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ABSTRACT

Conventional antibiotics struggle to completely eradicate the infection because of their ineffective penetration of
biofilms. New multimodal strategy integrating antibiofilm agent with antimicrobials delivered as nanomedicine
could be a powerful approach to overcome biofilm resistance. Bioactive essential oils have recently garnered
great attention because of their biofilm disruption and antibiofilm activity. The present study developed an
integrated functional nanostructured lipid carrier (NLCs) combining clove essential oil (CO) and levofloxacin
(LFX) as model antibiotic for localized delivery as hydrogel for treatment of burn wounds infected with
P. aeruginosa biofilms. In vitro cell line studies demonstrated concentration dependent uptake of LFX-CO-NLCs in
human dermal fibroblasts and normal human epithelial keratinocytes, and exhibhited cytocompatibility and
fibroblast migration in scratch wound assay. Crystal violet assay validated strong antibiofilm effect of LFX-CO-
NLCs. The nanoparticles were able to infiltrate through P. aeruginosa biofilm and be up taken by bacterial cells as
evidenced by confocal microscopy. LFX-CO-NLCs hydrogel showed appreciable textural profile and pseudoplastic
behavior which facilitated topical application. In vivo burn wound in mice with P. aeruginosa infection displayed
early wound closure, significantly improved infection clearance and enhanced collagen deposition and wound
healing after treatment with LFX-CO-NLCs hydrogel in comparison to other treatment groups. Wounds were
found to be devoid of any bacterial presence after 7 days of LFX-CO-NLCs hydrogel application. It is propounded
that this industrially viable technology holds great promise as future therapeutics for chronic wound infections.

1. Introduction

to this problem. Once bacteria adhere to any biotic/abiotic surface, they
start producing extracellular polymeric substances (EPS) as an adaptive

Antimicrobial resistance (AMR) is an alarming issue affecting
worldwide public health and necessitates quick and drastic action from
all governmental entities and society (Podolsky, 2018). It has been
predicted by the World Health Organization (WHO) that by the year
2050, antibiotic resistance could lead to 10 million fatalities annually
(Henostroza et al., 2022). The formation of bacterial biofilms signifi-
cantly contributes to the emergence of AMR and adds further complexity
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response to get enmeshed within the matrix which serves as their pro-
tective shield. Wound bed creates a conducive environment for the
development of bacterial biofilm, primarily attributable to the presence
of necrotic tissue. The structural framework of wound debris and EPS
together create a physical barrier that prevents the invasion of fibro-
blasts, keratinocytes, and immune cells. Due to attachment to the ma-
trix, antibiotics are unable to reach adequate concentration in the
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wound bed which breeds resistance (Ciofu et al., 2022). Moreover,
bacteria residing within the biofilms can demonstrate resistance to
conventional antimicrobial treatments that is up to a thousand folds
greater than that of their planktonic form (Uruén et al., 2020).

Burn injuries compromise the integrity of the skin barrier, rendering
individuals susceptible to opportunistic infections. Among the primary
infectious agents that colonize burn wounds is Pseudomonas aeruginosa,
which can lead to significant infections by employing biofilm formation
as a strategy to evade both the immune response and antibiotic therapies
(Sathe et al., 2023). A recent investigation conducted by Ghasemian
et al. revealed that forty isolates of P. aeruginosa, sourced from patients
with burn wounds, exhibited significant biofilm production capabilities
(Ghasemian et al., 2023). The presence of biofilm formation and various
virulence factors, coupled with antibiotic resistance, constrains the
effective treatment by conventional antibiotics available for infections
associated with burn wounds (Ciofu et al., 2022; Uruén et al., 2020).

Given the strong contribution of biofilms towards the development
of AMR and persistence of infection, delivery of an integrated dual nano-
system (NS) combining an antibiofilm agent with an antibiotic can be a
powerful strategy to provide a synergistic effect and clearance of
infection from the wounds and prevent AMR (Razdan et al., 2022). NS
can disrupt the growth of bacterial biofilms via physical damage,
oxidative stress, and thermal injury mechanisms, thereby increasing the
ability of an antibiotic to penetrate biofilms, enable targeted delivery
and intracellular killing of bacteria (Diab et al., 2015). In this context,
nanostructured lipid carriers (NLCs) are an excellent nano-system choice
as they outperform alternative colloidal nanoparticulate delivery sys-
tems in terms of drug loading, release rate, bioavailability, stability,
scalability and their suitability for topical delivery (Uner, 2006; Elmo-
wafy and Al-Sanea, 2021). NLCs are designed using solid and liquid
lipids which are biocompatible and biodegradable. Low index of crys-
tallinity of the lipid blend in NLCs prevent drug expulsion which is
usually observed with solid lipid nanoparticles (SLNs) (Uner, 2006).

Bioactive essential oils (EOs) have been documented to exhibit
multiple functions, including ability to disrupt biofilm formation and
antibacterial activity (Budzynska et al., 2011; Bazargani and Rohloff,
2016). Among various EOs, numerous literature findings have reported
clove oil (CO) to possess excellent antibacterial and antibiofilm prop-
erties owing to the presence of its major component, eugenol. Clove oil
primarily impacts the structural integrity and functional capabilities of
the cell membrane by disrupting its fluidity and permeability as well as
impairing the functioning of membrane transport proteins. The biofilm's
dense membrane structure can be compromised, inhibiting the secretion
of extracellular polysaccharides and proteins (Elbestawy et al., 2023;
Manzoor et al., 2023). Moreover, due to its antioxidant and anti-
inflammatory characteristics, CO has shown potential in promoting
wound healing (Hameed et al., 2021; Banerjee et al., 2020). Addition-
ally, clove oil has been designated GRAS (generally regarded as safe)
status by US-FDA thus making it safe for topical application. In this
study, CO was selected as biofilm disruptor as well as utilized as
bioactive liquid lipid to form functional NLCs.

Levofloxacin (LFX), a prominent member of the fluoroquinolone
class of antibiotics, utilized extensively for its broad-spectrum activity
was used as a model antibiotic to be incorporated in the functional NLCs.
LFX is administered orally to address both complicated and uncompli-
cated infections of the skin and its associated structures (Giordano et al.,
2007). However, oral administration of the antibiotic leads to side-
effects such as nausea, gastrointestinal disturbances and tendon
rupture (Liu, 2010). LFX has been reported to be used in various wound
dressings for treatment of infected wounds (Valizadeh et al., 2021;
Pasztor et al., 2017; Siafaka et al., 2016). Hence, topical treatment of
infected wounds would be beneficial by circumventing the side-effects
and provide high local concentration of antibiotic at the wound site.
Moreover, combining LFX with CO in the NLCs would enhance its
penetration in the biofilm and eradicate infection. Nanoparticles
enhance biofilm penetration by virtue of their small size, enabling
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diffusion into EPS matrix and migrate into the biofilm. The penetration
may depend on the biofilm charge, pore size, hydrophobicity, and
chemical gradient of EPS (Alhariri et al., 2017; Zou et al., 2022).

The present research reports a multimodal NLC system where CO
performs dual role of liquid lipid in the NLCs as well as a biofilm dis-
ruptor. The integrated NLC system (LFX-CO-NLCs) co-loaded with LFX
and CO enhanced penetration and eradication of P. aeruginosa biofilm to
clear the infection from the burn wounds. Interestingly, the incorpora-
tion of CO in the NLCs as a bioactive liquid lipid also enhanced the drug
loading of LFX while simultaneously reducing its volatility and oxidative
degradation and retaining its biological activity thus, alleviating the
limitations associated with other nanocarriers (Ghodrati et al., 2019;
Sepahvand et al., 2022). The work encompasses development, optimi-
zation and detailed characterization of LFX-CO-NLCs and its hydrogel.
In-vitro cell culture studies emphasized the cellular compatibility, cell
uptake and mechanism of cell uptake in normal human keratinocytes
and human dermal fibroblast cells.

In-vitro penetration into biofilms and anti-biofilm effect were
demonstrated through scanning electron microscopy (SEM), fluores-
cence microscopy, crystal violet assay and live/dead cell staining in
P. aeruginosa biofilm cultures, while in vivo efficacy was established in
burn wound infected with P. aeruginosa biofilm in mice. To the best of
our knowledge this is the first report of integrated NLCs hydrogel system
co-loaded with LFX and CO and their subsequent detailed physico-
chemical, microbiological and biological evaluation. It is contemplated
that this commercially viable dual functional NS can be a future thera-
peutic for P. aeruginosa wound infections.

2. Materials and methods

All chemicals, reagents, culture medium, bacterial strains, cell lines
used in the study are described in supplementary material S1.

2.1. Selection of solid lipid and liquid oil phase

Appropriate selection of solid lipid was made by determining the
solubility of LFX in various lipids (Precirol ATO5, Dynasan 114, Com-
pritol 888 ATO, stearic acid, Imwitor 900K and glyceryl monostearate).
Briefly, LFX was added in increments to 1 g of lipid and heated in a water
bath at 70-80°C. The mixture was visually observed for LFX solubili-
zation (Sakellari et al., 2021). Clove oil was selected as liquid oil phase
for NLCs preparation based on its reported antibiofilm and drug solu-
bilizing properties for LFX (Razdan et al., 2022).

