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Synergistic beeswax-based nano-formulation for
enhanced chronic wound healing and antibacterial
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Chronic wounds, affecting over 10.5 million U.S. Medicare beneficiaries and exacerbated by diabetes,
represent a critical healthcare challenge due to multifactorial pathophysiology, antimicrobial resistance,
and inadequate therapeutic delivery. To address these limitations, we developed a novel beeswax-

encapsulated emulsified formulation (F4) combining delafloxacin (DLX), lidocaine (LIDO), and sodium

hyaluronate (SHA). F4 demonstrated high encapsulation efficiency (87.6—-91.3%), optimal nanoparticle
characteristics (115.68 nm, PDI 0.26, zeta potential —31.70 mV), and pH-responsive sustained release
(94-100% cumulative release at 24 h, pH 7.4). Kinetic modeling confirmed a diffusion-controlled release
mechanism (Korsmeyer—Peppas R? > 0.989), and comprehensive forced degradation studies coupled

with in silico toxicological profiling (following ICH M7 guidelines) confirmed the formulation's stability

and low impurity risk. Critically, F4 exhibited significantly enhanced antibacterial activity versus free DLX:

larger inhibition zones against all tested pathogens (Gram-positive: S. aureus, B. subtilis; Gram-negative:
E. coli, P. aeruginosa), 4-fold lower MICs against S. aureus (0.031 vs. 0.125 pg mL™) and E. coli (0.031 vs.
0.125 pg mL™Y), and potent bactericidal effects (MBC/MIC = 2). F4 also disrupted biofilms at sub-MIC
levels (1/16-1/64 MIC), comparable to ciprofloxacin, and achieved complete bactericidal killing of

planktonic S. aureus within 12 h at 4x MIC.
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Furthermore, time-kill kinetics demonstrated

a concentration-dependent bactericidal effect. Cytotoxicity assays confirmed enhanced biocompatibility

(CCso: 872.40 png mL™Y), preserving >80% fibroblast viability at therapeutic doses. This multimodal
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1. Introduction

Chronic wounds, particularly those affecting diabetic and non-
diabetic patients with compromised healing mechanisms,
represent a significant healthcare burden worldwide. Chronic
wounds affect 10.5 million (up 2.3 million from the 2014
update) of U.S. Medicare beneficiaries and impact the quality of
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platform concurrently addresses infection control (including biofilm resistance), analgesia, tissue
regeneration, and controlled delivery, offering a transformative strategy for chronic wound management.

life of nearly 2.5% of the total population of the United States."
The diabetic population continues to expand globally, with 14%
of adults aged 18 years and older living with diabetes in 2022, an
increase from 7% in 1990.> Diabetes was responsible for 3.4
million deaths in 2024; 1 every 9 seconds, and caused at least
USD 1 trillion dollars in health expenditure.®* These wounds
often occur in patients with diabetes mellitus due to impair-
ment of wound healing, leading to major causes of morbidity
and mortality and representing the leading cause of major lower
extremity amputation in the United States. The complexity of
chronic wound pathophysiology involves multiple inter-
connected factors including persistent inflammation, bacterial
colonization, impaired angiogenesis, and disrupted cellular
proliferation and migration phases that collectively prevent
normal wound closure.

Current therapeutic modalities for chronic wound manage-
ment encompass a broad spectrum of interventions. Traditional
approaches include wound debridement and dressing, trans-
cutaneous electrical nerve stimulation (TENS), nanomedicine,
shockwave therapy, and hyperbaric oxygen therapy (HBOT).*
Despite these diverse treatment options, conventional therapies
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face several critical limitations that compromise their effec-
tiveness in achieving optimal wound healing outcomes. Stan-
dard wound care protocols primarily focus on maintaining
moisture balance, preventing secondary infections, and
promoting granulation tissue formation through passive
mechanisms. However, these approaches often fail to address
the underlying molecular and cellular dysfunction character-
istic of chronic wounds. The inability to simultaneously target
multiple pathophysiological pathways results in suboptimal
healing rates, prolonged treatment duration, and increased risk
of complications including amputation. Furthermore, conven-
tional antibiotic therapies face increasing challenges due to
emerging antimicrobial resistance patterns. The extensive use
of fluoroquinolones has been consequently accompanied by the
emergence of bacterial resistance, which triggers the necessity
to discover new compounds.’” Traditional antibiotics often
demonstrate reduced efficacy in the acidic, biofilm-rich envi-
ronment characteristic of chronic wounds, necessitating the
development of more sophisticated therapeutic approaches.

