces; application shear reduces viscosity for uniform
distribution with minimal discomfort; and rapid viscosity recovery after shear ces-
sation restores wound retention. Bioadhesion, arising from hydrogen bonds and
van der Waals forces between polyanionic carboxylate groups and wound-surface
glycoproteins, provides the sustained formulation-wound contact essential for drug
delivery in the dynamic wound environment, an adhesive performance reported to
exceed that of HPMC, HEC, and carbomer 934P at equivalent concentrations [?
|. Incorporation of the NLC dispersion into the Carbopol gel matrix addition-
ally prevents nanoparticle aggregation and sedimentation, ensuring uniform dose
distribution throughout the product shelf-life. The dual NLC-gel release system
generates a biphasic drug release profile: initial burst from NLC surface drug pro-
viding rapid antibacterial activity, followed by sustained release from the lipid core
retarded further by the Carbopol gel network, maintaining above-MIC concentra-

tions over clinically relevant periods [28, 46].
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2.6 Previous NLC-Based Topical Gels for Anti-

Infective and Wound Healing Applications

The application of NLC gel systems to topical anti-infective and wound healing
drug delivery has been explored across several drug classes, collectively establish-
ing the platform feasibility and clinical potential of the Carbopol 940-NLC gel
approach [21, 47]. Table 2.7 summarizes the most directly relevant published for-
mulation studies, providing a structured comparison of NLC composition, gel base,
key outcomes, and the specific limitations or gaps that distinguish each study from

the present investigation.

Among the most directly relevant published studies is the work of Zafar and col-
leagues, who developed and characterised erythromycin-loaded NLC gel formula-
tions using Precirol ATO 5 as solid lipid, oleic acid as liquid lipid, and Carbopol
940 as the gel former , the same principal excipient combination adopted in the
present study , demonstrating significantly enhanced skin retention, drug release
kinetics, and zone of inhibition against S. aureus relative to plain erythromycin
gel [47]. This study provides direct experimental precedent for the antibacterial
performance enhancement achievable through the Carbopol 940-NLC platform.
Joshi and Patravale’s gatifloxacin nano lipid carrier system for ophthalmic deliv-
ery [48] is mechanistically relevant as a precedent for fluoroquinolone-specific NLC
encapsulation advantages , enhanced fluoroquinolone solubilisation in the lipid
matrix, sustained release, and superior antibacterial efficacy , directly applicable
to norfloxacin as a structurally related first-generation fluoroquinolone. Lohan
and Bhatia’s amphotericin B NLC gel [19], employing the identical Precirol ATO
5/Labrafac WL 1349 excipient combination as the present study, demonstrated a
3.2-fold enhancement in skin permeation relative to plain drug gel, providing the
closest compositional precedent in the published literature. The absent category
in the published NLC gel literature is norfloxacin itself, specifically, a norfloxacin
NLC gel evaluated against all four principal wound pathogens at multiple dose
levels, ex vivo skin permeation at both physiologically relevant pH conditions, and

[ICH-compliant stability under accelerated tropical conditions.



TABLE 2.7: Representative Published NLC-Based Topical Gel Formulations for Anti-Infective and Wound Healing Applications

Reference Drug

NLC Compo-

sition

Gel Base

Key Outcome

Limitation / Gap Relative
to Present Study

Zafar

et al.

(2022)

Erythromycin

Stearic  acid

(solid lipid),

Oleic acid

(liquid lipid),

Pluronic

F127 (surfac-

tant)

Carbopol 940

4+ Chitosan

blend  (pH-

sensitive n

situ gel)

Particle size 169.6 + 4.8 nm; EE 81.7 +

1.4%; 1.51-fold enhanced permeation flux

vs plain drug gel; sustained release >24 h;

superior ZOI against S. aureus and E. col

Ophthalmic (bacterial con-

junctivitis) application, not

topical wound delivery; no

evaluation against MRSA

or P. aeruginosa; mno ex

vivo skin permeation at

wound-bed pH 7.4; no ICH

Q1A(R2) Zone IVDb acceler-
ated stability data
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Table 2.7 continued from previous page

Reference Drug NLC Compo- Gel Base Key Outcome Limitation / Gap Relative
sition to Present Study

Mahdi  Butenafine Compritol Carbopol 934 Particle size 111 nm; EE 86.35%; pro- Antifungal application only;

et al. HCI 888 ATO (1% w/v) longed drug release 65.09% =+ 4.37%; drug no  antibacterial ~wound

(2021) (solid lipid), permeation 641.37 £ 46.59 u g (3.2-fold pathogen evaluation; no

[49] Labrasol vs conventional gel); negligible irritation MRSA or P. aeruginosa

(liquid lipid),
Tween 80
(surfactant);

Box Behnken
design

opti-

misation

score (0.17); superior antifungal ZOI at

both 12 h and 24 h

data; no dual-pH (5.5 / 7.4)

er wviwo skin permeation;
no wound bioadhesion
Carbopol

characterisation;

934 base, not Carbopol 940

MINIY dUNIDLIJLT
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Table 2.7 continued from previous page

Reference Drug NLC Compo- Gel Base Key Outcome Limitation / Gap Relative
sition to Present Study

Shettigar Clarithromycin Precirol ATO Carbopol Particle size 164.8 nm; ZP - 39.2 mV; Limited to Cutibacterium

et al 5 (solid lipid), 934P  (0.5% EE 88.16%; improved sustained-release ki- acnes (acne vulgaris); no

(2021) Capryol 90 w/v) netics (diffusion-controlled); ex vivo per- evaluation against MDR

[50] (liquid lipid), meation 89.5% vs marketed gel 65%; en- wound pathogens (MRSA,
Tween 80 hanced anti-acne efficacy P. aeruginosa); no ZOI in-
(surfactant) terpretation against CLSI

M100 susceptibility break-
points; no ICH QIA(R2)
stability under tropical con-

ditions (40 °C/75% RH); no

dual-pH permeation

MINIY dUNIDLIJLT
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Table 2.7 continued from previous page

Reference Drug NLC Compo- Gel Base Key Outcome Limitation / Gap Relative
sition to Present Study

Joshi Gatifloxacin ~ Compritol HPMC-based Particle size <200 nm; enhanced corneal Ophthalmic delivery, not

et al. (4th- 888 ATO in situ oph- drug levels and transcorneal permeation topical cutaneous wound

(2023)  generation and Pre- thalmic gel vs commercial GTX eye drops; superior application; no ez wvivo

[51] fluoro- cirol ATO 5 ZOI against S. aureus and P. aeruginosa; skin permeation through

quinolone) (solid lipids), improved precorneal retention; sustained stratum corneum at any

Tween 80,
Poloxamer
407  (surfac-

tants);  hot

homogenisa-

tion 4 probe

sonication

ocular release

pH; 4th-generation fluoro-
quinolone with distinct re-
sistance profile from 1st-

generation norfloxacin; no

MRSA susceptibility profil-

ing; no ICH wound-relevant

stability
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Table 2.7 continued from previous page

Reference Drug NLC Compo- Gel Base Key Outcome Limitation / Gap Relative
sition to Present Study

Lohan  Amphotericin Beeswax Carbopol 934 Particle size 180 nm; PDI 0.32; ZP- Antiparasitic/antifungal

& Bha- B (BCS Class (solid lipid), (bioadhesive  28.8 mV; significantly enhanced exr wvivo application (cutaneous

tia IV) liquid  lipid gel) skin permeation vs plain drug gel; con- leishmaniasis); not antibac-

(2025) phase; trolled biphasic release; skin biocompat- terial; no evaluation against

[52] microwave- ibility confirmed by histopathology; im- MRSA or P. aeruginosa;
assisted proved drug stability no dual-pH ex vivo perme-
synthesis; ation; Carbopol 934 (not
Tween 80 940); distinct NLC excip-

ient system from present

study; no ICH Zone IVb

stability

MINIY dUNIDLIJLT

av



Table 2.7 continued from previous page

Reference Drug NLC Compo- Gel Base Key Outcome Limitation / Gap Relative
sition to Present Study

Present  Norfloxacin Precirol ATO Carbopol Broad-spectrum topical wound antibac- First study integrating

Study (BCS Class 5 (solid lipid), 940  (0.3%, terial activity against S. aureus ATCC NFX-NLC into Carbopol

IV) Labrafac WL 0.6%, 0.9% 6538, MRSA ATCC 43300, E. coli ATCC 940 gel; first to simul-

1349 (liquid w/w); three 25922, and P. aeruginosa ATCC 27853 by taneously demonstrate

lipid), Tween gel strengths agar well diffusion at 2.5, 5, and 10 mg susceptible-range 701

80, Polox- evaluated dose levels; ZOI interpreted against pub- against MRSA and P.

amer 188 lished norfloxacin susceptibility thresh- aeruginosa from a nor-

(surfactants), olds (susceptible > 17 mm, intermedi- floxacin ~ NLC  topical

Transcu- ate 13 -16 mm, resistant < 12 mm); formulation; first dual-pH

tol P (co- dual-pH ez vivo permeation (pH 5.5 and ez vivo skin permeation and

surfactant  /
permeation

enhancer)

7.4) via Franz static diffusion cells; ICH
Q1A(R2)-compliant accelerated stability
at 40 °C/75% RH (Zone IVb)

quantified enhancement ra-
tio (ER) for norfloxacin
NLC gel; first ICH Zone
IVb stability dataset for

this formulation class

MINIY dUNIDLIJLT

9%
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Note. ZOI = zone of inhibition; CLSI = Clinical and Laboratory Standards In-
stitute; API = active pharmaceutical ingredient; MRSA = methicillin-resistant S.

aureus; MDR = multidrug-resistant.

No published study has simultaneously demonstrated susceptible-range antibacte-
rial activity against MRSA and P. aeruginosa from a norfloxacin topical formula-
tion, the most clinically important and therapeutically recalcitrant organisms in
the chronic wound infection landscape. The present study directly and compre-

hensively addresses each of these gaps.

2.7 Literature Gap and Rationale of the Present
Study

2.7.1 Summary of Identified Literature Gaps

A systematic review of the published literature on norfloxacin topical delivery,
NLC-based anti-infective formulations, and Carbopol gel systems for wound man-
agement identifies six specific, well-defined gaps that collectively provide the sci-

entific justification for the present study.

First, no published study has developed, characterised, or evaluated a norfloxacin-
loaded NLC incorporated into a Carbopol 940 gel matrix for topical wound heal-
ing applications [21, 47]. Norfloxacin has been investigated in SLN, polymeric
nanoparticle, liposomal, and chitosan-based nanofiber systems, but the NLC-
Carbopol 940 gel combination, which uniquely offers amorphous drug dispersion
(overcoming the BCS Class IV crystalline solubility barrier), lipid-mediated stra-
tum corneum permeation enhancement (overcoming the low-permeability barrier),
bioadhesive wound retention, and sustained controlled release , has not been re-

ported in the published pharmaceutical literature.

Second, existing norfloxacin delivery systems have not been systematically evalu-

ated against all four principal wound pathogens, S. aureus (ATCC 6538), MRSA
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(ATCC 43300), E. coli (ATCC 25922), and P. aeruginosa (ATCC 27853), at mul-
tiple dose levels with rigorous ZOI-based susceptibility profiling. Dave et al. [53]
developed norfloxacin-loaded lipid-polymer hybrid nanoparticles for topical burn
wound therapy and confirmed retained antimicrobial efficacy against S. aureus and
P. aeruginosa. Mohammed et al. [54] formulated positively charged norfloxacin-
loaded lipid-polymer hybrid nanoparticles in gel form and demonstrated enhanced

antibacterial activity against S. aureus, and P. aeruginosa.

El-Saghier et al. [55] screened norfloxacin and its analogues using the agar cup
diffusion method against S. aureus (ATCC 6538), E. coli (ATCC 25923), K. pneu-
moniae (ATCC 10031), and P. aeruginosa (ATCC 27853), reporting norfloxacin
MIC values of 7.83 ptM against S. aureus and 1.96 pM against MRSA; however,

these work did not involve a drug delivery system or topical gel formulation.

No study to date has integrated NFX-NLC into a Carbopol gel system and simul-
taneously assessed susceptibility across all four wound pathogens including MRSA

at multiple dose levels, representing the primary novelty of the present work.

Third, comprehensive ex vivo skin permeation data at both pH 5.5 and pH 7.4
receptor conditions are absent for any norfloxacin NLC gel formulation [56, 57].
This dual-pH permeation evaluation is pharmacokinetically critical: the cationic
norfloxacin species predominant at pH 5.5 (piperazinyl protonation, pKa = 6.35)
exhibits substantially higher aqueous solubility than the minimum-solubility zwit-
terion at pH 7.4, generating a larger concentration gradient and consequently supe-
rior transcutaneous flux at the primary topical application condition. No published
study has quantified this pH-dependent permeation advantage for norfloxacin NLC
formulations or established its pharmacokinetic significance for wound-site drug

delivery.

Fourth, stability data under ICH Q1A(R2) accelerated storage conditions
(40°C/75% RH, Pakistan’s Zone IVb climate) are absent for norfloxacin NLC gel
formulations [58]. Without such data, no regulatory submission for clinical use in
tropical climates is feasible, and the long-term physical and chemical integrity of

NLC formulations under relevant storage conditions cannot be established.
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Fifth, no comparative evaluation has established the pharmacokinetic value-added
contribution of NLC encapsulation versus plain norfloxacin Carbopol gel in the
wound healing context, leaving clinicians and formulators without evidence-based
guidance for selecting between NLC and conventional gel options. The enhance-
ment ratio (ER = Jss,NLC-gel / Jss,plain-gel) at clinically relevant pH conditions

is a particularly important metric for which published data are unavailable.

Sixth, the characterisation of norfloxacin-loaded NLC gels by DSC, XRD, and
FTIR in combination, the methodological triad required to confirm amorphous
drug dispersion, assess lipid crystallinity reduction, and establish drug-excipient
chemical compatibility , has not been reported for this drug-excipient system,
leaving the physicochemical basis for any NLC-mediated performance advantage

unestablished.