2.2. Preparation and physicochemical characterizations of co-loaded
NLCs (LFX-CO-NLCs)

LFX-CO-NLCs were fabricated using hot emulsification followed by
ultrasonication method. Briefly, after melting the solid lipid (3-5% w/
w) at a temperature of 70°C, clove oil (3-5%) and surfactants (2-4.5%)
were added. LFX was added in various concentrations (0.25-1% w/w) to
the lipid mix and mixed at 1000 rpm for 5 min. Aqueous phase heated at
70°C containing sodium cholate was transferred to lipid phase under
magnetic mixing. The pre-emulsion was sonicated using a probe soni-
cator (Vibra Cell Sonics, USA) for 3 min at 40% amplitude and allowed
to cool to obtain the NLCs. The schematic illustration of prepartion of
LFX-CO-NLGs is given in Fig. 1A.

Clove oil loaded NLCs (CO-NLCs), which did not include LFX, were
prepared using the same procedure while rhodamine 123 (R123)-
labeled NLCs (R-LFX-CO-NLCs) were formulated by adding the R123 dye
to the melted lipidic phase. The LFX-CO-NLCs were characterized for
particle size (PS), polydispersity index (PDI), and zeta potential (ZP),
entrapment efficiency, transmission electron microscopy (TEM), Dif-
ferential Scanning Calorimetry (DSC), Thermogravimetric Analysis
(TGA) and Fourier-transform infrared spectroscopy (FTIR) as per the
methods given in supplementary material S2. Gas chromatography mass
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Fig. 1. (A) Schematic illustration of preparation of integrated levofloxacin and clove oil biofunctional nanostructured lipid carriers [LFX-CO-NLCs]. (B) TEM
photomicrograph, (C) Particle size distribution graph by intensity and (D) Zeta potential graph for LFX-CO-NLCs.

spectrometry (GCMS) analysis of LFX-CO-NLCs was carried out as per
method given in supplementary material S3 and compared with GCMS
chromatograph of CO.

2.3. Preparation and characterization of LFX-CO-NLCs hydrogel

To enable localized delivery and enhance retention at the wound
site, NLCs were converted into hydrogel by adding hydrophilic polymer
Carbopol 934P. Accurately weighed quantities of Carbopol 934P
(0.5-2% w/v) were dispersed in LFX-CO-NLCs and allowed to hydrate
for at least 12 h after which few drops of triethanolamine were added to
neutralize and form hydrogel and the pH was determined. Rheological
profile of LFX-CO-NLCs hydrogel was assessed using Rheolab QC rota-
tional rheometer (Anton Paar, Germany) by applying variable shear rate
(1-120s™1) at 25 °C. The Texture AnalyzerTM (M/S Stable MicroSystems
Ltd., UK) was employed to assess the textural characteristics of the
optimized LFX-CO-NLCs hydrogel, specifically focusing on parameters
such as firmness, consistency, stickiness, and cohesiveness (Razdan
et al., 2023).

2.4. In-vitro drug release

Drug release from LFX-CO-NLCs, plain LFX gel, and LFX-CO-NLCs
hydrogel was determined in phosphate-buffered saline (PBS) at pH

7.4, maintained at a temperature of 32 + 0.5 °C. This assessment utilized
a semi-permeable membrane (Himedia; MWCO:12 kDa) clamped into a
Franz diffusion cell assembly. Samples were collected over the 8 h
period and analyzed using HPLC with a detection wavelength set at 295
nm (Razdan et al., 2023).

2.5. Stability studies

To evaluate the shelf life, LFX-CO-NLCs and LFX-CO-NLCs hydrogel,
were stored for a duration of six months at 25°C + 2°C/60% + 5% RH
and at 40°C + 2°C/75% =+ 5% RH, respectively in accordance with the
International Conference on Harmonization (ICH) guidelines, Q1A (R2)
and evaluated for physical appearance, pH, and percent drug content for
LFX-CO-NLCs hydrogel and PS, PDI and zeta potential for LFX-CO-NLCs,
at intervals of 0, 1, 3, and 6 months (Razdan et al., 2023).

2.6. Invitro cell culture studies

2.6.1. Cell culture

NHEK cells were maintained in KGM™ Gold keratinocyte growth
medium BulletKit™ (added with gentamycin-amphotericin, hydrocor-
tisone, transferrin, epinephrine, bovine pituitary extract, insulin, and
human epidermal growth factor) [Clonetics™, Lonza, Switzerland].
HDF-a cells were cultured in a fibroblast medium supplemented with
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fetal bovine serum, fibroblast growth supplement, and penicillin-
streptomycin.

2.6.2. Cell-viability assay
The method is elaborated in supplementary information S4.

2.6.3. Cell cycle analysis

Cell cycle analysis of HDF-a cells was performed by utilizing propi-
dium iodide (PI) staining as reported previously (Zwain et al., 2021).
Briefly, HDF-a cells were grown in a 12-well plate at a seeding density of
5x10* cells/well for 24 h at 37°C. Following this, the cells were treated
with LFX-CO-NLCs, CO-NLCs, and LFX at two different concentrations (1
and 10 pg/ml) and incubated for an additional 24 h. Later, the cells were
pelleted and resuspended in 70% ice-cold ethanol for storage at —20°C
for 24 h. After washing with PBS and centrifugation, the fixed cells were
added to a V-shaped non-tissue culture 96-well plate. The cells were
incubated for 2 h following treatment with PI (500 pg/ml stock) and
RNAase (10 mg/ml). The distribution of the cell cycle was analyzed
using a flow cytometer (Guava, easyCyte HT, Merck, Germany),
measuring fluorescence intensity at 488 nm.

2.6.4. Cellular uptake studies

2.6.4.1. Quantitative uptake. For the concentration-dependent quanti-
tative uptake, HDF-a and NHEK cells were cultured in a 12-well plate at
densities of 3.6 x 10* cells/well and 4 x 10* cells/well, respectively,
followed by a 24-h incubation. After the incubation, R-LFX-CO-NLCs
(0.5,1, 5, and 10 pg/ml) prepared in fresh medium were introduced into
the corresponding wells and incubated for an additional 4 h. Following
the incubation, the cells were pelleted using standard procedure and
resuspended in 0.25 ml of ice-cold PBS, 25 pl of PI (50 pug/ml) was added
and fluorescence intensity was assessed using a flow cytometer with
untreated cells as the control (Zwain et al., 2021).

2.6.4.2. Qualitative uptake. HDF-a cells were cultured at a density of
1x10° cells/well on sterile coverslips within a 12-well plate and incu-
bated at 37°C. After 24 h the wells were washed twice with 0.1 M PBS
(pH 7.4). Subsequently, the cells were treated with R-LFX-CO-NLCs for 4
h at 37°C. The cells were fixed using 4% paraformaldehyde and counter
stained with DAPIL. Images were captured using a Zeiss confocal mi-
croscope (GmbH, Germany).

2.6.5. Endocytosis pathway elucidation

HDF-a and NHEK cells were seeded at a density of 5x10* cells/well in
a 12 well plate and incubated for 24 h. Endocytosis inhibitors viz. 0.45 M
sucrose, cytochalasin B (5 pg/ml) and nystatin (5 pg/ml) diluted in
media were used to inhibit clathrin pathway, macropinocytosis and
caveolae/lipid rafts pathway, respectively (Zwain et al., 2021; Martins
et al., 2012). Cells were also incubated at 4 C for the inhibition of
energy-dependent endocytosis. Cells were treated with R-LFX-CO-NLCs
for 4 h and analysis was carried out on flow cytometer using the method
given in section 2.6.4.1.

2.6.6. Invitro scratch wound assay

HDF-a were seeded in a 6-well plate at a density of 6 x 10* cells/well
until complete monolayer of confluent cells was observed. The mono-
layer was scratched vertically with a sterile P200 micropipette tip. To
remove any adhering debris, the wells were washed twice with PBS. The
cells were treated with LFX, LFX-CO-NLCs and CO-NLCs diluted in the
media at two different concentrations of 1 and 10 pg/ml. Gap closure
was measured by capturing images at 0 and 24 h using optical micro-
scope. Untreated cells served as control. The evaluation of wound
closure was performed using the MRI wound healing tool plugin in
ImageJ software (Suarez-Arnedo et al., 2020).
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2.7. Microbiology studies

2.7.1. Agar well diffusion assay
The method is elaborated in supplementary information S5.

2.7.2. Determination of Minimum inhibitory concentration (MIC) and
Minimum bactericidal concentration (MBC)
The method is elaborated in supplementary information S5.

2.7.3. Establishment of biofilms on medical plastic and glass surfaces

P. aeruginosa biofilms were established on sterile flat-bottom 96-well
polystyrene microplates (Nunc™ Edge™, non-treated, ThermoFisher
Scientific, UK) or on autoclave-sterilized borosilicate glass coverslips
(22x22mm, No. 1 Thickness, ThermoFisher Scientific, UK). The wells
received 100 pl of growth media and 10 pl of inoculum diluted in PBS to
contain approximately 1000 CFU per well. In experiments using glass
coverslips, the latter were placed inclined in non-treated flat-bottom
polystyrene 6-well plates (Tissue culture plate, 734-2323, VWR Inter-
national, UK) in a bed of sterile 1.5% agar in sterile distilled water
(sdH20). Subsequently, 4 ml of growth media containing approximately
5000 CFU of P. aeruginosa inoculum were added to the well. After cul-
ture preparation, both 96-well microplates and glass coverslip-
containing 6-well plates were incubated statically at 37°C for 24 h in a
humidity chamber to allow for biofilm formation. Then, the supernatant
was removed, and the wells received fresh media containing different
concentrations of LFX, LFX-CO-NLCs and CO-NLCs. The 96-well micro-
plate wells received 100ul, while the glass containing 6-well plate wells
received 4 ml. The resulting microplates and plates were incubated for
24 h.