Delafloxacin represents a breakthrough in fluoroquinolone
antibiotic development, offering unique advantages for wound
healing applications. Delafloxacin is a novel anionic non-
zwitterionic fluoroquinolone with enhanced antibacterial effi-
cacy in acidic environments.® This characteristic is particularly
relevant for chronic wound management, as wound beds typically
maintain acidic pH conditions due to inflammatory processes and
bacterial metabolism. Clinical evidence demonstrates delafloxa-
cin's superior efficacy in treating skin and soft tissue infections. In
clinical trials involving cellulitis/erysipelas, major cutaneous
abscess, and wound infections, delafloxacin achieved a cure rate
of 70.4%, compared to linezolid's cure rate of 64.9% and vanco-
mycin's cure rate of 54.1% (P = 0.031).”® The broad-spectrum
antimicrobial activity of delafloxacin against both Gram-positive
and Gram-negative organisms, including resistant strains such
as MRSA, makes it particularly suitable for the polymicrobial
environment often encountered in chronic wounds.’

Pain management represents a critical component of
chronic wound care, as persistent pain significantly impacts
patient quality of life and may interfere with healing processes.
Lidocaine, a well-established local anesthetic, provides imme-
diate pain relief through sodium channel blockade, enabling
comfortable wound care procedures and improving patient
compliance with treatment protocols.'®'* Beyond its analgesic
properties, lidocaine demonstrates additional therapeutic
benefits relevant to wound healing. The agent exhibits anti-
inflammatory effects that may help modulate the excessive
inflammatory response characteristic of chronic wounds.
Furthermore, lidocaine's membrane-stabilizing properties can
protect cellular structures from oxidative damage and promote
cellular viability in the wound environment."

Sodium hyaluronate serves as a cornerstone component in
advanced wound healing formulations due to its multifaceted
biological activities. Hyaluronan is a versatile, polymorphic
glycosaminoglycan with vast biological functions, found
throughout the body and primarily residing in skin, thus play-
ing an important role in wound healing." Its hydrophilic nature
enables superior moisture retention, creating an optimal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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microenvironment for cellular proliferation and migration.**
The wound healing properties of sodium hyaluronate extend
beyond simple hydration. Sodium hyaluronate avoids tissue
dehydration and supports the healing process through its
porous structure. Additionally, hyaluronic acid facilitates
angiogenesis, stimulates fibroblast proliferation, and modu-
lates inflammatory responses, collectively accelerating the
transition through wound healing phases. Recent research has
demonstrated synergistic effects when hyaluronic acid is
combined with other therapeutic agents. HA conjugates interact
with skin cells through multiple receptor types, resulting in
synergistically improved healing effects. This finding supports
the rationale for incorporating sodium hyaluronate into multi-
component wound healing formulations.™

Beeswax serves as both an encapsulation matrix and an active
therapeutic component in wound healing applications.'® As
a natural biocompatible material, beeswax provides controlled
release properties that ensure sustained delivery of active phar-
maceutical ingredients to the wound bed. The occlusive proper-
ties of beeswax create a protective barrier that maintains wound
hydration while preventing external contamination. Clinical
evidence supports the wound healing benefits of beeswax-
containing formulations. Beeswax-olive oil-butter mixture
impregnated bandage treatment improved burn wound healing
and encouraged skin renewal via modulating tissue TGF-f1 and
VEGF-o."” The natural antimicrobial properties of beeswax
complement the antimicrobial action of delafloxacin, providing
additional protection against wound colonization.*®

The combination of delafloxacin, lidocaine, and sodium
hyaluronate within a beeswax encapsulation system represents
a rational approach to addressing the multifactorial nature of
chronic wound pathophysiology. This formulation strategy
targets multiple therapeutic objectives simultaneously: antimi-
crobial action against resistant pathogens, pain management
for improved patient comfort, enhanced tissue regeneration
through hyaluronic acid activity, and controlled drug delivery
via beeswax encapsulation. The synergistic potential of these
components lies in their complementary mechanisms of action.
While delafloxacin addresses the infectious component of
chronic wounds, sodium hyaluronate promotes cellular regen-
eration and angiogenesis. Lidocaine facilitates pain-free wound
care and may contribute anti-inflammatory effects, while
beeswax ensures sustained release and provides additional
antimicrobial protection. The combination of multiple active
agents offers synergistic effects that promote faster wound
healing while preventing infections, which is crucial in wound
management where infection risk is high.