2.7.2 Rationale and Justification for the Present Formula-

tion Strategy

The scientific rationale for the present study rests upon the convergence of three
independently compelling lines of evidence. First, the unambiguous clinical signif-
icance of wound infections caused by the four target organisms, S. aureus (ATCC
6538), MRSA (ATCC 43300), E. coli (ATCC 25922), and P. aeruginosa (ATCC
27853) , and the demonstrably inadequate performance of all currently avail-
able topical antimicrobial formulations in managing these infections with the sus-
tained, penetrating drug delivery that resistant organisms require. Second, the
well-established pharmacological basis for norfloxacin’s broad-spectrum bacteri-
cidal activity against precisely these wound pathogens, combined with its BCS
Class IV physicochemical characteristics that conventional topical formulations
are structurally incapable of overcoming. Third, the mechanistic, in vitro, and ex
vivo evidence base demonstrating that NLC-mediated encapsulation consistently
enhances apparent solubility, stratum corneum permeation, and sustained con-
trolled release of poorly soluble drugs , a body of evidence directly applicable to
the present formulation strategy [19, 21, 22, 47].
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NLCs are justified over alternative nanocarrier platforms on the basis of their
unique combination of attributes: high drug loading for BCS Class IV molecules
through amorphous lipid matrix drug dispersion; physical and chemical stabil-
ity over storage periods and temperature conditions relevant to clinical use in
tropical Pakistan; intrinsic biocompatibility of physiological glyceride lipid com-
ponents with the wound healing environment; lipid composition-mediated stra-
tum corneum permeation enhancement; and scalable manufacture using hot ho-
mogenisation followed by ultrasonication. All NLC components, Precirol ATO 5,
Labrafac WL 1349, Tween 80, Poloxamer 188, Transcutol P, and Carbopol 940 |,
are GRAS-designated or pharmacopoeially established excipients with extensive
pharmaceutical safety profiles, providing a regulatory-compliant excipient selection
that facilitates eventual clinical translation. Carbopol 940 is justified over alter-
native hydrophilic gelling agents (HPMC, HEC, carbomer 934P) on the basis of
its superior bioadhesive properties, pseudoplastic rheological profile, optical trans-
parency enabling wound inspection through the applied gel, and demonstrated

biocompatibility with wound healing processes [27, 36, 59].

The proposed NFX-NLC Carbopol 940 gel exploits the complementary and syn-
ergistic advantages of lipid nanoencapsulation and bioadhesive gel-based topical
delivery. The NLC component provides norfloxacin solubilisation through amor-
phous dispersion, sustained release through matrix diffusion, and stratum corneum
permeation enhancement through lipid exchange and follicular penetration. The
Carbopol 940 gel matrix provides wound bioadhesion extending contact time,
physical NLC stabilisation preventing aggregation, an additional release-retarding
diffusion barrier, pseudoplastic application characteristics, and patient acceptabil-
ity. Together, these components are designed to deliver norfloxacin at sustained
concentrations exceeding the MIC of all four target organisms at the wound site
over clinically relevant periods, an outcome that is demonstrably unachievable with
conventional norfloxacin gel formulations and that constitutes the novel, clinically
significant contribution of the present thesis to the topical anti-infective formula-

tion literature.
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Materials and Methods

3.1 Materials

Norfloxacin (purity > 98%) was acquired from OBS Pakistan (Pvt), Ltd. The
solid lipid Precirol® ATO 5 (glyceryl palmitostearate) and liquid lipid Labrafac®
WL 1349 (medium-chain triglycerides) were generously supplied by Gattefosse

(France).

The co-surfactant and permeation enhancer used was Transcutol® P (diethylene

glycol monoethyl ether) which was purchased from Gattefossé.

The nonionic surfactants used were T'ween 80 (polysorbate 80) and Poloxamer 188,
which were bought from Merck (Germany). The gelling agent used was Carbopol
940 (crosslinked polyacrylic acid polymer) which was purchased from Lubrizol
(USA).

Triethanolamine and NaOH (sodium hydroxide) were purchased from Merck (Ger-
many) as pH adjustors. Solvents used were acetic acid, absolute ethanol and

distilled water.

All additional chemicals and reagents were of analytical grade and utilized without

further purification.

51
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3.2 Preparation of Norfloxacin-Loaded Nanos-

tructured Lipid Carriers

The Norfloxacin loaded NLCs were formulated by the hot homogenization and
ultrasonication technique which is a well-established procedure for preparing
nanoscale lipid dispersions with narrow size distribution and high EE [60]. The
solid and liquid lipids (Precirol® ATO 5, glyceryl palmitostearate and Labrafac®
WL 1349, medium-chain triglycerides, respectively) were precisely weighed in de-
termined proportions and then melted in a water bath over 75-80°C (about 10°C
above the melting point of the solid lipid). Next, norfloxacin was dissolved in
the molten lipid phase by continuous magnetic stirring with a speed of 500 rpm
until it was transparent and homogeneous. Then the lipid melt was added to
Transcutol® P (diethylene glycol monoethyl ether) to improve the drug solubiliza-
tion and better the interfacial properties of the lipid matrix [61]. Meanwhile, the
aqueous phase was also prepared by dissolving the nonionic surfactants, Tween
80 and Poloxamer 188, in distilled water and heated to 75 to 80°C to prevent
solidification of the mixture due to the premature solidification of the nonionic
surfactant. In order to create a coarse oil-in-water emulsion, the hot aqueous sur-
factant solution was subsequently introduced dropwise to the molten lipid phase
under high-shear homogenization using a high-speed homogenizer (IKA T25 digi-
tal Ultra-Turrax, Germany) at 10,000-15,000 rpm for two to three minutes. The
resulting coarse emulsion was immediately subjected to ultrasonication (QSonica
Q700, USA) at 70% amplitude with 10-second on/off cycles for 5-15 minutes to
reduce the droplet size to the nanometer range and ensure uniform dispersion [62].
The hot nanoemulsion was then rapidly cooled by immersion in an ice bath under
continuous magnetic stirring at 500 rpm for 30 minutes to promote recrystalliza-
tion of the lipid phase and formation of solidified nanostructured lipid carriers.
The obtained NLC dispersion was stored in airtight amber glass vials at 25°C un-
til further characterization. Blank NLCs were prepared without incorporation of
drug using the same process [63]. A total of thirteen NLC formulations (F1-F13)

were prepared by systematically varying the independent formulation parameters,
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including total lipid concentration (3-7% w/w), solid-to-liquid lipid ratio (50:50
to 90:10), surfactant concentration (0.5-2.5% w/v), Transcutol P content (10-30%
v/v), homogenization speed (8,000-20,000 rpm), and processing time (5-15 min).

The detailed composition of all formulations is presented in Table 3.1.

TABLE 3.1: Composition of Norfloxacin NLC Formulations (F1-F13)

Form. Lipid Precirol: Surfactant Transcutol Homog. Time
(% Labrafac (% w/v) P (% Speed (min)
w/W) (Solid: v/v) (rpm)
Liquid)
F1 ) 70:30 1.5 30 12,000 10
F2 3 70:30 1.5 30 12,000 10
F3 7 70:30 1.5 30 12,000 10
F4 ) 50:50 1.5 30 12,000 10
F5 ) 90:10 1.5 30 12,000 10
F6 5 70:30 0.5 30 12,000 10
F7 ) 70:30 2.5 30 12,000 10
F8 ) 70:30 1.5 10 12,000 10
F9 ) 70:30 1.5 20 12,000 10
F10 ) 70:30 1.5 30 8,000 10
F11 ) 70:30 1.5 30 20,000 10
F12 ) 70:30 1.5 30 12,000 )
F13 5 70:30 1.5 30 12,000 15
AQUEOUS PHASE

LIPID PHASE

) B

® Solid lipid Precirol® ATO 5
© Liquid lipid Labrafac® WL 1349 @ Tiveen 80
O Norfloxacin A Transcutol® P in distilled water

FIGURE 3.1: Preparation of Lipid Phase (A) and Aqueous Phase (B)
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3.3 Characterization of Norfloxacin-Loaded

NLCs

3.3.1 Particle Size, Polydispersity Index, and Zeta Poten-
tial

Dynamic light scattering (DLS) was executed using a Zetasizer Nano ZS (Malvern
Instruments, UK) to determine the mean particle size, polydispersity index (PDI)
and zeta potential of the prepared NLC formulations. Samples were diluted with
filtered distilled water (1:100 v/v) as necessary to prevent multiple scattering
and allowed to equilibrate at 25°C for 2 minutes before measuring. The results
of particle size and PDI gave an idea of the size of the nanoparticles and the
homogeneity of the size distribution, while the results of zeta potential on the
surface charge and the stability of the nanoparticles as a colloidal system. All
measurements were performed in triplicate (n = 3), and results were expressed as

mean + standard deviation (SD) [64].

3.3.2 Encapsulation Efficiency

The encapsulation efficiency of norfloxacin in NLCs was determined using an ul-
tracentrifugation method. A known volume of NLC dispersion (1 mL) was placed
in ultracentrifuge tubes and centrifuged at 15,000 rpm for 30 minutes at 4°C
(Beckman Coulter Optima XPN-100, USA) to separate the drug-loaded nanopar-
ticles from the unentrapped free drug. The supernatant containing the free drug
was carefully collected and filtered through a 0.45 ym membrane filter (Millipore,
USA). The concentration of free norfloxacin in the supernatant was determined
spectrophotometrically at Amax = 273 nm using a UV-Vis spectrophotometer

(Shimadzu UV-1800, Japan) against a blank NLC supernatant as reference [65].

The %EE was calculated using the following equation 3.1:
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Total drug added — Free drug in supernatant y

EFE =
% Total drug added

100 (3.1)
All measurements were performed in triplicate (n = 3), and results were expressed

as mean + standard deviation (SD) [66].

3.3.3 Scanning Electron Microscopy

The surface morphology and shape of the optimized norfloxacin-loaded NLCs were
examined using scanning electron microscopy (SEM, JEOL JSM-6490LA, Japan)
[67]. A small drop of NLC dispersion was placed on a carbon-coated copper
grid, air-dried at room temperature, and sputter-coated with gold under argon
atmosphere using a sputter coater (SC7620, Quorum Technologies, UK) to render
the samples conductive. The samples were then imaged at an accelerating voltage
of 15 kV at various magnifications (1,000x to 100,000x). The micrographs were
analyzed for particle shape, surface characteristics, and the existence or absence

of crystalline drug deposits.

3.3.4 Differential Scanning Calorimetry

DSC analysis was performed using a differential scanning calorimeter (DSC 8500,
PerkinElmer, USA) to investigate the crystalline behavior of lipids and possible
drug-excipient interactions. Samples of pure norfloxacin, pure Precirol ATO 5,
blank NLCs (without drug), and optimized norfloxacin-loaded NLCs were accu-
rately weighed (5-10 mg) and sealed in aluminum pans. The analysis was con-
ducted under nitrogen purge (20 mL/min) at a heating rate of 10°C/min over a
temperature range of 25-300°C. An empty sealed aluminum pan served as ref-
erence. Thermograms were obtained and analyzed for variation in the melting
endotherm, peak temperature and enthalpy values with the help of Pyris Software
(PerkinElmer). The changes in the melting endotherms suggested the incorpora-

tion of drugs in the lipid matrix and possible solid-state modifications [68].
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3.3.5 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy was used to evaluate potential chemical interactions between
norfloxacin and excipients in the optimized formulation. Pure norfloxacin, individ-
ual excipients, blank NLCs, and drug-loaded NLCs were analyzed directly without
prior sample preparation. Each sample was placed onto the diamond attenuated
total reflectance (ATR) crystal of the FTIR spectrophotometer (Bruker Tensor I,
Germany) and firmly pressed to ensure optimal contact. Spectra were recorded in
ATR mode over the wavenumber range of 4000-400 cm ™! at a resolution of 4 cm~!
with 32 scans per sample. The characteristic absorption peaks of norfloxacin were

analyzed for any shifts, broadening, disappearance, or appearance of new peaks

indicative of chemical interactions between the drug and the lipid matrix [20].

3.3.6 X-Ray Diffraction

X-ray diffraction analysis was performed using an X-ray diffractometer (Bruker
D8 Advance, Germany) with Cu Ka radiation (A = 1.54 A) at 40 kV and 30 mA
to assess the crystalline or amorphous nature of pure norfloxacin, pure Precirol
ATO 5, blank NLCs, and optimized drug-loaded NLCs. Samples were scanned
throughout a 26 range of 10-80° at a scanning speed of 2°/min at room temperature
in a flat sample holder with a uniform surface. The diffractograms were compared
to identify alterations in characteristic diffraction peaks, peak intensities, or peak
broadening that may indicate a transition from crystalline to amorphous state

following drug incorporation into the lipid matrix [69, 70].

3.3.7 In Vitro Drug Release and Release Kinetics

The in wvitro release profile of norfloxacin from the NLC formulations was deter-
mined using the dialysis bag diffusion method. A known volume of NLC dispersion
(2 mL, equivalent to 6 mg norfloxacin) was placed inside a pre-soaked dialysis mem-

brane (MWCO 12-14 kDa, Sigma-Aldrich, USA) and sealed securely. The dialysis
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bag was immersed in 100 mL of phosphate buffer (pH 7.4) and acetate buffer (pH
5.5) maintained at 37 £ 0.5°C with constant magnetic stirring at 100 rpm. Af-
ter a set period of time (0.5, 1, 2, 4, 6, 8, 12, 16, 20, and 24 h), 2 mL aliquots
were removed from the receptor medium and replaced with fresh pre-equilibrated

receptor medium to preserve the sink conditions.

Norfloxacin in withdrawn samples was measured spectrophotometrically at the

wavelength of maximum absorbance value (Amax) of 273 nm [47].

The drug release kinetics were studied by fitting the release data to four mathemat-
ical models namely zero order, first order, Higuchi model and Korsmeyer—Peppas

model.

The model which showed the highest correlation coefficient (R?) was determined
as the best fit model and the release mechanism was interpreted based on the
diffusion exponent (n) obtained from the Korsmeyer—Peppas model, where n <
0.45 specified Fickian diffusion, 0.45 < n < 1.0 indicated anomalous (non-Fickian)

transport, and n = 1.0 indicated Case II (relaxation-controlled) transport [71].

3.4 Preparation of Norfloxacin-Loaded NLC Gel

The optimized norfloxacin-loaded NLC dispersion was incorporated into Carbopol
940 hydrogel to produce a semi-solid topical formulation with enhanced bioadhe-
sive properties and prolonged skin contact time. Three gel formulations were pre-
pared using varying concentrations of Carbopol 940 (0.3%, 0.6%, and 0.9% w/w)
to determine the optimal polymer concentration for desired rheological properties

and wound compatibility.

Briefly, accurately weighed Carbopol 940 was dispersed slowly in distilled water
at room temperature under continuous magnetic stirring at 100 rpm for 3 hours

to ensure complete hydration and polymer swelling.

The hydrated dispersion was then left overnight at 4°C to remove entrapped air

bubbles and achieve complete polymer network formation.
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A dispersion of the prepared NLC was then added dropwise to the prepared hy-
drated Carbopol dispersion under magnetic stirring at 100 rpm for 30 minutes to

ensure the homogeneity of the dispersion.

Then the mixture was neutralized to pH 5.5-6.0 by dropwise addition of tri-
ethanolamine (0.5 mL) under gentle stirring to induce gelation and provide the

final gel consistency.

Appropriate amounts of 0.1 M NaOH or 0.1 M acetic acid were added to adjust
the pH to the wound compatible range (5.5-6.5). The gels were then prepared
and allowed to equilibrate for 30 minutes at 2-8°C to ensure that the gels were

uniform and stable.