2.7.4. Crystal violet (CV) mediated microscopic examination and viability
assessment of the effect of LFX-CO-NLCs on P. aeruginosa biofilms

Post-treatment, the wells of the microplates were washed twice with
1x PBS. For microscopy observation, the wells were stained with 100 pl
of 0.1% CV at room temperature for 10 min. CV was removed and wells
were gently washed with sdH;0 to remove excess CV. Plates were
allowed to air dry before imaging. Wells were imaged under the mi-
croscope at 40x magnification. Post-imaging, CV was extracted using
30% (v/v) acetic acid in sdH20, incubating the plate for 15 minutes at
20°C and the resulting solution was then measured spectrophotometri-
cally (ODsgs). For the assessment of cell viability, supernatants were
removed from biofilm wells and placed into sterile microcentrifuge
tubes. Phosphate bufer saline (PBS) was added to wells containing bio-
films, and biofilm cells were removed via mechanical scraping and
resuspension. Supernatant and removed biofilm cultures were serially
diluted in PBS and plated onto Luria-Bertani agar (LBA) plates, which
were subsequently incubated overnight. Bacterial colonies were
enumerated.

2.7.5. Live/dead staining and microscopic examination of LFX-CO-NLCs
treated P. aeruginosa biofilms

After treatment, coverslips were washed by submerging in sterile 1x
PBS that was subsequently drained. Coverslips were stained for 15 mi-
nutes (20°C, dark conditions) with the Syto9 (3.5 pM, 483/503nm) and
PI (20 uM, 535/615nm) solution mix (20°C in the dark) and subse-
quently washed with sdH,0. Coverslips were water-mounted on glass
slides prior to observation via oil immersion microscopy.

2.7.6. Nanoparticle internalization assay

The internalization of fluorescently labelled NLCs was studied in
P. aeruginosa culture suspensions as well as biofilms on glass coverslips.
For in suspension studies, inoculum was diluted to a starting ODgoo of
0.01 in LB supplemented with R-LFX-CO-NLCs and incubated at 37°C for
24 h at 200 rpm. Periodically for 5 h, 1 ml of culture was extracted from
the vials, centrifuged (13,000 rpm, 1 min), washed twice (1x PBS), fixed
(4% formaldehyde in PBS for 15 min), and washed twice with sdH>0 to
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remove excess fixative. A volume of 10 pl from the resulting suspensions
was deposited on a 0.01% Poly-L-Lysine (PLL) coated glass slide.
Following water mounting and nail varnish sealing, the samples were
visualised immediately or stored at 4°C until use. For biofilm studies,
biofilms established on glass coverslips were treated with R-LFX-CO-
NLCs containing Luria-Bertani (LB) medium as above for 24 h at 37°C
statically.

2.7.7. Image capture and analysis

CV-stained biofilm samples were observed at 40x magnification
using light microscopy with a Nikon Eclipse E200 (E Plan 4x/0.10
WD30). Live/dead and R-LFX-CO-NLCs stained cell suspension and
biofilm samples were observed using oil immersion DIC and fluores-
cence microscopy (Zeiss Axio Observer, 630x Apochromat 63x/1,4 Oil
DIC). Image capture was undertaken using the inbuilt Axiocam. Biomass
quantitation determinations from CV-stained samples were undertaken
using ImageJ (Fiji platform). Excitation and emission of fluorophores are
as follows: Rhodamine123, 508/528 nm, Syto9, 483/503 nm, PI, 535/
615 nm.

2.8. In vivo murine burn wound infection study

2.8.1. Animal ethical compliance

Animal studies were approved by Institutional Animal Ethics Com-
mittee (PU/45/99/CPCSEA/IAEC/2019/290) and the Institutional
Biosafety Committee (IBSC/PU/2019/135) at Panjab University. Male
BALB/c mice were acquired from the Central Animal House of Panjab
University, India. The animals, aged between 4 to 8 weeks and weighing
(20-25 g), were housed in well-ventilated rooms that maintained a 12 h
light/dark cycle and a stable temperature of 25 + 2°C within clean
plastic cages. They were provided with a standard rat diet (Hindustan
Lever, Mumbai), and fresh water was continuously available.

2.8.2. Efficacy study in Pseudomonas aeruginosa PAO1 biofilm infected
burn wound in mice

A murine burn wound infection model was established, as previously
reported (Gupta et al., 2015). A burn wound was induced by applying a
heated brass rod (10x10 x100 mm) to the dorsal area of mice that had
been anesthetized through an intraperitoneal injection (I/P) of xylazine
(10 mg/ml) and ketamine (80 mg/kg). To infect the burn site, 50 ul of
P. aeruginosa inoculum (10* CFU/ml) was applied topically and 48 h
were allowed for biofilm formation before any treatment was started.
The health of the mice was monitored throughout the period of study.

The mice were divided into four groups (n=9/group). Group 1 did
not receive any treatment (control group). Groups 2, 3, 4 received
treatments with LFX-CO-NLCs hydrogel, CO-NLCs hydrogel and plain
LFX gel respectively. The gels were applied at the infection site twice a
day over a duration of 15 days. The progression in wound closure was
assessed by using ImageJ software to analyze the digital photos of
wounds taken on days 0, 1, 3, 7, 10, and 15 and measuring the per-
centage change from the initial wound size. On days 1, 7, and 15
following the treatment, three mice from each group were anesthetized
to collect the wound tissue followed by sacrificing by cervical disloca-
tion. The efficacy of the therapy was assessed using various measures.
The impact of the treatment on the wound biofilm was investigated by
analyzing the tissue samples (collected on day 1 after the treatment)
fixed in 10% buffered formalin on FESEM (Hitachi SU8010, Japan). The
bacterial load (CFU/ml) was determined by plating homogenized tissue
samples extracted on days 1, 7, and 15 post-treatments on nutrient agar
plates. Histopathological analysis was carried out using haematoxylin
and eosin (H&E), and Masson's trichome (MT) staining of fixed tissue
samples obtained on days 1 and 15 post-treatment. The sections were
captured utilizing the Olympus DP80 imaging system (Olympus, Japan).
The antioxidant activity in infected wound tissue homogenates was
evaluated by lipid peroxidation through malondialdehyde levels and
glutathione, superoxide dismutase, and catalase activity, following

International Journal of Pharmaceutics 698 (2026) 126885

methodologies outlined in prior research (Saha et al., 2023).
2.9. Statistical analysis

The data are presented as mean =+ standard deviation. To assess the
statistical significance of the findings from the murine burn wound
model, a two-way ANOVA was conducted, followed by a post hoc
Bonferroni test. Results were deemed statistically significant at levels of
(*) p < 0.05 and (**) p < 0.001. Statistical analyses were performed
using GraphPad Prism 7.0. The bacterial counts were reported as Log10
values.

3. Results
3.1. Solubility study

LFX showed highest solubility of 100.12 + 1.24 mg/g in stearic acid
followed by Precirol ATO5 (30.01 + 1.15 mg/g) hence these two lipids
were selected for preparation of NLCs. Solubility in Compritol 888 ATO
and Dynasan 114 was found to be low (15.50 + 1.55 mg/g).

3.2. Preparation of LFX loaded nanostructured lipid carriers and
optimization

NLCs prepared using stearic acid (particle size 215.40 + 3.33nm and
PDI 0.254 + 0.008) showed a creamy consistency and became highly
viscous after 4-6 h of preparation (Miiller et al., 2002) hence were not
carried forward and Precirol was used as solid lipid for NLCs prepara-
tion, and their evaluation parameters are presented in Table 1. Stable
NLCs (PS 185.5 + 4.1, PDI 0.286 + 0.012) were formed with 2.5% Span
80. EE was found to be low (31.23 4 0.54%) at LFX concentration of 1%
which was improved by reducing the LFX to 0.75% (37.44 + 0.69%) and
0.5% (42.11 + 0.64%), respectively. The increase in EE observed at
lower drug loading can be attributed to the avoidance of lipid matrix
saturation, allowing more efficient incorporation of the drug within the
NLC system. At reduced concentrations, the drug is better accommo-
dated within the lipid matrix, minimizing expulsion and partitioning
into the external phase, which ultimately enhances entrapment effi-
ciency (Miiller et al., 2002; Das et al., 2012).

Higher lipid concentration in the NLCs significantly increased EE to
60.15 + 0.28% probably due to its ability to entrap more LFX which
could be further increased to 63.72 + 0.94%, when LFX concentration
was reduced to 0.25%. This agrees with the previous report where
decreasing the amount of drug added and/or increasing the lipid content
led to an increment in EE of LFX (Beraldo-Aratjo et al., 2022).
Increasing Span 80 led to reduction in EE which could be due to higher
drug solubilizing capacity of the surfactant leading to more drug
remaining in the aqueous phase. Increase in co-surfactant concentration
(1.5%) led to thickening of NLCs. Therefore, formulation B5 with LFX at
0.5% concentration (Table 1) was selected as optimized NLCs and was
referred to as LFX-CO-NLCs. LFX at 0.5% concentration is used in a
commercially available ophthalmic solution though no topical product
of LFX is available commercially and this is also in agreement with a
previous report (Koch et al., 2005).