The primary aim of this study is to develop and characterize
a novel encapsulated emulsified formulation containing
delafloxacin, lidocaine, and sodium hyaluronate in a beeswax
matrix for the treatment of chronic and difficult-to-heal wounds
in both diabetic and non-diabetic patients. This research
addresses the critical need for advanced wound care solutions
that can simultaneously target multiple pathophysiological
pathways while providing sustained therapeutic delivery. The
novelty of this approach lies in several key aspects: first, the
utilization of delafloxacin, a next-generation fluoroquinolone
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with enhanced activity in acidic wound environments; second,
the synergistic combination of antimicrobial, analgesic, and
regenerative components within a single formulation; third, the
employment of beeswax as a natural, biocompatible encapsu-
lation system that provides controlled release while contrib-
uting therapeutic benefits; fourth, a comprehensive assessment
of the formulation's stability, impurity profile, and in silico
toxicological risk in accordance with ICH guidelines, ensuring
a high safety standard; and fifth, the development of an emul-
sified delivery system that enhances bioavailability, wound
penetration, and demonstrates superior antibiofilm and
bactericidal kill kinetics compared to the free antibiotic. This
innovative formulation represents a paradigm shift from
conventional single-target therapies toward a comprehensive,
multi-modal wound healing approach. By concurrently
addressing infection control (including resilient biofilms), pain
management, tissue regeneration, cytocompatibility, and sus-
tained drug delivery within a single therapeutic system, this
research aims to establish new standards for chronic wound
care and potentially reduce the burden of non-healing wounds
in vulnerable patient populations.

2. Experimental section

2.1. Materials

Beeswax (BW) with a melting point of 60-66 °C and purity of 99%,
sodium acetate trihydrate, monobasic potassium phosphate, di-
ammonium hydrogen phosphate, and soya been lecithin were
purchased from Sigma Chemical Co (St Louis, Missouri, United
States). Delafloxacin (DLX) with purity 99.82% was obtained from
METROCHEM API PRIVATE LIMITED company, India. Sodium
hyaluronate (SHA) with purity 99.49% was purchased from MANUS
AKTTEVA BIOPHARMA LLP, Gujarat, India. Lidocaine hydrochlo-
ride (LIDO) with purity 99.92%, Tween-80, acetonitrile, hydrochloric
acid 37%, and ethanol were purchased from Merck, Darmstadt,
Germany. Dimethyl sulfoxide (DMSO), MTT, and trypan blue dye
were purchased from Sigma (St. Louis, Mo., USA). Additionally, fetal
bovine serum, DMEM, HEPES buffer solution, r-glutamine, and
gentamycin were purchased from Lonza (Belgium), distilled water.

2.2. Formulation development and encapsulation of in
beeswax

The encapsulation process was conducted upon four formula-
tions depending on the percentage of beeswax, Tween 80 as
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shown in Table 1. Each formulation involved encapsulating of
SHA, LIDO and DLX in beeswax using a nano-emulsion
method.**® The process begins with preparing an oily phase
by melting beeswax at 90 °C in a water bath. Then, soya lecithin
is added and stirred, followed by the incorporation of SHA,
LIDO and DLX after their dissolving in 20 mL 50% ethanol into
the mixture. Simultaneously, an aqueous phase is prepared by
dissolving of Tween 80 in 30 mL of purified water at 70 °C. The
aqueous phase is then added to the molten oily phase with
continuous stirring for 2 hours with a magnetic stirrer, resulting
in the formation of an emulsion. This emulsion is subsequently
sonicated using an ultrasonic bath, followed by stirring with
a magnetic stirrer until it cools to room temperature, ensuring
proper encapsulation and stability of the bioactive compounds.