The optimized NLC gel with 0.3% of Carbopol 940 was chosen for further char-
acterization due to optimum viscosity and spreadability. A plain norfloxacin gel
(without NLC encapsulation) was prepared by dispersing the same amount of free
norfloxacin in Carbopol 940 gel using the same method. All the gel formulation

were kept in sealed containers at room temperature for characterization [72].

o Preparation Lipid Phase o Preparation and ° High Shear ° Ultra sonication
Homogenization

sonication of the Aqueous Phase

: . Drop-wise Addition of Aqueous
Precirol ATO 5 + Labrafac WL Tiween 80+ Poloxamer 188 in

. phase in Lipid phase at 10,000- Sonicate the coarse emulsion for
1349 + Transcutol P + Norfloxacin | | disilled water ( heated to 75°C). 15,000 RPM (forms coarse e
e Sonicated for 5-10 mins emulsion)
w . 7

. B o N
° Cooling/Solidification ° Carbopol Gel Formation o Gel Formation

y g A I
Add NLC dispersion to Carbopol,
Rapid cooling on ice bath under Disperse Carbopol 940 in water stir, neutralize with Triethanolamine

stirring forms solid NLCs and let swell overnight adjust pH to 5.5 10 6.5
v \ 7 \

NFX-NLC Carbopol 940 Gel.

FIGURE 3.2: Schematic diagram of the preparation of NFX loaded NLC based
Carbopol Gel
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3.5 Characterization of Norfloxacin-Loaded

NLC Gel

3.5.1 Physical Appearance pH Viscosity and Spreadabil-
ity

The physical appearance of the prepared gel formulations was visually evaluated
against white and black background for consistency, texture, homogeneity and
color uniformity. A small quantity of gel was rubbed between the thumb and
forefinger to assess smoothness and also see if there was any grittiness and/or

particulate matter present [73].

Gel formulations pH was determined by dispersing 250 mg of gel in 50 mL dis-
tilled water and the pH value was measured at room temperature using calibrated
digital pH meter (Mettler Toledo FE20, Switzerland). Measurements were taken
in triplicate and expressed as Mean + SD [50]. The viscosity was measured at dif-
ferent speeds of rotation (0.5 to 100 rpm) using a Brookfield DV-II Pro viscometer
(Brookfield Engineering, USA) fitted with spindle S64 at 25°C to determine the
shear-thinning (pseudoplastic) behavior. The viscosity data was fitted to the power
law model (7 = K+™) and flow index (n) values were calculated. All measurements

were done three times (n = 3) [74].

Spreadability was measured by horizontal glass plate method. Then about 1 g
of gel was poured on a glass plate (diameter: 2 cm) marked, and the other glass
plate weighing 50 g was carefully laid on the glass plate and kept for 5 minutes.
Changes in diameter were measured due to spreading and spreadability (g-cm/s)

was calculated according to the following formula:

M x L
T

Spreadability = (3.2)

where M is the weight applied (50g), L is the spread diameter (cm) and T is the

time required for separation [75].
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Extrudability was measured by exerting equal pressure on collapsible tubes con-
taining gel and determining the pressure required to extrude 1g of gel (g/cm?). All
measurements were carried out in triplicate (n = 3), and the data are presented

as the mean + standard deviation (SD) [49].

3.5.2 Drug Content Uniformity

The amount of drug in the gel formulations was determined by dissolving accu-
rately weighed gel (100mg) in 100mL phosphate buffer pH 7.4, which was con-
tinuously stirred for 4 hours to extract the drug completely. After filtering the
mixture through a 0.45 pm membrane filter, the norfloxacin concentration was
determined using spectrophotometry at Amax=273 nm. The drug content was de-
termined using the theoretical drug loading %. The measurements were performed

in triplicate (n = 3) and reported as mean + SD [76, 77].

3.5.3 FEx Vivo Skin Permeation Study

The ex vivo skin permeation potential of the optimized norfloxacin-loaded NLC gel
was evaluated using Franz diffusion cells (PermeGear, USA) with excised ear skin
of rabbits. The study was conducted in accordance with the institutional ethical
standards. Ear lobes skin was removed from sacrificed New Zealand White rabbits
(2.5kg to 3.5kg), carefully cleaned to eliminate hairs, and placed in phosphate-
buffered saline (PBS) solution (pH 7.4) for 1 hour before use. The samples of
skin were kept frozen at -20°C and thawed to room temperature prior to mounting

78, 79].

The skin samples were carefully placed between the donor and receiver compart-
ments of the Franz diffusion cell with the stratum corneum towards the donor
chamber (effective diffusion area = 1.77 cm?). The two-receptor media used were
PBS pH 5.5 (acidic wound surface environment) and PBS pH 7.4 (physiological
environment). The receptor compartment was filled with 20 mL of the respective

PBS medium and the temperature was kept at 37 £+ 0.5°C and stirring at 600 rpm
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to ensure sink conditions throughout the experiment. An optimized NLC gel (F1)
was prepared and an accurately weighed amount (1 g, corresponding to 3 mg of
norfloxacin) was evenly spread over the surface of stratum corneum in the donor

compartment, along with a plain gel (free norfloxacin without NLC encapsulation).

Aliquots of 1ml were taken from the receptor compartment after 0.5, 1, 2, 4, 6, 8,
12, 16, 20 and 24 hours and replaced with fresh PBS of the same pH. The contents
of norfloxacin in the withdrawn samples was estimated spectrophotometrically at

the Amax equal to 273 nm.

The skin permeation profile was obtained by plotting the cumulative amount of
medication permeated per unit area (ug/cm?) against time. The steady-state flux
(Jss) was computed using the linear section of the cumulative permeation curve

that represents steady state:

J, = —< (3.3)

where A is the effective diffusion area (cm?), At is the time interval during the
steady-state linear region (h), and AQ is the total amount of medication pene-

trated during steady state (ug).

The permeability coefficient (Kp) was calculated as:

K, =2 (3.4)

Where Cd is the initial drug concentration in the donor compartment (pg/mL).

The enhancement ratio (ER) was calculated to evaluate the permeation enhance-

ment conferred by NLC encapsulation:

J(NLC gel)

ER= =5\~ o5")
R Jss(Plain gel)

(3.5)
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All skin permeation experiments were conducted in triplicate (n = 3). Data are ex-
pressed as mean + SD. Statistical comparison between formulations was performed
using unpaired two-tailed Student’s t-test, with p < 0.05 considered statistically
significant [52, 80].

3.5.4 Skin Irritation Test

The Draize skin irritation test was used to assess the dermal biocompatibility
of the optimized norfloxacin NLC Carbopol 940 gel in nine healthy adult New
Zealand White rabbits (Oryctolagus cuniculus), in compliance with OECD (Or-
ganization for Economic Co-operation and Development) Test Guideline 404 for
acute dermal irritation/corrosion [81]. The Research Ethics Committee, Faculty
of Pharmacy, Capital University of Science and Technology, Islamabad, accepted
the study protocol (Approval Ref: REC/FOP/CUST/2025/08). All animals were
acclimatized under standard laboratory conditions (22 + 2°C, 55 + 5% RH, 12 h

light /dark cycle) with unrestricted access to standard food and water.

Three groups (n=3 per group) were formed randomly. Test group consisted of op-
timized norfloxacin NLC Carbopol 940 gel. The positive control was SLS solution
(0.8% w/v) and the negative control was the site that was not treated (baseline

skin response).

To prevent any microscopic damage to the skin, rabbits had the dorsal side of
their skin shaved using an electric clipper a day before the application of the
formulation. An area of approximately 6 cm? on the skin was marked. An exact
weight (0.1 g) of the test material was applied to the designated area using a
sterile polypropylene spatula and was secured with an occlusive patch to ensure
sustained contact with skin. Clinical observations for erythema and edema were
conducted at 24, 48, and 72 hours after application. Measurements were based
upon the Draize scoring system (0 = None; 1 = Mild; 2 = Moderate; 3 = Severe)
[82]. At 72 hours the Primary Irritation Index (PII) was calculated. Based on
OECD classification: PII < 0.5 = non-irritant; PII 0.5-2.0 = slightly irritant; PII

> 2.0 = moderately to severely irritant [83].
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3.5.5 Stability Studies

The optimized NLC gel formulation was subjected to the physical and chemical
stability testing under three storage conditions (refrigerated (4 £+ 2°C), ambient
(25 +£ 2°C / 60 + 5% RH) and accelerated (40 + 2°C / 75 + 5% RH)) as per
the ICH Q1A(R2) guidelines. Amber glass vials were used to store samples for 3

months with aluminum foil to prevent air leakage.

Samples were taken at fixed time intervals (0, 1, 2 and 3 months) and analyzed for
particle size, polydispersity index, zeta potential, pH, viscosity, drug content and
physical appearance. One way ANOVA and Tukey’s post-hoc test were utilized
for statistical analysis. Any changes were deemed statistically significant when the

value was < 0.05 [51].

3.6 Antimicrobial Assay

The antibacterial efficacy of the optimized norfloxacin-loaded NLC gel was eval-
uated against four clinically relevant wound pathogens: Staphylococcus aureus
(ATCC 6538), methicillin-resistant Staphylococcus aureus (MRSA, ATCC 43300),
FEscherichia coli (ATCC 25922), and Pseudomonas aeruginosa (ATCC 27853) us-
ing the agar well diffusion method [84].

The overnight culture was adjusted to 0.5 McFarland (~1.5 x 10* CFU/mL) and
uniformly swabbed onto Mueller-Hinton agar (MHA) plates with sterile cotton
swabs. Test formulations were punched into the agar and 50 uL of these placed
in the well (6 mm) at three concentrations of the drug (10, 5 and 2.5 mg nor-
floxacin/well). The optimized norfloxacin loaded NLC gel (NFX-NLC gel), plain
norfloxacin gel (positive control), blank NLC gel (negative control), blank Car-
bopol gel (negative control) and DMSO (solvent control) were tested. The plates
were then incubated at 37°C for 24 hours and the zones of inhibition (ZOI) were
measured with a digital caliper. Each experiment was conducted three times and

the results were reported as mean + SD.
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Antibacterial activity was assessed by the agar well diffusion method, a well-
validated technique for evaluating the antimicrobial potential of pharmaceutical
formulations including topical drug delivery systems [85]. Zones of inhibition
were interpreted using the norfloxacin susceptibility thresholds consistently ap-
plied across the contemporary norfloxacin antibacterial literature: susceptible >
17 mm, intermediate 13-16 mm, and resistant < 12 mm, corresponding to MIC
breakpoints of < 16 pg/mL (susceptible) and > 32 pg/mL (resistant). These
thresholds continue to serve as the primary reference standard for norfloxacin sus-
ceptibility interpretation in published investigations of norfloxacin formulations
and analogues, including recent studies employing the agar cup diffusion method
against S. aureus, MRSA, and Gram-negative wound pathogens. Since the present
study employs norfloxacin topically for wound infection management — an indi-
cation for which no independently established topical breakpoints exist — appli-
cation of these widely adopted ZOI thresholds is both scientifically justified and

consistent with current practice in the norfloxacin antibacterial literature [86, 87].

3.7 Statistical Analysis

All data are given as mean + standard deviation (SD) or standard error of the
mean (SEM) as appropriate. GraphPad Prism software version 9.0 (GraphPad
Software, USA) was used for statistical analysis. Multiple group comparisons were
made using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test.
Unpaired two-tailed Student’s t-test was used for two-group comparisons. A two-
way ANOVA with Sidak’s multiple comparison test was performed for permeation
data with two independent variables (pH and time) to find significant differences
between pH conditions throughout the time course. The p value of < 0.05 was
set as the significance criterion. All experiments were repeated three times (unless

otherwise stated).
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Results and Discussion

4.1 Encapsulation Efficiency

Norfloxacin NLCs were systematically evaluated in terms of encapsulation effi-
ciency (% EE) in all the 13 developed batches. EE values were statistically sig-
nificantly different between the formulations (one-way ANOVA, Tukey’s post hoc
analysis, p<0.05) and showed a wide range from 61.20+0.48% (F10) to 94.954+0.13%
(F1) as presented in Table 4.1. The F1 formulation showed consistently good en-
capsulation efficiency (94.95 + 0.13%), which demonstrates the ability of this

optimized NLC design to provide high drug loading efficiency.

The systematic change in %EE over the thirteen formulations gives clues to the
mechanism of the factors that affect the drug loading capacity. F3 (77.30 + 0.40%)
and F12 (74.38 £+ 0.37%) demonstrated comparatively higher EE values among
the remaining formulations except F1, while F6 (71.97 + 0.99%) and F11 (71.82
+ 0.82%) exhibited moderate entrapment. F10 recorded the lowest encapsulation
efficiency overall (61.20 £+ 0.48%), followed closely by F9 (64.00 £ 0.76%) and
F5 (64.69 + 0.50%). These differences may be systematically explained by the
differences in the architecture of the lipid matrix. Formulations containing less
than optimum solid lipid concentrations, an imbalanced solid:liquid lipid ratio

or insufficient surfactant content demonstrate a reduced drug entrapment ability,
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which is in line with the previously described drug loading mechanics in NLCs

38, 89).

These observations can be explained by the “imperfect crystal” model. In this
model, by adding liquid lipid (Labrafac WL1349) to the solid lipid (Precirol
ATO5), the crystal lattice is disrupted and numerous imperfections and cavities
are created into which the drug molecules can move, i.e. drug accommodation sites
[90]. The ratio of Precirol:Labrafac in F1 is 70:30, which is an optimum ratio that
allows the maximum amount of space for the drug to be accommodated, while at
the same time keeping the integrity of the nanoparticles. However, formulations
with a high solid lipid content, as in the case of the dominant Precirol ATOb5 in
F10, create a very ordered crystalline matrix, in which lattice imperfections are
very limited and drug accommodation is consequently reduced and EE is reduced
[91]. Likewise, formulations containing formulations with imbalanced lipid ratios
(F4: 50:50 and F5: 90:10) show suboptimal EE because either too much liquid
lipid is used, which negatively affects matrix stability, or too much solid lipid is
used with a limited space for accommodating the drug. Surfactant concentration
is another important factor and insufficient (F6: 0.5%) and excess (F7: 2.5%)
concentrations adversely affect EE by different mechanisms of insufficient emulsi-
fication and micellar competition for drug molecules, respectively [92].

TABLE 4.1: Norfloxacin NLC Formulation’s Encapsulation Efficiency (EE%) (n
= 3) Data displayed as mean £+ SD (n = 3).