3.3. Physicochemical characterization of NLCs

3.3.1. Particle distribution, Zeta potential and Transmission electron
microscopy

TEM analysis revealed LFX-CO-NLCs to be spherical in shape and no
aggregation of nanoparticles (Fig. 1B) Hydrodynamic diameter as
determined by dynamic light scattering was found to be 169.9 nm with
PDI of 0.227 and ZP as —43.1 mV (Fig. 1C,D).

3.3.2. Differential scanning calorimetry
Pure LFX exhibited four endothermic peaks. The first broad
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Table 1
Composition and characterization of integrated biofunctional nanostructured lipid carriers.

Formulation Precirol (% Clove oil Span 80 Sodium cholate LFX (% Particle size PDI Zeta potential TDC (%) EE (%)

code w/wW) (%ow/w) (%w/w) (%w/w) w/w) (nm) (mV)

Bl 3 3 2 1 - - - - -

B2 3 3 2.5 1 1 185.5 + 4.1 0.286 + —45. 20 £+ 2.41 99.01 + 31.23 +
0.012 0.82 0.54

B3 3 3 2.5 1 0.75 163.3 + 3.2 0.221 + —44.70 £+ 2.17 99.86 + 37.44 +
0.016 0.51 0.69

B4 3 3 2.5 1 0.5 152.0 £ 1.7 0.222 + —42.50 £ 1.91 100.02 + 4211 +
0.015 0.48 0.64

B5 4 4 2.5 1 0.5 169.9 + 3.1 0.227 + —43.1 +£2.22 98.86 + 60.15 +
0.010 0.74 0.28

B6 4 4 2.5 1 0.25 162.8 + 3.3 0.231 + —44.90 + 0.55 98.15 + 63.72 £
0.016 1.15 0.94

B7 4 4 3.5 1 0.5 172.1 £+ 3.0 0.226 + —48.30 + 2.96 99.97 + 52.66 +
0.011 0.56 0.63

B8 4 4 4.5 1 0.5 180.9 + 3.6 0.233 + —45.30 £+ 2.26 100.09 + 49.26 +
0.013 0.17 1.18

B9 5 5 2.5 1 0.5 201.4+1.8 0.274 £ —42.36 +£ 1.86 100.16 + 55.56 +
0.006 0.59 0.98

B10 4 4 2.5 1.5 0.5 - - - - -

endothermic peak was detected between 50 and 110°C, indicating
dehydration during heating. The literature reports of LFX thermal
analysis showed this peak in the range of 50-90°C. However, use of
hermetically sealed pan led to increased pressure which resulted in
dehydration taking place at higher temperature. The remaining three
peaks denoting the melting of the v, § and a forms of LFX were observed
at 227.36°C, 231.35°C and 235.35°C respectively (Fig. 2A) that corre-
lated closely with those documented in the existing literature (Gorman
et al., 2012). Precirol exhibited melting endotherm at 67.25°C

(Dolatabadi et al., 2021). Physical mixture of Precirol and CO showed
endothermic peak at 53.13°C which was at lower temperature than for
pure Precirol. CO led to depression in melting point of Precirol
demonstrating disordered state of the crystals and creation of lattice
defects whereas the endothermic peak for CO-NLCs was observed at
59.26°C. LFX-CO-NLCs presented only one melting endothermic peak at
60.32°C but no event due to LFX melting was observed, which suggests
that LFX may have dissolved and integrated into the lipid mixture and
transformed into an amorphous state after encapsulation into the NLCs.
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Fig. 2. Overlay of (A) DSC thermographs, (B) TGA thermographs of LFX, LFX-CO-NLCs and excipients. (C) DSC and TGA thermographs of LFX and (D) FTIR spectra
of LFX, LFX-CO-NLCs and excipients. Abbreviations- LFX: levofloxacin, DSC: Differential scanning calorimetry, TGA: Thermogravimetric analysis, FTIR: Fourier

transform infrared.
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3.3.3. Thermogravimetric analysis (TGA)

The thermal decomposition of the samples upon heating is illustrated
through TGA. The theoretical water content (2.43%) of LFX hemihy-
drate is in agreement with weight loss of 2.40% (w/w) measured on the
LFX thermogram, which corresponds to an endothermic event observed
at ~78 °C (Fig. 2C) (Gorman et al., 2012). LFX showed major degra-
dation at around 290°C (5% weight loss). Precirol is a stable lipid and
showed about 5% weight loss at 219°C. However, physical mixture of
clove oil and Precirol showed 5% weight loss at about 125°C with almost
50% decomposition at ~255°C in comparison to 50% weight loss of
Precirol at ~329°C. CO-NLCs showed 5% weight loss at 215°C whereas
LFX-CO-NLCs showed the same at ~233°C which is similar to degra-
dation of solid lipid Precirol. This shows that LFX was well integrated
into the lipid matrix (Fig. 2B).

3.3.4. Fourier-transform infrared spectroscopy

The LFX spectrum exhibited several distinctive peaks, including:
3265.23 crn’l, indicative of carboxylic acid (O-H stretching); 2932.14
em™ !, associated with CH3 (C-H stretching); 3081 cm ™}, characteristic
of aromatic compounds (C-H stretching); 799.82 cm™!, representing
aromatic C-H bending; 1723 cm™, corresponding to C=0 stretching;
1618.94 cm™ !, related to aromatic C=C stretching; 1294.37 cem L,
linked to amine C-N stretching; and 1086.18 cm™!, denoting C-F
stretching (Fig. 2D) (Razdan et al., 2022). Precirol exhibited strong
bands at 1792 cm ™! (Carboxylic acid; C=0O stretching), 2912.85 and
2848.34 cm™! (free CHs; C-H stretching), 1471.05 cm™ ! (~CHy—CHy;
C-H bending), 1195.99 and 1178.08 cm™! (alcoholic OH group; C-O
stretching), 3200-3300 cm ™! (carboxylic acid; O-H stretching). Pure CO
spectrum showed high numbers of peaks indicating the presence of
various volatile compounds with peaks at 3510 cm™! (phenol; O-H
stretching), 1605 and 1511 cm ! (aromatic; C=C stretching), 1231 and
1032 cm™! (arylether; C-O-C stretching) and 849 and 793 cm ! due to
C-H bending of aromatic ring. LFX-CO-NLCs showed characteristic
peaks seen for Precirol at 2913.05 and 2848.58 cm™! which were
observed in CO-NLCs as well. There were slight shifts observed in the
peaks of LFX. The broad O-H stretch could be due to overlapping
functional groups of other excipients and LFX. The characteristic peaks
of LFX corresponding to O-H stretch of carboxylic acid group at 3379.56
cm ™}, aromatic C=C stretching at 1618.73 cm™}, C-N stretching at
1265.74 em™! and C-F stretching at 1076.53 cm ™! were observed in
LFX-CO-NLCs. However, the decrease in characteristic peak intensity
can be attributed to the successful encapsulation of the drug within the
lipid matrix, where the drug molecules are molecularly dispersed or
solubilized, leading to reduced exposure of functional groups to infrared
radiation. Additionally, the presence of lipid and surfactant components
may mask or overlap with the drug’s characteristic peaks, resulting in
diminished signal intensity. Importantly, the absence of significant peak
shifts or the appearance of new peaks indicates that no chemical inter-
action or degradation has occurred, confirming the physicochemical
compatibility of the drug with the NLC components (Teng et al., 2019).

3.4. Gas-chromatography mass spectrometry (GC-MS) analysis

GCMS spectrum of CO identified compounds present in the sample
along with their percentage compositions (Table S1). Eugenol emerged
as the predominant component of the clove oil, constituting 53.10%,
which aligns well with findings from prior studies (Hemalatha et al.,
2016). Other major components were B-caryophyllene (14.79%),
a-humulene (8.05%) and campesterol (8.76%). The LFX-CO-NLCs
chromatogram (Fig. S1) illustrates the peaks of eugenol (RT:7.16
min), B-caryophyllene (RT:8.06 min) and a-humulene (RT:8.50 min)
with few peaks of minor components confirming that CO was success-
fully integrated in the solid lipid matrix of NLCs without any functional
changes.
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3.5. Preparation and characterization of LFX-CO-NLCs hydrogel

The pH of the LFX-CO-NLCs hydrogel was found to be 5.81 + 0.18,
making it acceptable for topical administration and lowering wound pH
which may help to slow the infectious bacterial growth. LFX-CO-NLCs
hydrogel exhibited drug content of 99.29 + 1.09% which demon-
strated that there is no drug-Carbopol hydrogel interaction. Rheological
characterization of LFX-CO-NLCs hydrogel (Fig. 3B) reveals its ability to
spread over skin. The viscosity of the hydrogel was seen to decrease as
the shear rate was increased. The viscosity decreased from 37,400 mPa-s
to 2370 mPa-s upon raising the shear rate from 5 to 120 s~!. This
demonstrates the LFX-CO-NLCs hydrogel's pseudoplastic (shear-thin-
ning) capabilities, which will facilitate topical application. The textural
profile of LFX-CO-NLCs hydrogel showed that it had respectable
strength, spreadability, and extrusion properties (Fig. 3A). The values
determined for firmness, consistency, cohesiveness, and work of cohe-
sion were 4312.7 g, 6507.46 g.s, —-2197.73 g and —2227.3 g,
respectively.