Formulation EE% Mean + SD
F1 94.95 + 0.13
F2 67.95 + 0.36
F3 77.30 = 0.40
F4 69.06 + 0.76
F5 64.69 + 0.50
F6 71.97 + 0.99
F7 66.77 £ 0.47

F8 64.85 £ 0.53




Results and Discussion 67

Table 4.1 continued from previous page

Formulation EE% Mean + SD
F9 64.00 £ 0.76
F10 61.20 + 0.48
F11 71.82 + 0.82
F12 74.38 + 0.37
F13 65.20 + 0.38

4.2 In Vitro Drug Release and Kinetics

The in wvitro drug release behaviour of the developed norfloxacin NLC formula-
tions (F1-F13) was systematically explored at simulated wound surface (pH 5.5)
and physiological (pH 7.4) pH using dialysis bag diffusion technique (MWCO 12-
14 kDa). The receptor media were acetate buffer (pH 5.5) and phosphate buffered
saline (PBS, pH 7.4) which were kept at 37 4+ 0.5°C and stirred continuously at 100
rpm during the 24-hour study period. The cumulative drug release profile at both
pH conditions is shown in figure 4.1 and Table 4.2 displays the release kinetic pa-
rameters derived from the zero order, first order, Higuchi, and Korsmeyer-Peppas

models.

All 13 formulations were found to show sustained controlled release of the drug
without reaching a plateau at the pH of 5.5 which corresponds to the mildly acidic
microenvironment of healing and infected wound surfaces, reflecting prolonged
drug delivery from the lipid matrix architecture [93]. The highest cumulative drug
release (90.1 4+ 2.50% at 24 h) was observed with formulation F1, statistically
superior to all other formulations (p < 0.05, one-way ANOVA followed by Tukey’s
post hoc test).

The increase in the release of norfloxacin from F1 at pH 5.5 is mechanistically
consistent with the ionization behaviour of norfloxacin: at pH 5.5, norfloxacin

(pK .1 =~ 6.35) exists primarily as a cationic form, which is more soluble in water
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than its zwitterionic form at pH 7.4, causing the concentration gradient (AC) to
become greater, which in turn increases the diffusion of the drug from the lipid
matrix into the receptor medium [94]. Formulation F13 under acidic conditions
had the lowest cumulative release at 24 hours (44.80 £+ 1.50%). Despite sharing
the identical lipid composition and solid-to-liquid ratio as the optimized F1, F13

was subjected to a prolonged processing time of 15 min (versus 10 min for F1).

This extended ultrasonication induced excessive mechanical stress and localized
thermal effects, promoting polymorphic transition of the lipid matrix to a more
ordered crystalline state and subsequent particle re-aggregation (as reflected by
the highest PDI of 0.562 in Table 4.3). The resultant compact crystalline lattice
physically entrapped the drug, markedly restricting its diffusion into the receptor

medium [95].

All the formulations showed statistically significant and marked decrease in cu-
mulative drug release at pH 7.4 compared to pH 5.5 (p<0.05). The cumulative
release of F1 at 24 h at pH 7.4 was 27.2 £+ 1.5%, which was 62.9 percentage points
lower than at pH 5.5. The release reduction was mechanistically attributed to
the near-isoelectric state of norfloxacin at physiological pH, characterized by the
presence of an electrically neutral zwitterion with minimum aqueous solubility
(0.32-0.39 mg/mL), resulting in limited drug concentration gradient to drive the

drug diffusion and increased drug retention within the lipid core of Precirol [96].

Among the formulations, F13 showed the least release at pH 7.4 (4 + 0.3%),
while F10 was also severely limited (5.2 + 0.3%). While F10’s restriction was
due to insufficient homogenization speed (8,000 rpm) resulting in large particle
sizes, F'13’s hindered release stemmed from over-processing-induced crystallinity

and re-aggregation.

In both cases, the inherently limited aqueous solubility of the zwitterionic drug
at near-neutral pH further reduced the driving concentration gradient, synergis-
tically restricting diffusion from the crystalline lipid core [97]. The encapsulation
efficiency and the composition of the lipid matrix are directly related to the dif-

ferential release of the formulations at both pH. The formulations with higher EE
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(F1) also showed more cumulative release, suggesting that the higher the amount
of drug loaded in the lipid matrix, the more the drug can be released via diffusion.
On the other hand, formulations with lower EE showed lesser cumulative release

which suggested restricted availability of the drug in the formulation matrix.

Four mathematical models (zero-order, first-order, Higuchi and Korsmeyer-Peppas
model) were evaluated using release kinetic modelling which revealed that the
Korsmeyer-Peppas model was the best fit for all thirteen formulations at both pH
with R2 ranging from 0.980 to 0.999.

This model was better than that of zero order (R? 0.930-0.982), first order (R?
0.536-0.880) and Higuchi (R? 0.970-0.996) models, thereby proving that the com-
plex release mechanism from the dual NLC-Carbopol matrix system, could not be

suitably explained by simpler kinetic models [98].

Diffusion exponent (n) obtained from Korsmeyer-Peppas model were in the range
of 0.570 to 0.741 for all the formulations at both pH levels and is clearly between
0.45 and 1.0, indicating non-Fickian (anomalous) transport. This transport mech-
anism is a mixture of Fickian diffusion through the NLC lipid matrix and swelling
controlled relaxation of the Carbopol 940 polymer network [99]. The n value for
formulation F1 at both pH 5.5 (n=0.654) and 7.4 (n=0.615) are in the anomalous
transport range, and there is a slightly more polymer relaxation contribution at

pH 7.4 compared to pH 5.5.

The significantly lower value of the Korsmeyer-Peppas rate constant (Kxp) at
pH 7.4 (3.453) compared to pH 5.5 (12.184), further confirms the significantly
reduced driving force for the diffusion of the drug at the physiological pH, where
norfloxacin acquires a near-isoelectric zwitterionic state, which results in a much
lower concentration gradient from the lipid core into the receptor medium. The
Higuchi model also fitted well (R? = 0.990-0.994 for F1), and it was also found
that diffusion through the lipid matrix is a major part of the overall anomalous
transport mechanism, which is Fickian. Such kinetic results are typical of NLC-
Carbopol gel systems described in the literature, which has a dual matrix structure

with a diffusion barrier of NLCs and a polyacrylate gel and is intrinsically not
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Fickian, with the release controlled by the resistance of both the lipid core and

the hydrogel polymer network.
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FIGURE 4.1: In Vitro drug release profile of Norfloxacin NLC Loaded Gel at

(A) pH 5.5, (B) pH 7.4 and (C) Cumulative mean drug release at both pH 5.5

and 7.4. Data are represented as Mean + SD (n = 3). One-way ANOVA (p <
0.05) was used to compare between groups for statistical significant.



TABLE 4.2: The In Vitro drug release kinetic parameters of Norfloxacin NLC formulations (F1-F13) at both pH are listed.

First-Order R?

K-P R?

Form. pH Zero-Order R? K, K Higuchi R? K_H KKP n

F1 5.9 0.957 4.966 0.536 0.173 0.994 16.473  0.999 12.184  0.654
F1 7.4 0.965 1.469 0.687 0.114 0.990 4.826 0.996 3.453 0.615
F2 5.5 0.958 3.841 0.592 0.159 0.989 12.616  0.991 8.859 0.676
F2 7.4 0.970 1.161 0.737 0.101 0.988 3.807 0.999 2.606 0.636
F3 5.5 0.976 3.272 0.626 0.151 0.983 10.595  0.999 7.132 0.697
F3 7.4 0.936 0.761 0.754 0.080 0.988 2.534 0.991 1.718 0.637
F4 5.5 0.962 4.069 0.558 0.164 0.992 13.335  0.998 9.730 0.661
F4 7.4 0.983 0.925 0.815 0.087 0.970 2.912 0.999 1.592 0.741
F5 5.5 0.955 4.352 0.557 0.167 0.992 14.548  0.996 10.935  0.644
F5 7.4 0.958 1.319 0.707 0.108 0.991 4.349 0.994 3.125 0.611
F6 5.9 0.967 4.361 0.566 0.166 0.990 14.336  0.999 10.237  0.671
Fo6 7.4 0.976 1.025 0.774 0.094 0.981 3.291 0.997 2.162 0.653
F7 5.5 0.966 3.211 0.626 0.150 0.986 10.285  0.990 6.800 0.704
F7 7.4 0.957 0.658 0.791 0.076 0.992 2.156 0.995 1.590 0.601
F8 5.9 0.970 3.416 0.607 0.154 0.988 11.137  0.999 7.735 0.682
F8 7.4 0.951 0.919 0.728 0.0929 0.996 3.089 0.999 2.417 0.570
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Table 4.2 continued from previous page

Form. pH Zero-Order R2 K, First-Order R? K, Higuchi R? K_H K-PR? KKP n

F9 5.5 0.983 2.747 0.666 0.142 0.975 8.743 0.993 5.605 0.719
F9 7.4 0.972 0.430 0.856 0.053 0.986 1.400 0.999 0.920 0.655
F10 5.9 0.958 2.541 0.687 0.136 0.973 8.111 0.980 4.953 0.735
F10 7.4 0.982 0.258 0.880 0.027 0.977 0.839 0.997 0.527 0.677
F11 5.5 0.977 3.072 0.636 0.148 0.983 9.933 0.999 6.669 0.698
F11 7.4 0.973 0.541 0.824 0.065 0.986 1.747 0.999 1.157 0.653
F12 5.9 0.969 2.994 0.642 0.146 0.981 9.635 0.990 6.419 0.702
F12 7.4 0.972 0.366 0.871 0.046 0.987 1.189 0.998 0.795 0.648
F13 5.5 0.951 2.352 0.672 0.132 0.981 7.559 0.986 4.842 0.713
F13 7.4 0.968 0.202 0.839 0.015 0.983 0.688 0.993 0.480 0.623

K-P = Korsmeyer—Peppas; n = diffusion exponent; n < 0.45 = Fickian diffusion; 0.45 < n < 1.0 = anomalous (non-Fickian) transport;

n = 1.0 = Case II transport. All formulations exhibit anomalous transport (n = 3).
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Zero order (0.957-0.965) and first order (0.536-0.687) were also less satisfactory
than the Korsmeyer-Peppas model in explaining the drug release of all formu-
lations, which suggested that the drug release from this system was not simply
concentration-independent or simple exponential decay [100]. The pH dependent,
anomalous transport release profile of the norfloxacin NLC formulations provides

an approach that can be clinically rational in treating topical wound infection.

The formulation is designed to deliver the norfloxacin at a faster, more complete
rate at pH 5.5 (conditions found in infected and healing wounds), and sustain and
prolong the release at pH 7.4 (deeper dermal and physiological tissue conditions).
This pH responsive behaviour can allow for greater drug levels to be delivered
at the wound surface where there are maximum numbers of bacteria, and to re-
tain and sustain drug levels in the underlying tissues where there is potential for
systemic absorption and toxicity. Sustained release profile over 24 hours without
reaching a plateau further supports Clinical utility of this formulation which might
enable once daily application and increase patient compliance. Drug release be-
havior under various physiological situations can be described and predicted using
the anomalous transport mechanism (diffusion and swelling-controlled release),

which will further support formulation development and clinical translation [101].

4.3 Particle Size Polydispersity Index and Zeta

Potential

F1’s particle size (prepared with 5% w/w total lipid, Precirol ATO5: Labrafac
WL1349 ratio of 70:30, 1.5% total surfactant, 30% v/v Transcutol P, homoge-
nization speed of 12,000 rpm, and 10 min processing time) was 102 nm, the PDI
was 0.267, and the zeta potential was -37.7 mV, the smallest particle size and the
lowest PDI and the highest negative zeta potential when compared with all tested
formulations. The influence of total lipid content on particle properties was clearly
demonstrated by comparing F2 (3% lipid; 214.1 nm, PDI 0.474, ZP -15.8 mV) and
F3 (7% lipid; 216.3 nm, PDI 0.472, ZP -13.6 mV) with F1. Insufficient mass of the
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lipid matrix (F2) led to the formation of larger particles with broad particle size
distribution and poor surface charge stability at 3% total lipid. Excessive lipid
concentration (F3, 7%), on the other hand, encouraged the aggregation of particles
and coalescence of lipids during cooling, leading to an increase in particle size and
PDI [102]. In contrast, excess lipid concentration (F3, 7%) promoted particle ag-
gregation and lipid coalescence during the cooling phase, increasing both particle
size and PDI. This biphasic behaviour is due to the fact that at sufficiently high
concentrations of the lipid, the viscosity of the internal phase is sufficiently high
such that efficient emulsification during high shear homogenization is not possible

103).

Solid to liquid ratio of the lipids was a key factor for the properties of NLC
particles. The particle size of F4 (Precirol: Labrafac = 50:50) was significantly
larger (477.1 nm, PDI 0.468, ZP -15.0 mV) because of the high liquid lipid content
which decreased the rigidity of the matrix and caused particle aggregation [104].
F5 (Precirol: Labrafac = 90:10) on the other hand, was found to have the highest
mean particle size of 485.5 nm, lowest PDI (0.429) and ZP (-12.9 mV), which
was obtained due to highly ordered crystalline matrix formed by the highest solid
lipid content. The Precirol matrix is a rigid matrix with high crystallinity, which is
thermodynamically less favourable for drug accommodation and emulsification and
which leads to the development of large particles with the lowest zeta potential
of the various lipid ratio variants [22]. The 70:30 ratio Precirol:Labrafac in F1
represents an optimum ratio, and the amount of liquid lipid-derived structural
disorder provides imperfections in the lipid crystal lattice leading to increased
accommodation space for the drug and subsequently reduced particle size, thus

satisfying the well-established ”imperfect crystal” NLC model [105].

An obvious influence of the surfactant concentration (Tween 80) on the particle
size and the colloidal stability was observed. F6 (0.5% surfactant; PDI 0.344; ZP
-15.1 mV) resulted in the largest particle size (492.2 nm) as the surfactant used
was not sufficient to completely cover the lipid—water interface, causing incom-

plete emulsification to be formed and poor steric/electrostatic stabilization of lipid
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droplets during the homogenization process. Increasing the surfactant concentra-
tion to 2.5% (F7) further reduced the particle size (163.2 nm) through enhanced
emulsification compared to F6. However, the excess surfactant molecules formed
free micelles in the dispersion, which resulted in a markedly reduced zeta potential
(-14.7 mV), indicating compromised electrostatic stabilization. While the PDI of
F7 (0.326) was slightly narrower (more uniform) than that of F6 (0.344), both
values remained higher than the optimal F1 (0.267), suggesting that either insuf-
ficient or excessive surfactant leads to suboptimal size homogeneity. The primary
drawback of excess surfactant was therefore the loss of colloidal stability rather
than a worsening of size distribution. The concentration of Tween 80 in F1 is
1.5%, which is the optimum concentration for sufficient coverage of the interface

but with a minimum of free micellar interference [106, 107].

The physicochemical properties of NLCs significantly changed with the concen-
tration of Transcutol P. Both F8 (10% Transcutol P; P; 300.6 nm, PDI 0.376,
ZP -25.8 mV)) and F9 (20% Transcutol P; 305.7 nm, PDI 0.409, ZP -26.2 mV)
showed higher particle sizes than F1, indicating that 30% Transcutol P is needed
to achieve optimum plasticization of the interface and optimum reduction of the
interfacial tension during NLC formation. Transcutol P is used as a co-solvent
and penetration enhancer and at adequate concentrations it alters the interfacial
properties of the lipid/water interface to improve the formation of nanoparticles

with small and homogeneous size distribution [108].

The properties of the particles were significantly affected by the speed of homog-
enization, which in a certain range was non-linear. The slowest speed (F10, 8,000
rpm; 295.2 nm, PDI 0.476, ZP -25.8 mV) did not generate enough shear energy to
break up the lipid droplet fully into the nanometer range, resulting in the highest
PDI value of the speed variants. With F11 (20,000 rpm, 213.5 nm, PDI 0.547,
ZP -13.8 mV), a higher speed led to lipid overheating and particle coalescence

resulting in a high PDI, and a marked deterioration in surface charge.

Likewise, too low a homogenization time (F12, 5 min; 176.1 nm, PDI 0.408, ZP

-15.3 mV) led to incomplete emulsification, whereas too high a homogenization
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time (F13, 15 min; 167.6 nm, PDI 0.562, ZP -16.0 mV) produced the highest PDI
of all due to mechanical over-processing and thermal degradation of the lipids

leading to re-aggregation [109].

The zeta potential of F1 (-37.7 mV) exceeded the critical stability value of £30 mV,
which is considered as the universal value for a colloidally stable dispersion with
a sufficient electrostatic repulsion between the particles to avoid aggregation and
coalescence during storage [110]. In contrast, all other formulations gave the results
of zeta potentials in the range of -12.9 mV to -26.2 mV, below this value of stability,
indicating a lower value of long-term physical stability. The formulation F1 with
the smallest particle size (102 nm), lowest PDI (0.267) indicating narrow and
monodisperse size distribution and largest negative zeta potential (-37.7 mV) was
identified as the formulation with the most promising physicochemical properties

among all the formulations tested [111].

TABLE 4.3: Physicochemical Characterization of Norfloxacin NLC Formula-
tions (F1-F13)

Formulation Particle Size  Polydispersity Zeta Potential

(nm) Index (PDI) (mV)
F1 102.0 0.267 -37.7
F2 214.1 0.474 -15.8
F3 216.3 0.472 -13.6
F4 477.1 0.468 -15.0
F5 485.5 0.429 -12.9
F6 492.2 0.344 -15.1
F7 163.2 0.326 -14.7
F8 300.6 0.376 -25.8
F9 305.7 0.409 -26.2
F10 295.2 0.476 -25.8
F11 213.5 0.547 -13.8
F12 176.1 0.408 -15.3

F13 167.6 0.562 -16.0
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FIGURE 4.2: The particle size distribution and zeta potential of F1 formulation.
(A) The particle size histogram displayed monomodal distribution with mean
diameter of 102 nm and PDI of 0.267 and the Zeta potential distribution (B)
showed excellent colloidal stability with surface charge of -37.7 mV. Data are

the average
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of triplicates (n = 3).

Based on the results of the extensive physiochemical characterization, encapsula-

tion efficiency and in vitro drug release, F1 was selected as the optimized formu-

lation for further development. F1 had the smallest particle size (102 nm), the
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narrowest polydispersity index (0.267), and the highest zeta potential (-37.7 mV)
among all thirteen formulations, which all indicate the best possible combination
of critical quality attributes that give the product the most favorable colloidal sta-
bility and homogeneous dispersion. F1 had also shown the highest encapsulation
efficiency (94.95 £ 0.13%) with an extraordinary ability to load the drug in the
lipid matrix [112].

F1’s in vitro drug release profile was also impressive which revealed highest drug
release at pH 5.5 (90.1 + 2.5% after 24 hours) and sustained release at pH 7.4
(27.2 £ 1.5%) with the anomalous non-Fickian transport kinetics (Korsmeyer —
Peppas R2 = 0.999, n = 0.654 at pH 5.5) indicating dual diffusion/swelling con-
trolled release. The pH dependent release behaviour (increased delivery at low
pH at the wound surface and sustained release at the physiological pH) offers a
pharmacokinetically rational basis for topical management of wound infections.
Based on the results obtained for various parameters such as particle character-
istics, drug loading capacity and drug release kinetics, it is clear that F1 is the
most promising formulation to be incorporated in the gel matrix of Carbopol 940
for further investigation of ex vivo permeation, dermal safety, antibacterial activ-
ity and stability. Thus, the optimized formulation of F1 was chosen for all the

subsequent characterization studies.

4.4 Scanning Electron Microscopy

To evaluate particle shape, surface morphology and the uniformity of the struc-
ture which influences the colloidal stability, the drug release behaviour and the
functional performance of optimum NLC formulation (F1) was characterized us-
ing scanning electron microscopy (SEM). The SEM micrographs (Fig. 4.3) taken
at a wide range of magnification (1,000 to 100,000 ) showed mostly well-formed,
spherical to near-spherical nanoparticles with smooth, dense surfaces and nanoscale
dimension which are typical characteristics of good nanostructured lipid carriers.

The particles were evenly distributed and had good structural integrity and low
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aggregation at lower magnifications (1,000x-7,000x) demonstrating that the for-
mulation process was successful showing no phase separation, coalescence or large
crystalline domains. Minor surface irregularities and indentations observed are
likely to be due to the inherent imperfections that occur when liquid lipid (Labrafac
WL1349) is incorporated into the solid lipid (Precirol ATO5) crystalline lattice,
and are a typical morphological feature of the "imperfect crystal” architecture of
NLC systems [113, 114]. The images showed that at high magnifications (13,000x
— 100,000%) the particle boundaries were well defined with a compact matrix
structure lacking any sharp, needle-like or angular crystalline structures. The
lack of any crystalline drug deposits on the surface of the nanoparticles suggests
that norfloxacin was encapsulated and not deposited into the lipid matrix as free
surface-adsorbed crystals or free unentrapped drug particles [115]. This morpho-
logical observation has a mechanistically significant impact because the efficiency
of drug loading, the release kinetics, and the potential for nanoparticle aggregation
via crystal bridging would all be affected if there was surface crystallization [116].
The smooth surface characteristics and spherical shape is especially beneficial for
topical use. The smooth surfaces of spherical nanoparticles result in minimum in-
terparticle friction which helps in even dispersion in the Carbopol 940 gel matrix
and hence even drug distribution in the applied gel [117]. Moreover, the com-
pact and dense matrix structure ensures physical protection for the encapsulated
drug, reducing the risk of premature leakage and degradation during storage and
use. The XRD and DSC results independently suggested the amorphous nature
of norfloxacin in the lipid matrix and the same result was also confirmed from the
micrographs where no crystalline domains were observed. The unique combination
of the morphological and solid-state characterization data gives strong support to
the dispersion of molecules at the molecular level, which is a key requirement to
improve the solubility and dissolution behaviour in BCS Class IV compounds.
Some of the micrographs showed occasional clustering of nanoparticles, which was
believed to be caused by the dehydration and vacuum-induced artifacts during the
preparation of the samples for SEM and not due to inherent formulation instabil-
ity, as excellent colloidal stability evident by DLS (PDI = 0.267; zeta potential =

-37.7 mV) was observed in the dispersed state. It is worth noting that the particle
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size distribution obtained from SEM analysis (around 100-120 nm) agrees well
with the mean diameter value determined by DLS analysis (102 nm) indicating

the reliability of the characterization techniques [118].

FIGURE 4.3: Representative SEM micrographs of norfloxacin-loaded NLCs
at decreasing magnifications (A (100,000x), B (25,000x), C (13,000x), D
(7,000x), E (4,000%), F (1000x).

The photographs depict nanoparticles that have a spherical shape and a smooth
surface. No crystalline drug structure is seen, indicating complete encapsulation.

4.5 FTIR Spectroscopy

To determine the possible chemical interactions between the drug and formula-

tion excipients, the molecular integrity of norfloxacin and its compatibility with
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the lipid matrix were studied by FTIR spectroscopy. The spectra of pure nor-
floxacin, individual excipients (Precirol® ATO5, Tween 80, Labrafac® WL 1349,
Transcutol® P), drug-free blank formulation (lipid matrix) and the optimized nor-
floxacin loaded NLCs were systematically compared in order to detect any chemi-
cal interaction which might affect the formulation stability or the drug activity as

depicted in Fig. 4.4 [119].

Spectrum of pure norfloxacin showed its distinctive vibrational peaks, endors-
ing its structural identity and purity. A wide-ranging absorption band spanning
3200-3400 cm ! was attributed to the O-H stretching of the carboxylic acid moiety
and N-H stretching of the piperazinyl ring. Noticeable, sharp peaks in the middle
of 1650 and 1700 cm~! linked to the stretching vibrations of the two carbonyl
groups: the ketone (C=0O) and the carboxylic acid. Additional bands, includ-
ing aromatic C=C stretches (1500-1600 cm™'), C-F stretching (1200-1250 cm ™),
and C-N stretching (1300-1400 cm™!), further corroborated its fluoroquinolone
structure [120, 121].

The individual excipients exhibited their characteristic absorption profiles:
Precirol® ATO5 showed strong aliphatic C-H stretching (2920, 2850 cm™!) and
ester C=0 stretching (~1735 cm™!); Tween 80 displayed broad stretching of
O-H (3500-3200 cm™1), aliphatic C-H stretches, and ether C-O-C stretching
(1100-1000 cm™'); Labrafac® WL 1349 presented triglyceride-characteristic ester
carbonyl (~1740 cm™') and C-O stretching bands; and Transcutol® P exhib-
ited O-H stretching (3500-3300 cm™!) and prominent ether C—O-C stretching
(1100-1050 cm™!). The blank formulation without drug showed the absorption
bands of its lipid and surfactant ingredients such as aliphatic C-H stretching
(2920, 2850 cm-1), ester C=0 stretching (1730-1740 cm-1) and C-O stretching
(1000-1200 cm-1). No chemical interactions were observed between the selected
excipients during the preparation process since no peaks assumed in the blank

spectrum were unexpected and beyond the normal range of variation [122].

All the important absorption bands of pure norfloxacin were preserved in the

optimized formulation containing norfloxacin, but with important and informative
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changes. Importantly, no new peaks were detected and no peaks were lost when
compared to the pure drug and blank formulation. This certainly precludes the
development of the new covalent bonds and chemical compatibility of norfloxacin

with all the formulation components has been confirmed.

The characteristic bands of the drug in the O-H/N-H stretching region (3400-
3200 c¢cm-1) and carbonyl region (1700-1650 cm-1), however, showed a significant
increase in the degree of broadening and the decrease in the relative intensities with
respect to the pure drug spectrum. This spectral change is not a sign of degrada-
tion but is a direct piece of evidence of physical encapsulation and intermolecular

interactions.

The large broadening of the O-H/N-H band strongly suggests that these car-
boxylic acid and amine groups are involved in new, heterogeneous hydrogen
bonding networks with the excipients, in particular with the ether oxygen of
Transcutol® P and Tween 80 and the ester carbonyls of the lipids. The simul-
taneous widening of the drug’s carbonyl bands and the unchanged narrow sharp
peak of the ester carbonyl of the lipid matrix (1730-1740 cm™!) suggests that the
norfloxacin is molecularly dispersed in the lipid matrix. The molecules of the drug
in this state are less free to vibrate than they are in the free state, and this causes

peak broadening.

The characteristic aliphatic C-H stretches (2920, 2850 cm™!) and the ester bands
clearly depict the structural stability of the carrier itself. Norfloxacin is also chem-
ically stable during the formulation process as there was no new peak in the
chromatogram that could be attributed to drug-excipients covalent adducts or

degradation products.

Thus, the FTIR data together show a stable formulation in which norfloxacin
is physically entrapped and non-covalently bound (hydrogen bonding and van
der Waals forces). This physical encapsulation that preserves the chemical in-
tegrity of the drug while altering its solid-state properties is a precondition for
the crystalline-to-amorphous transition that was then verified by XRD and DSC

analysis. The study of FTIR results along with other solid state characterization
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techniques gives the strong evidence of the successful development of chemically

compatible, physically stable NLC system with molecularly dispersed drug [123].

100 100
e 80 80
8 g
E S 60+
£ 8
£ £
E 40 g 40+
£ g
= 20 = 204
T T T T T T T
4000 3000 2000 1000 4000 3000 2000 1000
‘Wavenumber (cm™) ‘Wavenumber (cm™')
Labrafac® WL 1349
100 100
o 804 = 80
3 P
5 60+ £ 60
= £
E _ El
£ 40 g a0
5 £
= 20+ = 20
T T T 1 T T T
4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (¢cm™!) ‘Wavenumber (cm™)
100+ 100
< 80+ < 8o
8 g
£ 60+ S 60+
:‘é s
- g -
Z 40 £ 40
= g
& 204 E 204
T T T T T T
4000 3000 2000 1000 4000 3000 2000 1000
‘Wavenumber (cm™) ‘Wavenumber (cm™')
100+
< 80
4
60
£
2 40
£
= 204
T T T
4000 3000 2000 1000
‘Wavenumber (cm™)

FIGURE 4.4: FTIR spectra of pure norfloxacin, Precirol® ATO5, Tween 80,
Labrafac® WL 1349, Transcutol® P, blank formulation (lipid matrix without
drug), and optimized norfloxacin-loaded NLC.

4.6 X-Ray Diffraction

To evaluate the crystalline properties, pure norfloxacin, pure Precirol® ATOS,
blank formulation (lipid matrix without drug) and the optimized norfloxacin-
loaded NLC formulation were analyzed by X-ray diffraction (XRD). The diffrac-
tograms shown in Figure 4.5 indicate that clear changes in structure occur after

the drugs were incorporated into the lipid matrix.
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The XRD pattern of pure norfloxacin shows sharp diffraction peaks with high
intensities in the 260 range of 15-30°, indicating its highly crystalline nature. The
presence of well-defined reflections at 18.2°) 22.4°, 25.1° and 28.6° (260) suggests
that the lattice of the solid state is well ordered, which is in agreement with
previous reports on the solid state characteristics of fluoroquinolone antibiotics.
These characteristic peaks can be used as fingerprints of the crystalline form of
the drug and as a reference to investigate solid-state changes resulting from the

formulation process [124].

Precirol® ATO5 showed two main diffraction peaks at the 19-23° (20) region in the
XRD spectrum, which is the characteristic of the semi-crystalline and polymorphic
type. This is a characteristic response of lipid excipients used in the preparation
of nanostructured lipid carrier systems, where the presence of o, # and [ polymor-
phic forms leads to lattice defects, which in turn increase the drug accommodation
capacity of the matrix. The blank formulation (lipid matrix without drug) showed
a diffraction pattern very similar to that of the pure Precirol®, indicating that
the lipid matrix retained their crystalline characteristics during the formulation
process, and that the addition of surfactants (Tween 80 and Poloxamer 188) and
cosurfactant (Transcutol® P) did not significantly change the solid-state proper-
ties of the lipids [125].