3.6. Invitro drug release

Fig. 3C shows the drug release profiles of LFX-CO-NLCs, LFX-CO-
NLCs hydrogel and plain LFX gel. Two distinct phases of drug release
were observed: an early burst phase and a steadier sustained release
phase. LFX-CO-NLCs showed an initial burst release of 60.23 + 1.56%,
whereas LFX-CO-NLCs hydrogel had a burst release of 31.18 + 1.26%
after 15 min. Incorporation of LFX-CO-NLCs in the hydrogel base
reduced the initial burst release and provided the release in a sustained
manner. Plain LFX gel showed initial burst release of 29.69 + 1.57% in
15 min but released up to 75.57 + 2.87% of the drug after 8 h, whereas
LFX-CO-NLCs hydrogel showed complete drug release of 99.01 + 1.87%
at the same time. The Carbopol hydrogel network acts as an additional
diffusion barrier, restricting drug mobility and thereby retarding the
release rate. The incorporation of NLCs into Carbopol hydrogel provides
a synergistic system that enhances controlled drug delivery governed by
a dual-controlled mechanism through combined lipid—polymer diffusion
barriers (Pople and Singh, 2006).

3.7. Stability studies

Stability studies of LFX-CO-NLCs showed no significant change in PS
of LFX-CO-NLCs over a period of 6 months when stored at 25°C. How-
ever, PS increased significantly at storage of 40°C from 164.3 + 2.8 to
196.1 + 3.2 nm (P<0.05). This could be attributed to increased kinetic
energy of the system at higher temperature (40 °C/75% RH) leading to
enhanced particle collision and subsequent particle aggregation. Even
though this change was significant, the PS remained below 200 nm and
within the acceptable limit. No cracking and sedimentation were
observed during the study period, PDI of the formulation remained
stable throughout the period of 6 months at all conditions (Table 52). No
significant change in pH, appearance and% drug content of LFX-CO-
NLCs hydrogel was observed following 6 months of stability study
(Table S3).

3.8. Cell line studies

3.8.1. Cell viability study

Cell proliferation studies showed no toxicity with any of the treat-
ments at all tested concentrations after 24 h with cell viability >70% in
both the cells. However, after 48 h LFX showed cellular toxicity at higher
concentrations of 20 and 50 ug/ml showing cell viability of 68.48 +
1.80% and 52.16 + 1.46% in HDF-a cells and 63.26 + 2.12% and 44.68
=+ 1.98% in NHEK cells respectively. Treatment with LFX-CO-NLCs and
CO-NLCs did not show any toxicity after 48 h which reveals biocom-
patibility for topical application (Fig. 4A).
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CO-NLCs and pure LFX in gel.

3.8.2. Cell cycle analysis

It was observed that in control group, 67.85 + 0.52%, 8.61 + 0.33%
and 22.5 + 0.39% of HDF-a cells were in GO/G1, S and G2/M phases,
respectively (Fig. 4B). Treatment with LFX at concentrations of 1 and
10pg/ml led to slight increase in GO/G1 population to 72.71 + 2.20%
and 71.29 + 1.98%, respectively in comparison to control whereas
minor reduction in S and G2/M phase populations was seen. However,
treatment with LFX-CO-NLCs at concentrations of 1ug/ml led to slight
increase in S and G2/M phase populations to 10.23 + 0.99% and 25.02
+ 1.50%, respectively whereas treatment at 10 ug/ml led to increment
in S and G2/M phase populations to 11.69 + 0.82% and 25.15 + 1.36%,
respectively. CO-NLCs showed ~2-fold increase in S phase population in
comparison to control (Fig. 4B). Overall, this study demonstrates that
treatment with NLCs did not lead to cell cycle blockage and rather
promoted the progression of cell cycle.

3.8.3. Cellular uptake studies

Quantitative uptake study revealed concentration-dependent uptake
of R-LFX-CO-NLCs in both HDF-a and NHEK cells as depicted by shifts in
flow cytometer histograms (Fig. 5 A-C). Fluorescence microscopy

images revealed uptake of R-LFX-CO-NLCs in HDF-a cell lines with NLCs
distributed in the cytoplasm and no uptake in the nucleus (Fig. 5G).

3.8.4. Mechanism of cellular uptake

When HDF-a and NHEK cells were incubated with R-LFX-CO-NLCs at
4°C for 4h, the uptake was considerably lower in terms of mean fluo-
rescence intensity in comparison to incubation at 37°C (Fig. 5 D-F)
demonstrating that NLCs uptake into cells is an energy-dependent pro-
cess. Endocytosis of NLCs into the cells, may result from the interaction
of many pathways. Macropinocytosis (cytochalasin B inhibition)
emerged as the dominant internalisation pathway for R-LFX-CO-NLCs as
uptake was reduced by 6.3-folds and 4.6-folds for HDF-a and NHEK cells,
respectively in comparison to control (P<0.001). However, clathrin-
mediated uptake (inhibited by sucrose) can also be strongly attributed
for uptake of R-LFX-CO-NLCs into the cells as it was reduced by 5.3-folds
and 3.4-folds for HDF-a and NHEK cells, respectively in comparison to
control (P<0.001). Caveole/lipid rafts pathway (inhibition by nystatin)
also contributed for uptake of R-LFX-CO-NLCs as evident by 1.5- and
1.7-folds reduction of uptake in comparison to control (P<0.001) for
HDF-a and NHEK cells, respectively This is in agreement with earlier
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studies which demonstrated that more than one routes can be used to wound healing activity of various compounds (Liang et al., 2007). Un-
internalise lipid nanoparticles (Silva et al., 2017; Zwain et al., 2023). treated control showed only 35.12 + 2.50% wound closure after 24 h

whereas LFX-CO-NLCs demonstrated wound closure of 64.78 + 4.15%
3.8.5. In vitro scratch wound assay and 90.55 + 4.75% in comparison to control (P < 0.001) at concen-

Scratch test is a frequently used in-vitro method for determining trations of 1 and 10 pug/ml, respectively. CO-NLCs and LFX at 10 pg/ml
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concentration showed wound closure of 65.47 + 3.87 and 60.15 +
4.13%, respectively as compared to control (P <0.05) demonstrating
wound healing potential of LFX-CO-NLCs (Fig. 5H).

3.9. Microbiology studies

3.9.1. Agar well diffusion assay
LFX-CO-NLCs showed higher zone of inhibition (ZOI) for all tested
pathogens in comparison to LFX solution (P<0.01) (Table 2). CO-NLCs
showed smaller ZOI but incorporation of CO and LFX in NLCs demon-
strated synergistic effect as evidenced by higher ZOI of LFX-CO-NLCs.

Table 2

Zone of inhibition diameters determined using agar well diffusion assay.

Bacteria Zone of inhibition (mm)

LFX LFX-CO-NLCs CO-NLCs
E. coli MTCC 1687 425+1.2 45 £ 0.5 * 9+1.2
P. aeruginosa PAO1 43.2 + 0.9 49.3+1.1* 9.5+ 0.5
S. aureus P-13138 23.5+0.7 32.3+0.4* 8.2+ 0.8
S. aureus (MRSA) MTCC 43300 40.5 £ 0.5 427 £ 0.3 * 6.5+ 0.5

3.9.2. Determination of minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC)

The MIC values for LFX-CO-NLCs were found to be significantly
lower in all tested strains in comparison to free LFX solution (Table 3).

Table 3
MIC and MBC of LFX, LFX-CO-NLCs and CO-NLCs against a range of pathogens.
Strain MIC MIC of MIC of MBC MBC of MBC of
of CO- LFX- of LFX CO- LFX-
LFX NLCs CO- (ng/ NLCs CO-
(ng/ (ng/ NLCs ml) (ng/ NLCs
ml) ml) (ng/ ml) (ng/
ml) ml)
E. coli MTCC 2 128 0.5* 4 256 1*
1687
P. aeruginosa 2 128 0.5* 4 256 1*
PAO1
S. aureus P- 2 64 1* 4 128 2%
13138
S. aureus 4 64 2% 8 128 4*
(MRSA)
MTCC 43300

*P < 0.05 in comparison to pure levofloxacin solution and CO-NLCs.

10

*P < 0.05 in comparison to pure levofloxacin solution.
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There was 4-fold reduction in MIC against E. coli and P. aeruginosa, and 3.9.3. Antibiofilm studies

2-fold reduction against S. aureus in comparison to LFX solution

(P<0.001). Similar reduction was observed in MBC values. CO-NLCs 3.9.3.1. Effect of LFX-CO-NLCs on the P. aeruginosa biofilm mass. The

relatively showed weak antibacterial activity with high MIC values for observation of microscopy images of 24 h-formed P. aeruginosa biofilms

all tested strains. stained with CV revealed a distinctive decrease on surface coverage
when they were treated with LFX solution. The decrease was enhanced
when the antibiotic was delivered as LFX-CO-NLCs (Fig. 6A i-iv). The
enhanced antibiofilm effect was observed at both the MIC (0.5 pg/ml)
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Fig. 6. Biomass determinations from a surface colonisation experiment of P. aeruginosa PAO1, indicated by; (A) light microscopy images of crystal violet-stained
biofilms (40x) (i:untreated bacterial biofilm, ii: biofilm treated with CO-NLCs at 0.5 pg/ml, iii: LFX treated biofilm at 0.5 pg/ml, iv: LFX-CO-NLCs treated biofilm
at 0.5 pg/ml, v: biofilm treated with CO-NLCs at 1.0 ug/ml, vi: LFX treated biofilm at 1.0 ug/ml vii: LFX-CO-NLCs treated biofilm at 1.0 ug/ml). (B) quantification of
the inverse mean grey value (MGV) of 16-bit converted images using the software ImageJ, indicating biomass remaining, and (C) crystal violet dissolution in acetic
acid (30%) and spectrophotometric measurement at 565nm. Bacterial viability by colony counting in LFX, CO-NLCs & LFX-CO-NLCs treated (D) planktonic and (E)
biofilm phase P. aeruginosa in a surface colonisation experiment. "P < 0.001 and *P < 0.05 in comparison to untreated bacterial control.
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and MBC (1pg/ml) of LFX-CO-NLCs. However, the reduction in biofilm
mass was more pronounced at MIC. The results from the microscopy
image observation were consistent with image analysis determinations
of CV-stained biofilm and with spectrophotometric analysis of the
chemically extracted dye. Biofilm treated with pure LFX at 0.5ug/ml had
a biofilm biomass similar to the untreated control (Fig. 6B i). In contrast,
the impact on biomass density of LFX-CO-NLCs is particularly noticeable
and statistically significant at those lower concentrations when
compared to the LFX sample biofilm (Fig. 6 B/C iv). The finding high-
lights the fact that LFX-CO-NLCs at concentration of 0.5 pug/ml has a
higher antibacterial and antibiofilm activity than the equivalent LFX
concentration. In turn, the observation of lesser antibiofilm activity by
the LFX-CO-NLCs (in comparison to LFX) at higher concentration of 1
ug/ml can be due to the fact that the high antibiotic concentration in the
LFX sample is sufficient to lead a significant drop on biofilm biomass,
thus minimizing the difference of the enhanced effect introduced by the
LFX-CO-NLGCs.

3.9.3.2. Effect of LEX-CO-NLCs on the viability of P. aeruginosa biofilm.
To get an understanding of cell viability, both on the supernatant
covering the biofilm and the biofilm itself, samples were taken from both

International Journal of Pharmaceutics 698 (2026) 126885

the sites. The supernatant was directly plated on culture medium plates
while biofilms were mechanically removed and resuspended in PBS
prior to plating. Consistent with the results obtained from differential
biomass determinations above, viability enumerations of liquid cultures
with non-loaded antibiotic NLCs did not affect the viability of either
planktonic or biofilm cultures compared to the non-supplemented con-
trol. Similarly, LFX alone was bactericidal to both culture types with a
similar killing at both antibiotic concentrations. Importantly, LFX-CO-
NLCs at both the concentrations (0.5 and 1 pg/ml) distinctively
improved the antimicrobial effect as compared to the antibiotic in sus-
pension alone (Fig. 6D iv & vii). The physiological tolerance of the
biofilm to antimicrobials has been previously assigned to their slower
growing phenotype and other characteristics of biofilms (Vestby et al.,
2020). It is also to be noted that the bacteria in the supernatant samples
must have derived from the biofilm that had formed, as bacterial cells in
suspension growing from the original inoculum were removed after
biofilm formation, before treatment administration. Consequently, it is
possible that the antibiotic tolerance of those dispersal-derived bacteria
in suspension may overestimate the resistance of planktonic cells in
exponential cultures. Our results suggest that biomass is not a direct
reflection of viability at least in our strain under the conditions used for
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NLC = - + - +
LEX - <+ (0.5ug/ml) <+ (0.5ug/ml) + (lug/ml) + (1ug/mi)

Fig. 7. R-LFX-CO-NLCs are internalised into planktonic bacterial cultures of P. aeruginosa, visualised by differential interference contrast (DIC) A, C, E, and
Rhodaminel23 fluorescence B, D, F microscopy (630x, oil), deposited on PLL coated coverslips after 4 hours of planktonic growth. (A-B): micrographs of
nanoparticle-free media, indicating no fluorescence but bacterial presence. (C-D): Rh-123 loaded CO-NLCs, demonstrating all cells indicate fluorescence. (E-F): R-
LFX-CO-NLGs, fewer cells remain but still exhibit fluorescence. R-LFX-CO-NLCs are internalised into bacterial biofilms of P. aeruginosa growing on glass. (G-H):
micrographs of nanoparticle-free media, indicating no fluorescence (I-J): Rh-123 loaded CO-NLCs, demonstrating all cells indicate fluorescence. (K-L): R-LFX-CO-
NLCs, fewer cells remain but still exhibit fluorescence. Live/Dead stained (Syto9/PI) photomicrographs of P. aeruginosa biofilms treated with LFX and LFX-CO-NLCs.
(M) Control biofilm, no treatment, (N) LFX 0.5 pg/ml treated biofilm, (O) LFX-CO-NLCs 0.5 pg/ml treated biofilm, (P) LFX 1.0 pg/ml treated biofilm, (Q) LFX-CO-
NLCs 1.0 pg/ml treated biofilm. Differences in cell morphology and overall biofilm structure can be observed in O, P & Q compared to M. Scale bars indicate 10um.
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the assays.

3.9.3.3. Nanoparticle internalization assay. To determine whether the
loaded NLCs were up taken by bacterial cells or coalesce around them,
P. aeruginosa exponential and biofilm cultures were challenged with
Rhodamine 123 labelled NLCs. The totality of exponentially growing
planktonic P. aeruginosa cells were green fluorescent, and the fluores-
cence was evident inside the cells, suggesting that R-LFX-CO-NLCs had
been internalized (Fig. 7D). If nanoparticle formulations would have
coalesced on the outside of cells, we would have expected the flores-
cence to appear as an outline surrounding the cells. Consistent with
observations above, R-LFX-CO-NLCs demonstrated the antibacterial
activity of the formulation as well as the absence of fluorescence that
would reasonably result from the release of NLCs from dead cells (Fig. 7
E-F). Subsequently, equivalent experiments were undertaken to explore
the internalization of NLCs on the biofilm platform. R-LFX-CO-NLCs
added to pre-formed biofilms comprehensively stained the biofilm, with
the label also inside of the cells, consistent with the observations in
planktonic cultures. Interestingly, little biofilm mass was observed after
treatment with R-LFX-CO-NLCs, in contrast to the apparent lysis
observed in planktonic cells (Fig. 7 K-L). Whilst the biomass was present,
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it was critical to determine whether these remains consisted of viable
cells. Based on the results from Live/Dead staining of biofilm pop-
ulations treated with LFX-CO-NLCs (1ug/ml) the entirety of the cells was
not viable as indicated by the red stain (Fig. 7Q). This would suggest,
that even though a portion of biomass remained after LFX-CO-NLCs
treatment, this biomass does not represent a viable biofilm, consistent
with the findings (Fig. 6).

3.10. In vivo burn wound infection study

Burn wounds infected with P. aeruginosa were photographed on 0, 1,
3,7, 10, and 15 days after treatment to perform a macroscopic study of
the wounds and measure the rate of contraction of wound using ImageJ
software (Fig. 8A). Compared to untreated control, CO-NLCs hydrogel,
and plain LFX gel, treatment with LFX-CO-NLCs hydrogel resulted in a
faster reduction in wound size after 15 days of treatment. Quantitative
analysis of wound closure revealed a remarkable decrease in wound area
(percentage of initial area) in the LFX-CO-NLCs hydrogel treated groups
on days 7 (68.10 + 1.84%), 10 (16.52 + 1.67%), and 15 (7.34 + 0.68%)
(P<0.001), compared to the untreated group where 65.81 + 4.15% of
the wound area remained uncured after 15 days (Fig. 8A). In comparison
to the untreated control, the percentage of wound area measured for the
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Fig. 8. Accelerated healing of P. aeruginosa PAO1 biofilm infected burn wounds by LFX-CO-NLCs hydrogel treatment. (A) Representative images of burn wound sites,
schematic illustration of the in vivo murine burn wound infection and treatment design and graph depicting wound area reduction percentage as compared to initial
wound. Scale bar is 5 mm. (B) Graph displaying wound bacterial load in log;o CFU/ml. Histological analyses of wound tissues on days 1 and 15 after treatment. (C)
H&E staining and (D) Masson’s Trichome staining. Red scale bar = 100 pm; black scale bar = 50 um. Ic, Re, CRe, Hf and H&E refer to inflammatory cell, re-
epithelialization, complete re-epithelialization, and hair follicle, haematoxylin and eosin. (E) Characterization of in vivo P. aeruginosa PAO1 biofilm using FESEM.
(i) untreated control, (ii) LFX-CO-NLCs hydrogel treated, (iii) CO-NLCs gel treated and (iv) LFX gel treated. (F) Oxidative stress parameters evaluated during the
treatment in wound tissue homogenates. “"P < 0.001 in comparison to untreated control, LFX gel and CO-NLGs hydrogel. *P < 0.05 in comparison to un-

treated control.
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CO-NLCs gel and plain LFX gel at day 15 after treatment were 52.56 +
1.43% and 24.72 + 1.52%, respectively (P<0.05). As observed from the
antibacterial activity experiment, 4-fold decrease in the MIC of LFX
against P. aeruginosa and antibiofilm activity exerted by LFX-CO-NLCs
demonstrates the synergistic effect of LFX and clove oil which led to
clearance of bacterial infection from the wound which further led to
faster wound healing in comparison to other groups. The biofilm
inflicted untreated control group did not heal by itself in 15 days which
depicts the inability of the immune system to combat the hyper-
inflammatory environment created due to strong biofilm formation by
P. aeruginosa.