The XRD diffractogram of the optimized formulation of NLCs loaded with nor-
floxacin, on the other hand, showed a significant decrease in intensity of the char-
acteristic norfloxacin crystalline peaks with a significant increase in the peaks’
broadening and in some areas, the complete disappearance of the norfloxacin
peaks, which was a scientifically significant observation. The diffraction peaks
of the major diffraction angles of norfloxacin were measured and compared to
diffraction peaks of pure drug, the results showed that the integrated intensities of
the diffraction peaks (at 22.4° and 25.1° 260) for the former was reduced by about
85-90% which indicated the profound reduction in the crystallinity of the drug
following its incorporation in the lipid matrix. The remaining minor peaks in the
formulation are due to the crystalline lipid matrix and not to crystalline drug as

it can be seen when compared with the blank formulation pattern.
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FIGURE 4.5: The XRD spectra of Pure Norfloxacin, pure Precirol, blank for-
mulation and optimized Norfloxacin NLC formulation are shown.

The dramatic drop in crystallinity along with the broadness of the peaks clearly
indicate the dispersion or complete amorphisation of a molecule at the molecular
level in the NLC matrix. This amorphization has therapeutic relevance because
of its direct impact on the apparent aqueous solubility and dissolution rate of
this BCS Class IV compound by removing lattice energy barriers related to the
dissolution of the crystalline drug [126, 127]. This “imperfect crystal” architec-
ture is obtained by mixing the solid lipid (Precirol® ATO5) with the liquid lipid
(Labrafac® WL1349), which provides the structural imperfections and cavities
which accommodate the drug molecules in a molecularly dispersed state in the
NLC system, thereby preventing recrystallization and maintaining the amorphous

form during the formulation process [128].
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4.7 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to investigate the physical state
of norfloxacin in the optimized NLC formulation and also to detect any possible
thermal interaction between the drug and the ingredients of the lipid matrix. The
thermograms shown in Figure 4.6 depict distinctive thermal events that can be cor-
related with the mechanism of solid-state changes that occur during incorporation

of norfloxacin into the nanostructured lipid carrier [129].

The DSC thermogram of pure norfloxacin showed a single sharp endothermic melt-
ing peak around 220.0 4+ 0.5°C (onset at 217.2°C; enthalpy AH = 145.8 + 2.3 J/g),
which is typical of a high degree of crystallinity in the anhydrous form. This melt-
ing transition is in good agreement with crystalline structure detected by XRD and
is taken as a definitive thermal signature of the pure drug. The narrow peak width
and high enthalpy value indicates that it is an ordered thermodynamically stable,
crystalline structure. Pure Precirol® ATO5’s thermogram revealed a broad en-
dothermic peak at around 35-65°C, which is the temperature range for the melting
of the lipid matrix. This broadness is well documented in glyceryl palmitostearate
based lipids and is due to the melting of the lipids which is a complex mixture
of mono-, di-, and triglycerides and the presence of multiple polymorphic forms
(o, B, B) with different melting temperatures. The polymorphicity of Precirol®
ATO?5 is especially beneficial in the case of drug encapsulation because the coex-
istence of these polymorphs involves lattice defects that serve as extra cavities for

the accommodation of drug molecules and increase the entrapment efficiency [21].

The drug free blank formulation (Precirol® ATO5 based lipid matrix containing
the surfactants and co-surfactant) showed a similar wide endothermic curve, sug-
gesting that the presence of Tween 80, Poloxamer 188, and Transcutol® P did not
affect the intrinsic thermal behavior of the lipid matrix. No other thermal events
are observable for the blank formulation which allows the conclusion that all excip-
ients are chemically compatible and that no thermally induced interactions occur

between excipients.
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Interestingly, there was no endotherm peak of norfloxacin in the thermogram of the
optimized norfloxacin-loaded NLC formulation. No thermal events corresponding
to crystalline drug were detected, only the melting transition of the lipid part
(centered at about 50-55°C). The norfloxacin melting endotherm is completely
abolished, indicating that a significant solid-state change has occurred. It states
that the crystalline drug is no longer present in its bulk crystalline state but
in the amorphous state or molecularly dispersed state in the lipid matrix as a
result of the formulation process [130]. The fact that none of the exothermic
recrystallization events occur upon heating also indicates that the amorphous drug
is physically stable in the lipid carrier over the temperature range studied. The
lipid matrix itself is probably important in stabilizing the amorphous form of
norfloxacin because of the polymorphic coexistence that creates the lattice defects.
This physical stabilization is essential to obtain and maintain the improvement in
solubility and dissolution rate which is the ultimate aim of formulation drug that

is poorly water-soluble into NLC system [131].

The drug-loaded formulation’s and blank formulation’s DSC thermograms did not
show any significant difference between the melting endotherm of the lipid melting
peak (T peak blank = 52.7°C; T_peak loaded = 53.1°C; AT < 0.5°C), suggesting
that the incorporation of the drug did not affect the essential structure of the lipid
matrix. Incorporation of the drug molecules into the lipid lattice is shown by the
slight broadening of the lipid melting transition in the drug-loaded formulation
(AT_1/2 of 8.2°C to 10.5°C), which is consistent with the increasing structural
heterogeneity of the drug-lipid system and decreasing cooperative melting of the

lipid matrix [132].

The DSC results are very complementary and are a direct complement to the FTIR
and XRD data. Though FTIR showed that the drug’s structure unaffected, and
XRD confirmed the absence of long-range crystalline order, the drug’s physical
state was affected, and DSC revealed the complete disappearance of the drug
crystallinity and the thermal stability of the amorphous state. The amorphization,
which occurs during the formulation and is stabilized by the lipid matrix, is the

basis for the promises of the system for enhanced biopharmaceutical performance.
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A combination of spectroscopic and thermal data provides strong evidence of the
successful incorporation of norfloxacin in a stable, nanostructured lipid carrier

system with reduced crystallinity and uniform molecular dispersion [133].
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FIGURE 4.6: DSC showing thermograms of pure Norfloxacin, pure Precirol®,
and optimized Norfloxacin-loaded in NLCs.

4.8 Physical Evaluation of NLC Carbopol 940
Gel

The optimized norfloxacin loaded NLC dispersion (F1) was then added to the
Carbopol 940 hydrogel to prepare a semi-solid topical formulation (F1). Physi-
cal properties of the gel were successfully evaluated systematically to ensure its

suitability for topical application on wound and the results are presented in Table
4.4.
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The optimized F'1 gel showed translucent to slightly opaque with pale yellow col-
oration which is due to the uniform dispersion of norfloxacin loaded NLC disper-
sion in the Carbopol 940 polymer matrix. Visual inspection on white and black
background was performed to verify a homogeneous smooth gel, free of aggregates,
grittiness, phase separation and entrapped air bubbles. This appearance indicates
successful and stable incorporation of the NLC dispersion in the polymer network
suggesting that the nanocarriers did not aggregate or precipitate during gelation.
A homogeneous appearance is observed which shows successful and reproducible
neutralization of the carboxyl groups of the Carbopol 940 polymer, a derivative
of polyacrylic acid with crosslinked functionality, to form a structured gel network

[134].

The pH of the F1 gel was determined as 6.21 + 0.02 (mean £+ SD, n = 3) which
is inside the physiologically acceptable range for topical application into wounds
(pH 5.5-7.0). This pH is advantageous because: (i) it is compatible with the pH
of the wound microenvironment and did not cause any local irritation or change
in the normals wound healing; (ii) it maintains the antibacterial activity of nor-
floxacin which is known to be active and stable at a pH range of 5.0-7.0; and
(i) it is within the pH range of unionized /zwitterionic form of norfloxacin which
is known to improve the permeation of the membrane and antibacterial activity
(pKa1 =~ 6.35, pKay ~ 8.80). The pH was consistent throughout the three batches
prepared independently (RSD< 0.5%) which indicated the reproducibility of the

neutralization process and the robustness of the gel system [48].

The F1 gel’s viscosity was measured at various spindle speeds (0.5 to 100 rpm) by
using Brookfield DV-IT Pro viscometer (spindle S64). The apparent viscosity at
0.5 rpm was 12,900 4+ 150 cP (mean + SD, n = 3), which is thick and semi-solid to
provide adequate retention on the wound surface and prevent the gel from running

off when it is applied [135].

The rheological study indicated that the F1 gel is pseudoplastic (non-Newtonian)
in nature as apparent viscosity decreased with increasing shear rate. This shear

thinning effect has been observed in gels based on Carbopol 940 and is attributed
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to the shearing out of the Carbopol polymer chains parallel to the flow direction
and the breaking of intermolecular hydrogen bonding. The viscosity data were fit-
ted to the power law model ( = Kn), and the flow index (n) obtained was 0.55 +
0.02 (mean + SD, n = 3). This indicates that n < 1.0, confirming non-Newtonian
pseudoplastic behavior, in agreement with the well documented rheological prop-

erties of the Carbopol 940 gels [136].

That is a clinically beneficial rheological profile for a number of reasons. Gels
at rest (low shear rate) have the viscosity to keep the gel in contact with the
wound site for extended periods without the drug being washed out with wound
exudate, or rubbed off mechanically. In application (high shear rate), the gel flows
easily at the mechanical shear rate applied during spreading; leading to smooth
and even application without excessive spreading pressure, thus enhancing patient
comfort and compliance. The pseudo-plastic properties enable the rapid recovery
of viscosity once shearing forces removed after application, so that the gel stays
semi-solid and protects the wound site. The NLC dispersion maintained the shear-
thinning nature of Carbopol 940 polymer network without any disruption of the
network during the evaluation period. This is in line with the reported results
for the NLC-Carbopol gel formulations in the literature and suggests that the
incorporation of lipid nanoparticles does not affect the rheological properties which

are required in the case of topical application [137].

Spreadability of F1 gel was assessed by horizontal glass plate method (weighted
glass plate method). A 1 g portion of the gel was accurately weighed and positioned
on a pre-marked glass plate (1 cm diameter and used as a loading template to
standardize the placement of the sample) and a second glass plate (50 g) was
carefully placed on top. The increase in diameter was measured after 5 minutes,
and the formula used to calculate spreadability was S = (M x L) / T, where M
is the weight applied (50 g), L is the spread diameter (cm) following the weight
application, and T is the weight application duration (s). The spreadability of the
F1 gel was 6.6 £ 0.15 g-cm/s (mean + SD, n = 3), and was excellent in terms
of ease of spreading with minimal mechanical force. This is important for patient

acceptance because it allows for even drug distribution, maximum penetration of
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irregular wound surfaces, and minimal application discomfort. The spreadability
value was in the optimum range reported for topical semi-solid formulation (5-8
g-cm/s) which indicates that the gel had the suitable consistency for easy and

effective wound application [138].

Extrudability was evaluated by filling collapsible tubes with F1 gel and applying
constant pressure to the tubes to expel 1 g of gel (g/cm?). The extrudability of
the F1 gel was found to be 17 + 2 g (mean £+ SD, n = 3), which was within
the acceptable force range for extrusion that would allow for the practical use of
the gel under clinical conditions for wound care and patient compliance. It is in
the range of extrudability indicated for semi-solid topical formulations (15-20 g),
demonstrating that the gel can be readily extruded from regular tubes without

losing its structure [139].

The complete physical evaluation reveals that the norfloxacin NLC Carbopol 940
gel exhibits the desirable pharmaceutical quality parameters required for effective
application on wound topically. The F1 gel demonstrated wound-compatible pH
(6.21 + 0.02), adequate shear-thinning viscosity (12,900 + 150 cP at 0.5 rpm with
flow index n = 0.55), satisfactory spreadability (6.6 £+ 0.15 g-cm/s), and practical
extrudability (17 & 2 g). These outcomes along with the excellent physicochemical
properties of the NLC dispersion, prove the successful development of stable and
user-friendly formulation with immense scope for clinical translation in wound
infection management.

TABLE 4.4: F1 Norfloxacin NLC Carbopol 940 Gel’s Physicochemical and Rhe-
ological Evaluation

Parameters Results (Mean + Acceptance Cri- Interpretation

SD) teria
Appearance Translucent to No phase separa- Acceptable
slightly opaque, tion, grittiness, or

pale yellow, homo- aggregates

geneous

pH 6.21 + 0.02 5.5-7.0 Wound-compatible
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Table 4.4 continued from previous page

Parameters Results (Mean + Acceptance Cri- Interpretation
SD) teria
Viscosity 12,900 +£ 150 cP 10,000-15,000 cP Adequate semi-

(0.5 rpm) solid consistency

Rheological =~ Pseudoplastic (n = n <1.0 (non-  Shear-thinning,

behavior 0.55) Newtonian) clinically favorable

Spreadability 6.6 + 0.15 g-em/s  5-8 g-cm/s Excellent ease of
application

Extrudability 17 £ 2 g 1520 g Acceptable for

practical use
Drug Con- 99.4 + 1.3% 95-105% Uniform drug dis-

tent tribution

All data are demonstrated as mean £+ SD (n = 3). Drug content uniformity was

consistent across three independently prepared batches (RSD < 1.5%)

4.9 FEx Vivo Skin Permeation Study

The skin permeation behavior of the optimized F1 NLC Carbopol 940 gel and
plain norfloxacin gel was studied in an ex wvivo skin permeation model for 24 h
using excised rabbit ear lobe skin mounted vertically on static Franz diffusion
cells (effective diffusion area 1.77 cm2) under two physiologically relevant receptor
conditions (pH 5.5 simulating acidic microenvironment of infected skin surfaces
and pH 7.4 representing deeper dermal tissue). Permeation was shown to be
due to the passive diffusion of the drug through an intact stratum corneum, as
skin barrier integrity was confirmed before each experiment using transepidermal
electrical resistance (TEER > 1000 -cm?). Each donor compartment was given 1 g
of the corresponding gel formulation (0.3% w/w norfloxacin; Cd = 3000 ug/mL),
and it is several hundred times higher than theMICgy, of all target wound pathogens
(S. aureus 1.0 pg/mL; P. aeruginosa 2.0 pg/ml; E. coli 0.12 pg/mL). To ensure
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sink conditions were maintained, the concentration of the receptor drug was kept

below 10% of the equilibrium solubility of norfloxacin throughout [140].

The cumulative permeation profiles for all the formulation-pH groups are shown
in Fig. 4.7, and the parameters derived from these profiles are given in Table 4.5.
The permeation was in the rank order as: F1 NLC gel 5.5 pH > F1 NLC gel 7.4
pH > plain gel 5.5 pH > plain gel 7.4 pH (p<0.05, two-way ANOVA with Tukey’s

post hoc test) for all time points.

The F1 NLC gel at pH 5.5 attained a Q24 of 179.76 + 4.18 ug/cm?, representing
a 2.80-fold enhancement over the plain gel at pH 5.5 (64.18 + 2.32 pg/cm?), a
1.84-fold advantage over the F1 NLC gel at pH 7.4 (97.42 + 2.78 pg/cm?), and a
1.52-fold improvement over the plain gel at pH 7.4 (55.42 + 2.18 pg/cm?).These
rank orders were observed as early as t = 0.5 h and were maintained during the
24 h period of testing, indicating that the permeation differentials are stable and

dependent on the formulations and pH conditions.