FESEM analysis of excised wound tissue surface after one day of
treatment revealed establishment of the biofilm and in vivo antibiofilm
effect of LFX-CO-NLCs hydrogel. Untreated control exhibited complex
biofilm matrix enmeshing P. aeruginosa cells within, while LFEX-CO-NLCs
hydrogel treated group showed biofilm breakdown and visible skin
surface which was otherwise hidden underneath the biofilm. This
demonstrates translation of in vitro antibiofilm effect of LFX-CO-NLCs in
in vivo environment (Fig. 8E). The antibiofilm effect was also com-
plemented by reduction in wound bacterial load following treatment
with LFX-CO-NLCs hydrogel. The extent of the infection was demon-
strated by the increase in bacterial count within the untreated control
group, which escalated from an initial inoculum of 4 log'® CFU/ml to 8
logs over a span of 15 days, followed by a reduction of approximately 1
log by the conclusion of the treatment period. At the end of treatment,
bacterial burden was reduced by ~3.2 logs with CO-NLCs gel and 3.1
logs with plain LFX gel as compared to the control group (P <0.05). After
one day of treatment with LFX-CO-NLCs hydrogel, bacterial count
reduced by 2-fold and complete bacterial clearance was seen after day 7
(P < 0.001) which clearly demonstrates its strong antibiofilm and
antibacterial efficacy (Fig. 8B).

A histopathological investigation was conducted utilizing H&E and
Masson's trichrome staining techniques to monitor and evaluate the al-
terations in skin tissue at both the initiation and conclusion of the
treatment (Fig. 8C-D). Post-burn infliction, loss of skin layers and
neutrophil infiltration was observed in all the groups. After completion
of the treatment, the untreated control did not heal, and inflammation
was still present. CO-NLCs gel treated group showed similar character-
istics with presence of infectious exudate and inflammatory cells.
Although plain LFX gel group showed full epithelialization there were
no indications of hair follicles or any adnexa formation in the dermis
that has been regenerated and, inflammatory cells were present in
abundance. LFX-CO-NLCs hydrogel treated group demonstrated full re-
epithelialization accompanied with regeneration of hair follicles and
other glandular formations and minimal inflammation in comparison to
other groups. Collagen depletion (MT staining) due to burn injury is
evident in all groups in Fig. 8D. On day 15, the control group's skin had
not recovered and contained no collagen. The increased intensity of the
light green hue from MT staining suggested that LFX-CO-NLCs hydrogel-
treated wounds contained more collagen than untreated wounds and
collagen was well-organized into fibrils. Collagen deposition was also
seen in the plain LFX gel-treated group; however, it was less pronounced
than LFX-CO-NLCs hydrogel treated group. No collagen deposition was
observed in CO-NLCs gel treated group.

High concentrations of reactive oxygen species, which happen in the
early stages of burn injury have been known to initiate oxidative dam-
age. Consequently, a rise in malondialdehyde (MDA) levels is a sign of
oxidative damage and lipid peroxidation in epidermal tissues. MDA
levels increased a week after wound infection in untreated control group
and only dropped mildly at the end of the protocol which gives a picture
of severe inflammation prevalent in the wounds (Fig. 8F). Treatment
with LFX-CO-NLCs hydrogel led to ~ 2-fold and 4-fold reduction in MDA
levels on days 7 and 15, respectively as compared to control (P<0.01).
LFX-CO-NLCs hydrogel was able to successfully mitigate lipid peroxi-
dation in burn wounds. Superoxide dismutase (SOD) serves as the first
line of defense against superoxide anions produced during the
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inflammatory phase and converts them into hydrogen peroxide. In the
control group, SOD levels declined throughout the 15-day period, which
may have been caused by an excess of superoxide anions that could not
be quenched due to the insufficient amount of SOD generated. However,
after 15 days of treatment with LFX-CO-NLCs hydrogel SOD levels
increased by ~3-fold (P < 0.001) compared to the control, whereas CO-
NLCs gel and plain LFX gel exhibited ~2-fold rise (P < 0.05).

Two antioxidant enzymes-catalase and reduced glutathione (GSH)
come into play to eliminate excess HoOy. After 7 days, there was a
decrease in catalase levels of the untreated control group which stabi-
lized after 15 days. A considerable increase was noted in the catalase
activity on days 7 and 15 for LFX-CO-NLCs hydrogel (P <0.001), CO-
NLCs gel, and plain LFX gel (P < 0.05) as compared to untreated con-
trol. The GSH activity for the control and LFX-CO-NLCs hydrogel groups
showed a similar pattern. After 15 days, the GSH levels in the LFX-CO-
NLCs hydrogel treated group were up to 2.5 times higher (0.282 +
0.016 pM/mg protein) than in the control group (0.109 + 0.014) [P <
0.001].

4. Discussion

A significant challenge encountered by burn clinics is the risk of
bacterial infection within burn wounds, which can result in more serious
health conditions, such as sepsis. P. aeruginosa is a leading pathogen that
commonly colonizes these wounds. It has intrinsic antibiotic resistance,
which is associated with the presence of multiple efflux pumps and more
importantly its ability to form biofilms which makes the infection severe
and difficult to treat. The scarcity of novel antimicrobials, particularly
those targeting biofilms, exacerbates the difficulties associated with
managing burn wound infections caused by resistant microorganisms.
For efficient treatment of wounds which have biofilms, it is pertinent to
break down the complex matrix with the aid of an antibiofilm agent to
allow antibiotics to access bacterial cells shielded within it. Inhibition of
growth of bacterial biofilms by use of an integrated approach by
combining a biofilm disruptor with an antibiotic in a nanocarrier would
be a powerful strategy to address this challenge.

In this context, our research leveraged the use of NLCs by employing
bioactive clove oil as an antibiofilm agent combined with LFX antibiotic
for inhibition of bacteria. CO not only provided antibiofilm properties
but also contributed as liquid lipid to impart imperfections in the
structure of solid lipid Precirol to load higher amounts of LFX in the
nanostructure. NLCs loaded with CO can transport antibiofilm compo-
nents to biofilm surface which will allow LFX to be delivered deep
within the matrix by fusion of the NLCs with the bacterial membrane
leading to their internalization and subsequent cell death due to LFX
mediated DNA damage.

For successful entrapment of LFX within the lipid core of NLCs,
selecting lipid with high drug solubility is vital. Lipid solubility of a drug
is a crucial parameter for NLCs preparation as it dictates entrapment
efficiency which in turn is expected to increase as ability of lipid to
solubilize the drug within the core of NLCs increases. Stearic acid
demonstrated highest LFX solubility but failed to form stable nano-
particles whereas Precirol® based NLCs formed stable nanosystem with
particle size < 200 nm. Precirol® (glyceryl palmitostearate) is a mixture
of monoglycerides (8-22%), diglycerides (40-60%) and triglycerides
(25-35%) of palmitic and stearic acid. The complex mixture offers less
ordered crystal structure which favors high drug loading (Souto et al.,
2011). In addition, CO showed high solubilizing capacity for LFX and
thus enhanced the drug loading of LFX and formed the liquid part of the
lipidic core of NLCs.

An optimal hydrophilic-lipophilic balance (HLB) of the surfactants is
essential for the emulsification of the lipid phase in water, from a
formulation design standpoint. Lipid phase composed of Precirol®
ATOS5 has a HLB value of 2, therefore combination of Span 80 (HLB- 4.3)
and sodium cholate (HLB- 18) provided stability to the dispersion owing
to balanced HLB of the system (Khan et al., 2016). Following
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optimization, NLCs with uniform size distribution and stability were
obtained as evidenced by low PDI value of 0.227 + 0.010 and ZP of
—43.1 + 2.22 mV which indicate an electrical barrier impeding the
coalescence (Muller et al., 2011). LFX-CO-NLCs remained stable main-
taining the particle size, PDI and drug content within acceptable limits
over the period of six months. Thermal analysis revealed that LFX was
solubilized and integrated within the lipid matrix due to possible con-
version into amorphous state.

GC-MS analysis indicated that eugenol, the primary constituent of
CO which imparts significant antibacterial and antibiofilm characteris-
tics, remained incorporated within the NLCs. The lipophilicity of
eugenol allows it to interact with the lipopolysaccharide layer of bac-
terial membranes and cause disruption of cellular integrity and subse-
quent cell death (Devi et al., 2010). Furthermore, eugenol has been
shown to possess antibiofilm properties against P. aeruginosa biofilms by
interfering with quorum sensing mechanism and reducing microbial
communication, virulence factor expression, and coordinated biofilm
development (Lahiri et al., 2021; Ribeiro et al., 2024).