The F1 NLC gel at pH 5.5 exhibited a significant early burst (19.32 + 1.68 pug/cm?
at 0.5 h), attributable to the surface-adsorbed drug fraction and enhanced drug
partitioning into the stratum corneum facilitated by the nanometric carrier. Per-
meation then increased progressively to 119.86 + 3.14 ug/cm? at 8 h before enter-
ing a near-plateau phase, with only a 1.1% increase between 20 h (177.83 £ 4.06
pg/cm?) and 24 h (179.76 + 4.18 pg/cm?), indicating steady and sustained drug

accumulation within the clinically relevant dosing period.

In contrast, the plain gel at pH 5.5 exhibited a steady linear release profile without
an initial burst (8.24 + 0.86 ug/cm? at 0.5 h; 64.18 + 2.32 pg/cm? at 24 h). The
plain gel at pH 7.4 yielded the lowest cumulative permeation (55.42 + 2.18 pg/cm?
at 24 h), which was 13.6% lower than the same gel at pH 5.5, highlighting the

combined inhibitory effect of the conventional formulation and suboptimal pH.

These differences are further evident by steady-state permeation parameters (Ta-
ble 4.5). The F1 NLC gel at pH 5.5 achieved a Jss of 7.16 + 0.22 pg/cm?/h and
Kp of 2.39 + 0.07 x 1072 c¢m/h, compared to 3.88 & 0.16 ug/cm?/h and 1.29 =+
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0.05 x 1073 cm/h at pH 7.4. The plain gel yielded considerably lower flux val-
ues of 2.43 £ 0.14 pg/cm?/h (pH 5.5) and 1.96 + 0.11 pg/cm?/h (pH 7.4), with
corresponding Kp of 0.81 + 0.05 and 0.65 £ 0.04 x 1072 cm/h respectively. The
NLC architecture conferred a 2.95-times flux enhancement under wound-relevant
conditions and maintained a 1.60-times advantage even at physiological pH which
was confirmed by an enhancement ratio of 0.81 (plain gel, pH 7.4), 1.60 (F1 NLC
gel, pH 7.4), and 2.95 (F1 NLC gel, pH 5.5), with the plain gel (pH 5.5) as the
reference (ER = 1.00). Of particular interest, the lag times of the F1 NLC gel
were much shorter (0.2 + 0.04 h at pH 5.5; 0.3 £ 0.05 h at pH 7.4) than those of
the plain gel (0.8 & 0.07 h and 1.1 £ 0.09 h, respectively), representing approxi-
mately 4-fold faster (pH 5.5) and 3.7-fold faster (pH 7.4) drug onset at the wound
surface which is a critical attribute for early antibacterial action (p < 0.05).To
quantify the intrinsic pH-responsiveness of the optimized NLC system, the pH-
flux enhancement ratio (ERpH) was calculated as ERpH = Jss(pH 5.5) / Jss(pH
7.4). Using the values from Table 4.5, this yielded ERpH = 7.16 / 3.88 = 1.85,
confirming that the NLC formulation preferentially drives norfloxacin permeation
under the acidic condition’s characteristic of infected wounds. The mechanistic
basis for the observed ERpH of 1.85 is rooted in the ionization behavior of nor-
floxacin (pK,; = 6.35, pKas = 8.80). At pH 5.5, the drug exists predominantly as
a cationic species, which enhances its aqueous solubility and creates a steep con-
centration gradient that favors partitioning into the lipid-rich stratum corneum.
Conversely, at pH 7.4—mnear its isoelectric point (~7.4-7.5)—norfloxacin adopts a
poorly soluble zwitterionic state, significantly reducing its thermodynamic activity
and subsequent flux [141]. Despite this inherent pH-dependent solubility barrier,
the F1 NLC gel at pH 7.4 still outperformed the plain gel at pH 5.5 (Jss: 3.88
vs. 2.43 pg/cm?/h; ER: 1.60 vs. 1.00), confirming that the NLC architecture par-
tially overcomes the drug’s biopharmaceutical limitations through four synergistic
mechanisms: (i) nanometric particle size (102 nm) maximizing contact area with
the stratum corneum and enabling both intercellular and transappendageal pene-
tration [142] ; (ii) Transcutol® P transiently fluidizing intercellular lipid lamellae,
thereby reducing diffusional resistance of the viable epidermis [143]; (iii) Precirol

ATOS5 exerting an occlusive effect that increases skin hydration and improves
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partitioning thermodynamics [144] ;and (iv) the Carbopol 940 matrix providing
mucoadhesive prolongation of tissue contact time to sustain flux over the dosing

interval [145].

200+
g 150+ —  FINLC Gel (pH 5.5)
E —  FINLC Gel (pH 74)
g == Plain Gel (pH 5.5)
E 100+ = Plain Gel (pH 7.4)
=
=
5 50+

01 T T T T T 1
10 20 30
Time (h)

FIGURE 4.7: Drug permeation evaluation of NFX-NLC loaded gel and plain
gel at both 5.5 and 7.4 pH

The translational implications of these findings are substantial. Based on Franz cell
geometry (area = 1.77 cm?; receptor volume = 20 mL), the F1 NLC gel at pH 5.5
generated an estimated receptor concentration of ~15.91 pg/mlL—approximately
16-fold and 8-fold higher than theMICqyq of S. aureus (1.0 pug/mL) and P. aerugi-
nosa (2.0 pg/mL), respectively. In contrast, the plain gel at pH 5.5 yielded only
~5.68 pg/mL; without the advantage of sustained release.

The permeation profile of the F1 NLC gel—maximizing delivery at the infected
wound surface (pH 5.0-5.5) while inherently limiting permeation into deeper tis-

sues (pH 7.4)—represents a pharmacokinetically favorable architecture that offers:
(i) targeted high-concentration delivery at the wound surface;
(ii) 24 h sustained permeation supporting once-daily application; and

(iii) a built-in constraint on systemic permeation. The calculated ERpH of 1.85

quantitatively validates this pH-triggered targeting mechanism [146, 147].
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TABLE 4.5: Drug permeation parameters of F1 NLC Carbopol 940 gel on
excised rabbit ear lobes skin at the two-receptor pH of medium (0.3% w/w

norfloxacin; n = 3)
Parameter Formula Plain Plain F1 F1i Significance
Gel Gel NLC NLC
at pH at pH Gel Gel
5.5 7.4 at pH at pH
5.5 7.4
Q24 Measured  64.18  55.42  179.76 97.42 *
(pug/cm?) att=24h +232 +£218 +£4.18 +£2.78
Jss Slope, t = 243+ 196+ 7.16 £ 3.88 &+ *
(ug/cm?/h) 6-16 h 0.14 0.11 0.22 0.16
Tlag (h) X- 08 £ 1.1 =+ 02 + 03 =+ *
intercept,  0.07 0.09 0.04 0.05
linear
regression
ER Jss (test) / 1 0.81 2.95 1.60 —
Jss (Plain  (Ref-
pH 5.5) er-
ence)
Kp (x107% Jss / 3000 0.81 £ 0.65 + 239+ 1.29 + *
cm/h) pug/mL 0.05 0.04 0.07 0.05

The value is statistically significant if F1 NLC Gel pH 5.5 is different from F1

NLC Gel pH 7.4. (p < 0.001), unpaired two-tailed Student’s t-test; — means not
applicable. Where * = p < 0.05, ** = p < 0.01, and ***= p < 0.001

4.10 Skin Irritation Test

The Draize skin irritation test was used to thoroughly investigate the dermal bio-

compatibility of the optimized norfloxacin NLC Carbopol 940 gel (F1) on nine
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healthy adult New Zealand White rabbits (Oryctolagus cuniculus) [148]. The Re-
search Ethics Committee (REC) of the Faculty of Pharmacy at Capital University
of Science and Technology, Islamabad, accepted the study protocol (Approval Ref:
REC/FOP/CUST/2025/08). Acclimatization of all animals was accomplished un-
der standardized laboratory conditions (12 h light/dark cycle, 55 + 5% RH, 22 +
2°C) with ad libitum access to standard food and water during the entire study

period.

The animals were divided into three groups randomly (n = 3 animals each): (i)
Test group with optimized formulation of norfloxacin NLC Carbopol 940 gel; (ii)
A 0.8% w /v sodium lauryl sulfate (SLS) solution, a known and recognized irritant,
was applied to the positive control group; and (iii) Skin sites in the negative control
group were left untreated and used as a baseline. Each rabbit’s dorsal side was
shaved with a special electric clipping machine 24 hours before the formulation
was applied and prevented from any skin damage. A fixed area (about 6 cm?) was
marked on the back of each rabbit and an exact dose (0.1 g) of each test substance
was spread evenly on the skin with a sterile polypropylene spatula and covered

with an occlusion sheet to maintain contact for the 72 hours of observation

The clinical assessment of erythema and edema was done at 24, 48 and 72 hours
after application by using the accepted Draize scale (0 = none; 1 = mild; 2 =
moderate; 3 = severe). At 72 hours, the scores for erythema and edema were
averaged for all animals in each group to obtain the Primary Irritation Index (PII).
Based on OECD classification criteria: PII < 0.5 = non-irritant; PII 0.5-2.0 =

slightly irritant; PII > 2.0 = moderately to severely irritant[149].

The F'1 norfloxacin NLC gel test group showed good dermal biocompatibility dur-
ing all the observations. There was no erythema or edema noted in any of the
three animals at 24, 48 and 72 hours after treatment (Table 4.6). No erythema,
edema, or behavioral evidence of irritation (scratching, licking, or restlessness) was
observed at any time point, indicating that there was no dermal inflammatory re-
sponse [150]. The calculated mean Primary Irritation Index (PII) for F1 NLC gel
was 0.00 £ 0.00 thus the formulation is unmistakably non-irritant based on OECD
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TG404 criteria (PII < 0.5). This classification is a confirmation that norfloxacin
NLC Carbopol 940 gel does not cause any detectable inflammatory response when
applied topically over intact skin and so it would be safe for repeated application

on wounds.

On the other hand, the 0.8% SLS-treated positive control group continuously had
notable erythema (2.33 £ 0.58) and mild to moderate edema (1.33 £ 0.58) at 24
hours, which increased and persisted through 48 hours (erythema 3.33 4+ 0.58,
edema 2.00 £ 0.00) and 72 hours (erythema 2.33 £ 0.58, edema 1.33 &+ 0.58). The
PII for the SLS-treated group exceeded 2.0, confirming moderate to severe irritant

classification and validating the sensitivity of the experimental model.

The negative control (untreated) group showed no erythema or edema at any time
point (PII = 0.00), confirming that the shaving and experimental procedures did
not themselves induce irritation. Statistical analysis using unpaired two-tailed
Student’s t-test confirmed a significant difference between the F1 NLC gel and the
positive control group at all-time points (p < 0.001), while no significant difference
was detected between the F1 NLC gel and the negative control group (p > 0.05),

confirming that the NLC gel does not elicit any detectable inflammatory response.

The favorable dermal safety profile of the norfloxacin NLC Carbopol 940 gel is
attributable to the inherent biocompatibility of all excipients employed in the
formulation. Precirol ATO5 and Labrafac WL1349 are GRAS (Generally Recog-
nized as Safe)-classified lipid excipients with well-established non-toxic and non-
immunogenic profiles in pharmaceutical and cosmetic formulations. Extensive tox-
icological evaluations have confirmed their lack of dermal irritation, sensitization,
and systemic toxicity at concentrations typically employed in topical products
[151]. Carbopol 940 is a widely approved pharmaceutical polymer with a long
history of safe topical and mucosal application, having been extensively charac-
terized for biocompatibility in numerous dermatological and wound care products
[152]. In the optimized formulation, Tween 80 was used as a non-ionic surfactant
at a 1.5% w/v concentration, is also similarly recognized as non-irritating at the

concentration employed, as supported by its extensive use in parenteral, oral, and
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topical pharmaceutical products with established safety profiles [153]. The ab-
sence of significant irritation confirms that NLC encapsulation does not introduce
new inflammatory or cytotoxic properties, consistent with skin irritation findings

reported for NLC—Carbopol gel systems in the literature [154].

The non-irritant classification of the F1 norfloxacin NLC gel, combined with its
wound-compatible pH (6.21 £ 0.02), confirms that the formulation is safe for
repeated topical application to wound surfaces without risk of local irritation or

delayed wound healing as presented in Fig. 4.8.

FIGURE 4.8: Test Sample (A), Positive Control (B), and Negative Control (C)
showing results of skin irritation on rabbits.



TABLE 4.6: Skin Irritation Scores at 24 h, 48 h and 72 h in New Zealand White Rabbits

Total Groups RabbitEry 24h Ede 24h  Total Ery Ede Total Ery Ede Total
No. 24h 48h 48h 48h 72h 72h 72h
1 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0
Test (F1 NLC Gel)
0 0 0 0 0 0 0 0 0
Mean 0.00+0.00  0.00£0.00  0.0040.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00=£0.00 0.0040.00
+ SD
4 2 1 3 3 2 5 2 1 3
2 1 3 3 2 5 2 1 3
Positive Control (SLS)
3 2 4 4 2 6 3 2 5
Mean 2.334+0.58 1.33+0.58 333 £ 333 £+ 200 £ 533 + 233 £ 133 =+ 367 =+
+ SD 0.58 0.58 0.00 0.58 0.58 0.58 1.15
7 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0
Negative Control
0 0 0 0 0 0 0 0 0
Mean 0.00+0.00  0.00£0.00  0.0040.00 0.00£0.00 0.0040.00 0.00£0.00 0.0040.00 0.00=£0.00 0.0040.00
+ SD
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The Primary Irritation Index (PII) was calculated as the arithmetic mean of ery-
thema and edema scores across all three animals at 72 hours. For the test group,
all scores were 0, yielding PII = 0.00 + 0.00, unequivocally classifying the for-
mulation as non-irritant according to OECD TG404 criteria (PII < 0.5). For the
positive control (0.8% SLS), the mean erythema score was 2.33 £+ 0.58 and mean
edema score was 1.33 £ 0.58 at 72 hours, yielding a PII > 2.0, confirming moderate
to severe irritant classification and validating the sensitivity of the experimental
model. No erythema or edema was seen at any time point in the negative control
(untreated) group, thus demonstrating that the shaving and experimental proce-

dures alone were not enough to induce erythema or edema.

4.11 Stability Study

The F1 formulation remained clear and homogeneous with no physical changes
like phase separation, precipitation, syneresis and colour change when stored in
all three conditions at different time periods (0, 1, 2 & 3 months), indicating the
physical integrity of the NLC — Carbopol matrix [155]. F1’s starting pH was 6.21 +
0.02. For every storage environment and duration, the pH values were consistently
within the permissible pH range of +0.5 units. A slight progressive decrease in pH
has been observed under accelerated conditions (40°C/75% RH) to 6.12 + 0.03 at
3 months, which may be due to some degree of hydrolytic degradation of the lipid
excipients at higher temperatures, producing small amounts of free fatty acids

[156).

Viscosity was found to be stable at both refrigerated and ambient temperature with
percentage change maintained within the acceptable range of £10% throughout the
study. The viscosity gradually decreased (-%) under accelerated storage condition
(40°C/75% RH) but did not exceed pre-specified limit of £10% after 3 months
of storage. This viscosity decrease with high temperature can be explained by

a thermal relaxation of the Carbopol 940 polymer network and the decrease of
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hydrogen bonding interactions under thermal stress, as reported for polyacrylate-

based gels [157, 158].

TABLE 4.7: F1 Norfloxacin NLC Gel stability parameters Under ICH guidelines
for three Months

Time Storage Appearance pH + SD Viscosity %
(Months) Condi- (cP) £ Change
tion SD in Vis-
cosity
0 (Initial)  Initial Clear, homo- 6.21+0.02 12,900 =+ —
geneous 120
1 4°C Clear, homo- 6.23+0.03 12,810 =+ -0.70%
geneous 130
1 25 °C / Clear, homo- 6.20£0.03 12,780 =+ -0.93%
60% RH geneous 140
1 40 °C / Clear, homo- 6.16 £0.03 12,710 + -1.47%
75% RH geneous 160
2 4 °C Clear, homo- 6.22+0.02 12,740 + -1.24%
geneous 150
2 25 °C / Clear, homo- 6.18+0.02 12,710 + -147%
60% RH geneous 150
2 40 °C / Clear, homo- 6.144+0.04 12,650 + -1.94%
75% RH geneous 175
3 4 °C Clear, homo- 6.21 £0.03 12,685 £ -1.67%
geneous 160
3 25 °C / Clear, homo- 6.16 £0.03 12,670 + -1.78%
60% RH geneous 160
3 40 °C / Clear, homo- 6.12+£0.03 12,640 =+ -2.02%
75% RH geneous 190

The formulation exhibited its pseudoplastic (shear-thinning) behavior under all
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storage conditions, which indicated that the structure of the gel matrix was pre-
served and the dispersion of NLC in the polymer network was physically stable for
a long period with no variation in the spreadability and therapeutic performance

of the formulation [159].

All % change in viscosity values is calculated relative to the initial viscosity (12,900
+ 120 cP) at t = 0. All parameters remained within acceptable limits: no phase
separation, precipitation, or color change observed; viscosity change < +10%; pH
change < £0.5 units throughout. Data expressed as mean + SD (n = 3). RH =

relative humidity; ICH = International Council for Harmonization.

4.12 Antimicrobial Assay

The norfloxacin Carbopol 940 gel (positive control) and the NFX-NLC gel’s an-
tibacterial activity was tested according to the agar well diffusion method against
four clinically relevant ATCC wound pathogens. No zone of inhibition (ZOI) was
measured within the blank Carbopol gel, blank NLC gel and DMSO against any
of the tested organisms at all doses, indicating that only the present antibacterial
drug, Norfloxacin was responsible for the antibacterial effect and that the excipient
matrix was microbiologically inert [160]. Results are reported in table 4.8 with
interpretation. Applying the norfloxacin zone of inhibition thresholds (susceptible
> 17 mm, intermediate 13-16 mm, resistant < 12 mm), the NFX-NLC gel ren-
dered all four wound pathogens susceptible across all three tested doses (2.5 mg,
5 mg, and 10 mg). In contrast, the plain NFX Carbopol gel exhibited markedly
inferior antibacterial activity, remaining within the resistant range (ZOI < 12 mm)
against S. aureus and P. aeruginosa at all three doses. Against F. coli and MRSA,
resistant profiles were observed at 2.5 mg and 5 mg; at the highest dose (10 mg),
the plain gel reached only the intermediate threshold (ZOI = 13 mm), consistent
with the well-documented poor aqueous solubility of norfloxacin as a BCS Class [V
drug, which severely limits free-drug bioavailability from conventional gel matrices.

The susceptible ZOIs consistently achieved by the NFX-NLC gel against MRSA
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(ATCC 43300) align with reports demonstrating that lipid nanoparticle encap-
sulation markedly enhances norfloxacin activity against resistant Gram-positive
and Gram-negative pathogens, and confirm that the NLC platform overcomes the

solubility-imposed bioavailability ceiling of plain norfloxacin gel [161].

This significantly enhanced antibacterial activity of the NLC gel could be at-

tributed to various synergistic activities.

FIGURE 4.9: ZOI of E. coli, P. aeruginosa, S.aureus, and MRSA test, positive
and negative



TABLE 4.8: Zones of Inhibition (mm) for NFX-NLC Gel, Plain NFX Gel, and Negative Controls Against Four Wound-Relevant Reference
Organisms at Three Dose Levels, with Interpretation [162].

Test Organism Dose NFX-NLC Plain NFX Negative Interpretation
(mg) Gel ZOI (mm) Gel ZOI (mm) Controls ZOI (NFX-NLC
(mm) Gel)
2.5 22.0 £ 0.5 8.0 £ 0.3 No ZOI S (Susceptible)
E. coli ATCC 25922 (Gram-negative) 5 23.0 £ 0.3 10.0 £ 0.4 No ZOI S (Susceptible)
10 24.0 £ 04 13.0 £ 0.5 No ZOI S (Susceptible)
2.5 21.0 £ 0.3 3.0+ 0.2 No ZOI S (Susceptible)
S. aureus ATCC 6538 (Gram-positive) 5 23.0 £ 04 5.0 £ 0.3 No ZOI S (Susceptible)
10 25.0 £ 0.5 6.0 £ 0.4 No ZOI S (Susceptible)
2.5 21.0 £ 04 3.0+ 0.2 No ZOI S (Susceptible)
P. aeruginosa ATCC 27853 (Gram-negative) 5 22.0 £0.3 4.0 +£0.3 No ZOI S (Susceptible)
10 22.0 £ 0.5 6.0 £ 0.3 No ZOI S (Susceptible)
2.5 220+ 04 9.0+ 04 No ZOI S (Susceptible)
MRSA ATCC 43300 (Gram-positive) 5 23.0 £0.3 11.0 £ 0.3 No ZOI S (Susceptible)
10 24.0 £ 04 13.0 £ 0.4 No ZOlI S (Susceptible)

Plain NFX gel (equivalent doses) served as positive control; blank Carbopol gel, blank NLC, and DMSO served as negative controls
— no measurable ZOI recorded for any organism or dose. NFX = norfloxacin; NLC = nanostructured lipid carrier; ZOI = zone of

inhibition; MRSA = methicillin-resistant Staphylococcus aureus; S = susceptible.

UOLSSTISYT PUD SYNSIY

S0T



Results and Discussion 106

First, NLC encapsulation keeps norfloxacin in a molecularly dispersed, amorphous
state (as confirmed by DSC and XRD) in a lipid core, which increases the ap-
parent aqueous solubility and consequently leads to a higher diffusible free drug
concentration at the zone perimeter than the crystalline drug dispersed in the
Carbopol matrix of plain gel [163, 164]. Second, nanometric NLC particles (102
nm) move much more freely in the agar gel network as compared to drug in the
entangled polyacrylate network of the Carbopol matrix, where the inherently lim-
ited aqueous solubility of this BCS Class IV drug reduces the effective inhibitory
concentration gradient and diffusion area [165]. Third, the focused delivery to
the bacterial membrane interface by concentrated delivery of lipid nanoparticles
might further promote increased drug accumulation inside the cell, for example
by increasing the partitioning of the drug into the membrane and, speculatively,
by partially saturating efflux pump systems (NorA for S. aureus, and MexAB-
OprM for P. aeruginosa), which would be worthy of targeted investigation in
future efflux pump inhibition studies [166]. The clinical significance of this tran-
sition—from a uniformly resistant /intermediate antibacterial profile (plain gel) to
a uniformly susceptible profile (NFX-NLC gel) against all four wound-relevant
ATCC pathogens—represents the principal therapeutic value of the NFX-NLC
Carbopol 940 gel platform for topical wound infection management [167, 168].



Chapter 5

Conclusion and Future

Recommendations

5.1 Conclusion

This study successfully developed and characterized a norfloxacin-loaded nanos-
tructured lipid carrier (NFX-NLC)-based Carbopol 940 gel as a novel topical plat-

form for wound infection management.

The hot homogenization-ultrasonication technique produced well-defined NLC for-
mulations, with the optimized formulation F1 achieving an optimal combination
of particle size (102 nm), PDI (0.267), zeta potential (-37.7 mV), and encapsula-
tion efficiency (94.95 £+ 0.13%), parameters collectively indicative of a colloidally

stable nanosystem with superior drug loading capacity.

The pH-dependent, sustained in vitro drug release following anomalous non-Fickian
transport kinetics (Korsmeyer—Peppas R? = 0.999; n = 0.654) supports the clinical
utility of the formulation in delivering norfloxacin at a higher flux at the wound
surface pH (5.5) while maintaining sustained release at the physiological tissue pH
(7.4).

107
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FTIR spectroscopy, XRD, and DSC collectively confirmed the successful encap-
sulation of a chemically stable amorphous form of norfloxacin within the lipid
matrix, which markedly enhanced the aqueous solubility and dissolution perfor-
mance of this BCS Class IV drug. SEM imaging revealed a spherical, compact
NLC architecture consistent with the favorable nanometric particle size distribu-
tion. The NFX-NLC Carbopol 940 gel demonstrated pseudoplastic rheological be-
havior, wound-compatible pH, and acceptable spreadability, properties conducive
to uniform wound bed application. FEz vivo permeation studies confirmed signif-
icantly enhanced skin permeation flux compared to plain norfloxacin gel, with a
permeation enhancement ratio of 2.95 at pH 5.5 and a pH-flux enhancement ra-
tio of 1.85 between pH 5.5 and pH 7.4, attributed to the synergistic contribution
of nanometric particle size, Transcutol P-mediated permeation enhancement, and
Precirol ATO5-driven occlusion. Non-irritant classification (Primary Irritation In-
dex = 0.00) was confirmed by skin irritation testing, and physicochemical integrity
was validated through 3-month ICH-compliant stability studies conducted under
refrigerated (4°C), ambient (25°C/60% RH), and accelerated (40°C/75% RH) con-
ditions. Antibacterial evaluation by agar well diffusion demonstrated susceptible-
range zones of inhibition against all four wound pathogens, S. aureus (ATCC
6538), MRSA (ATCC 43300), E. coli (ATCC 25922), and P. aeruginosa (ATCC
27853), at all three tested dose levels, with statistically superior performance over
the plain norfloxacin gel. Collectively, these findings establish the NFX-NLC Car-
bopol 940 gel as a biocompatible, physicochemically stable, and antibacterially
potent topical therapeutic platform with strong translational potential for the
management of both Gram-positive and Gram-negative wound infections, includ-

ing those involving resistant pathogens.

5.2 Future Recommendations

The findings of the present study open multiple promising avenues for further
investigation, spanning preclinical validation, mechanistic studies, formulation re-

finement, and clinical translation.
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The most immediate and critical next step is validation of antibacterial efficacy
and wound healing promotion in well-established preclinical in vivo models. Ex-
cisional wound infection models in Sprague-Dawley rats or BALB/c mice using
S. aureus (ATCC 6538), MRSA (ATCC 43300), P. aeruginosa (ATCC 27853),
and E. coli (ATCC 25922) inoculation should be employed to evaluate bacterial
burden reduction, wound contraction rate, re-epithelialization, and collagen de-
position, with histopathological scoring as the primary endpoint. Comparative
efficacy against marketed topical formulations (e.g., mupirocin 2% ointment, fu-

sidic acid cream) should be included to establish clinical benchmarking.

Wound pathogens, particularly P. aeruginosa and MRSA, are predominantly en-
countered in biofilm rather than planktonic form within chronic wounds, and
biofilm inherently confers 10-1000-fold greater antibiotic resistance than plank-
tonic counterparts. Future studies should assess the anti-biofilm activity of the
NEFX-NLC gel using crystal violet biomass quantification, colony-forming unit enu-
meration from disrupted biofilms, and confocal laser scanning microscopy (CLSM)
with LIVE/DEAD staining. Minimum biofilm eradication concentration (MBEC)
should be determined and compared to that of plain norfloxacin gel to quantify

the biofilm-disrupting advantage conferred by the NLC system.

While ex vivo permeation through porcine ear skin has confirmed enhanced flux,
future work should employ human skin equivalents (e.g., EpiDerm™ or StrataTest®
models) and confocal microscopy with fluorescently labeled NLCs to delineate the
precise permeation pathway, whether follicular, transcellular, or intercellular, and
to visualize NLC penetration depth within the stratum corneum and viable epi-
dermis. Tape-stripping studies combined with HPLC drug quantification would

further elucidate the depth-concentration profile within skin layers.

Although topical delivery is designed to minimize systemic absorption, quantifi-
cation of residual systemic norfloxacin levels following topical application of the
NFX-NLC gel should be conducted using LC-MS/MS in plasma and organ tissue
samples from animal models, to confirm localized action and safety from systemic

off-target effects.
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Future formulation refinement could incorporate pH-responsive or protease-
responsive lipid or polymer coatings on the NLC surface, enabling triggered drug
release specifically in response to the elevated proteolytic activity or acidic mi-
croenvironment of infected wound beds. Smart NLC systems functionalized with
hyaluronic acid, chitosan, or wound-responsive peptides could simultaneously pro-

mote wound healing and enhance targeting of drug release to the site of infection.

Given the increasing prevalence of multidrug-resistant wound pathogens, future
studies should explore the incorporation of a second antibacterial agent, such as
rifampicin or fosfomycin, within the NLC matrix alongside norfloxacin, and eval-
uate synergistic antibacterial activity using checkerboard assays and fractional
inhibitory concentration (FIC) index calculation. The inclusion of silver nanopar-
ticles or zinc oxide nanoparticles as co-encapsulated agents within the lipid matrix
warrants investigation as a strategy to broaden coverage and overcome resistance

mechanisms.

Transition from laboratory-scale to pilot-scale production using high-pressure ho-
mogenization or microfluidic processing should be explored to assess batch-to-
batch reproducibility, process scalability, and compliance with Good Manufactur-
ing Practice (GMP) requirements. Quality-by-Design (QbD) frameworks employ-
ing Design of Experiments (DoE) with expanded factor ranges should be applied

to further delineate the design space and establish robust control strategies.

Following successful in vivo validation, a Phase I/II clinical pilot study in patients
with chronic wounds or post-surgical wound infections, particularly those colonized
with MRSA or P. aeruginosa, would provide definitive evidence of clinical safety,
tolerability, patient compliance, and therapeutic efficacy necessary for regulatory

submission and commercial development
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