For enhanced topical application and retention on site, optimized
LFX-CO-NLCs were transformed into hydrogel. Adult skin has a pH 4-6,
making it mildly acidic due to the presence of acidic keratin, sebum, and
eccrine fluids. However, pH of infected burn sites is higher and may
range from 6.5 to 10. LFX-CO-NLCs hydrogel with pH of 5.81 would
make it compatible with skin and lower the wound pH to promote
wound healing. Pseudoplastic behavior and good spreadability of gel
promoted its applicability over larger surface area. Based on in vitro
release study, LFX-CO-NLCs hydrogel showed initial burst release of
~40% of drug in 1 h, followed by sustained release over a period of 8 h
showing two-phase release. The initial burst release would deliver a high
concentration of antibiotics to effectively inhibit biofilm formation,
while a sustained release exceeding the MIC would facilitate the elimi-
nation of any remaining cells (Pastor et al., 2014).

Cellular compatibility and safety are an essential aspect for topical
administration of the developed LFX-CO-NLCs for the treatment of
wound infection. Cell culture studies were carried out to determine the
safety, uptake and in vitro wound healing effects of LFX-CO-NLCs. Cell
viability levels above 70% are regarded as non-cytotoxic in comparison
to untreated control cells (Bauer, 2007:). The biocompatibility of LFX-
CO-NLCs was demonstrated in two skin cell lines, epithelial (NHEK)
and fibroblast (HDF-a) with cell viability >80% in both the cell lines.
LFX-CO-NLCs showed concentration dependent uptake in NHEK and
HDF-a cells and showed localization in cytoplasm of HDF-a cells. LFX-
CO-NLCs were up taken majorly by macropinocytosis and clathrin-
mediated endocytosis. Macropinocytosis is an actin dependent non-
specific uptake process that results in the formation of macro-
pinosomes, which are large endocytic vacuoles. Actin filaments are
known to be depolymerized by cytochalasin B, which prevents mem-
brane ruffles formation and cell uptake. Additionally, incubation with
hypertonic growth media (0.45 M sucrose) showed reduction in cellular
uptake which could be attributed to suppression of clathrin, an essential
internalization route for endocytosis, by inhibiting the formation of
clathrin-coated pits and the subsequent scission from the plasma mem-
brane (Zwain et al., 2023; Khurana et al., 2018).

In cell cycle analysis, a reduction in the percentage of GO/G1 phase
cells and an increment in the population of G2/M phase cells were noted
in HDF-a cells treated with LFX-CO-NLCs. This observation suggests that
the enhanced proliferation rate is attributable to a higher rate of tran-
sition into the S phase, which implies a greater number of cells under-
going mitosis. As seen in cell viability and cell cycle analysis, LFX-CO-
NLCs did not show any cellular toxicity and promoted cell prolifera-
tion. Eugenol, recognized as the predominant compound in CO has been
reported to enhance cell proliferation and facilitate the process of
wound healing. (Banerjee et al., 2020; Sisakhtnezhad et al., 2018). It
could be hypothesized that uptake of NLCs laden with CO into the
cytoplasm promoted wound healing. Indeed, one of the mechanisms
linked with bioactivity augmentation is the internalization of the active
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substance into the cell cytoplasm, as has been previously documented
(Shah et al.,, 2011). Further in vitro scratch assay in HDF-a cells
demonstrated enhanced wound closure which complemented the results
obtained in cell cycle analysis. This could be attributed to the wound
healing characteristic of the CO in the lipid nanocarriers. Saha et al. have
also shown that CO loaded cryogels promote fibroblast migration and
lead to rapid closure of in vitro scratch wounds (Saha and Tayalia, 2022).

In vitro agar well diffusion and MIC studies demonstrated co-loading
of LFX and CO into lipid nanocarriers enhanced its antibacterial activity
which could be attributed to synergistic effect of LFX and CO and
enhanced penetration of nano-antibiotic into the bacterial cells owing to
similarity of lipid nanoparticles with bacterial cell membrane which
facilitates fusion with the cell membrane (Mamun et al., 2021). Anti-
biofilm studies on P. aeruginosa biofilm using CV assay showed the
biofilm disruptor properties of LFX-CO-NLCs and significant reduction
in bacterial count as compared to LFX solution. The enhanced antibac-
terial effect of antibiotic-loaded NLCs could be due to (i) coalescence of
NLCs in the vicinity of the bacterial cells and local external release of the
drug, or (ii) penetration of NLCs in the cell envelopes and delivery in the
cytosol. To determine whether the loaded NLCs were up taken by bac-
terial cells or coalesce around them, P. aeruginosa exponential and bio-
film cultures were challenged with Rh123 labelled NLCs. The R-CO-
NLCs were up taken by bacterial cells in planktonic form while treat-
ment with R-LFX-CO-NLCs led to uptake and eventual cell death of
bacteria. Biofilm treated with R-LFX-CO-NLCs showed penetration of
nanoparticles through the biofilm into the bacterial cells as well as
subsequent disruption of biofilm architecture. The negative charge of
NLCs would have contributed to the biofilm penetration as it has been
reported that lipid nanoparticles with neutral/negatively charged sur-
face charge penetrate the biofilm better (Alhariri et al., 2017; Zou et al.,
2022). Live/dead staining confirmed that biofilm remanent left after
treatment with R-LFX-CO-NLCs did not constitute a viable biofilm. The
NLCs are composed of solid and liquid lipids. In our work, Precirol (solid
lipid) and clove oil (liquid lipid) are used in equal ratios (1:1). Therefore,
in essence, clove oil forms the structure of the NLCs and will be in first
contact with the biofilm. Upon coming in contact with the biofilm, the
components of clove oil will exert its antibiofilm effect, followed by the
release of the drug levofloxacin to have bactericidal effect. Our results
are in line with those obtained by Sans-Serramitjana et al. where they
demonstrated enhanced penetration and antibiofilm effect of colistin
loaded NLCs in P. aeruginosa biofilms (Sans-Serramitjana et al., 2017).

Finally, the efficacy of LFX-CO-NLCs was evaluated in P. aeruginosa
biofilm inflicted burn wound infection in mice. In-vitro antibiofilm,
antibacterial and wound healing capabilities demonstrated by LFX-CO-
NLCs were confirmed in the in-vivo model which showed complete
clearance of infection and healing of the burn wound. Burn lesions are
notorious for being colonised by opportunistic microorganisms such as
Pseudomonas aeruginosa and Staphylococcus aureus. The propensity of
these pathogens to establish biofilms is a key factor in their pathogenic
success and significantly complicates the management of burn wounds
(Percival et al., 2015). As confirmed by FESEM analysis, biofilm for-
mation was observed in burn wounds after two days of the induction of
infection. Daily treatment with LFX-CO-NLCs hydrogel for 15 days led to
complete wound healing and eradication of P. aeruginosa infection was
observed within seven days of treatment. This could be attributed to
presence of CO in the NLCs which disrupted the biofilm allowing LFX to
kill the bacteria and clear the infection while clove oil due to its anti-
inflammatory and wound healing activities facilitated the wound heal-
ing. Perteghella et al. also demonstrated healing of burn wounds in mice
after treatment with CO containing nanoemulsion (Perteghella et al.,
2023). Therefore, use of NLCs to deliver an antibiotic and an essential oil
as an antibiofilm agent can prove to be a promising strategy for the
treatment of chronically infected wounds.
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5. Conclusion

The present study entails successful fabrication of NLCs co-loaded
with CO and LFX for the treatment of burn wounds infected with
P. aeruginosa biofilm. The optimized nano-system was stable over a span
of 6 months in both liquid and hydrogel form. In vitro release studies
demonstrated a dual-controlled delivery platform, where drug release is
regulated by both the lipid matrix of the NLCs and the hydrogel network.
A bi-phasic release pattern would provide high initial LFX concentration
to have immediate antibacterial effect followed by sustained release for
prolonged effect. Future investigations will also include release kinetics
of clove oil components to understand their effect on biofilm disruption.

LFX-CO-NLCs were effectively internalized by planktonic bacteria as
well as penetrated through the P. aeruginosa biofilm leading to its sub-
sequent destruction. In-vitro study in skin cell lines ratify the cyto-
compatibility and wound healing potential of LFX-CO-NLCs. LFX-CO-
NLCs are clearly more efficient than LFX in eliminating P. aeruginosa
biofilm in vitro and from the burn wounds in vivo and promote wound
healing. This could be attributed to nano-encapsulated CO and LFX in
dual functional NLCs to access both peripheral and deeper neighbor-
hoods of biofilm, inhibit the infection causing bacteria and stimulate
tissue regeneration and wound healing process. Thus, using an inte-
grated approach with an antibiotic loaded along with a biofilm disruptor
in a nanocarrier, demonstrates the potential of LFX-CO-NLCs hydrogel to
enhance drug therapy not only for burn wound infections but could also
be extended to chronic wounds challenged with bacterial biofilm as a
promising strategy for biofilm-targeted wound management. This novel
approach also has the potential to save antibiotics that would otherwise
be in oblivion due to AMR. As a bonus, the alarming rise of antibiotic-
resistant bacterial strains can be reduced, making up for the dearth of
novel compounds.
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