2.3. Selection of the best formulation

2.3.1. Determination of encapsulation of SHA, LIDO and
DLX in beeswax (EE%). The encapsulation efficiency was
determined chromatographically using an HPLC 1260 Infinity I
instrument provided by a quaternary pump, a DAD detector,
and an autosampler (Agilent, USA). The separation was carried
out using an Inertsil ODS-3-C18 column (250 X 4.6 mm, 3 um
particle size; Agilent Technologies, USA). The injection volume
was 25 uL, and an isocratic elution program was applied using
a mobile phase consisting of 0.0101 M phosphate buffer (di-
ssolving 1.32 g of diammonium hydrogen phosphate in 1 L
distilled water and adjust pH to 7) and acetonitrile in ratio 1: 1,
at a flow rate of 1 mL min . Detection was performed at dual
wavelength of 205 nm and 265 nm for SHA, DLX and LIDO,
respectively under ambient temperature. Calibration curves
were prepared by varying concentrations of SHA, LIDO and DLX,
each one separately in 50% ethanol as diluent, followed by
mobile phase for final dilutions, Fig. 1A.

For each formula, transfer 25 mL of formed emulsion to
50 mL of 50% ethanol followed by mobile phase to get final
dilutions and subjected to centrifugation at 10 000 rpm for 15
minutes. The supernatant was then analyzed using the HPLC
system at the dual wavelengths to quantify the amount of
sodium hyaluronate (SHA), Lidocaine HCI (LIDO) and delafl-
oxacin (DLX) loaded in the beeswax,** as shown in Fig. 1B. The
encapsulation efficiency was calculated by subtracting the free
active components in the supernatant from the total amount of
each component initially added during formula preparation,

eqn (1)—(3):

Table 1 Formulations containing equal amounts of SHA, LIDO and DLX, with variations in beeswax and Tween 80 to determine the optimal

formulation

Ingredients Formulation 1 (F1) Formulation 2 (F2) Formulation 3 (F3) Formulation 4 (F4)
SHA (mg) 100 100 100 100

LIDO (mg) 100 100 100 100

DLX (mg) 100 100 100 100

Beeswax (mg) 300 500 400 500

Soya lecithin (mg) 150 150 150 150

Tween 80 (mg) 150 150 300 300

Purified distilled water (mL) 50 50 50 50

10824 | RSC Adv, 2026, 16, 10822-10846

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06488k

Open Access Article. Published on 04 March 2026. Downloaded on 6/16/2026 8:42:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
mAU 3 @A) | | mAaU T B)
700 80
600 - ]
3 604 ] e
500 ] d a g
3 . n ' -
400 4.511 | DLX 401 o ] @
300 - 1 3 < 5
200 —21,430 - SHA 20_: -
100 = 10.981 ; LIDO o A A *_‘L
0 3 o ; | r 7
o 5 10 min 0 5 10 miny
Fig.1 (A) HPLC chromatograms of SHA, DLX and LIDO recorded at the dual wavelengths of 205 nm and 265 nm. The concentration of each drug

solution is 100 pg mL™?, (B) HPLC chromatograms of encapsulated SHA, DLX and LIDO in beeswax recorded at the dual wavelengths of 205 nm

and 265 nm.
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total amount of DLX

2.3.2. Particle size distribution, PDI, and zeta potential for
loaded and un loaded beeswax. The Zetasizer Ultra (Malvern,
USA) was used to determine the size, dimension, polydispersity
index (PDI), and zeta potential of the loaded and unloaded
beeswax. The zeta potential and Dynamic Light Scattering (DLS)
techniques provide insight into the particle size distribution,
surface charge, PDI, and stability of the encapsulated
formulation.?

2.4. Characterization of the encapsulated particles

The selected encapsulated formulation has been characterized
using different techniques to confirm the physicochemical prop-
erties of the bioactive compounds and the encapsulation efficiency
such as Bruker-Vertex 70 Spectrometer (Germany) apparatus
covering the wave number range of 4000-400 cm ™" was used for
Fourier Transform Infrared Spectroscopy (FTIR) investigation, and
transmission Electron Microscopy (TEM) to assess the crystallinity,
chemical composition, and morphology of the particles.

2.5. Invitro release study

The in vitro release study evaluated the dissolution profiles of
delafloxacin (DLX), lidocaine hydrochloride (LIDO), and sodium
hyaluronate (SHA) from a beeswax-encapsulated formulation (F4)
across four physiologically relevant media: HCI pH 1.2 (8.5 mL of
concentrated hydrochloric acid 37% to approximately 900 mL of
distilled water, mix well, and adjust the pH to 1.2 using either
diluted HCI or 1 N NaOH as needed. Make up the final volume to
1 L with distilled water), acetate buffer pH 4.5 (by Dissolving 3.5 g

© 2026 The Author(s). Published by the Royal Society of Chemistry

of sodium acetate trihydrate in 900 mL of distilled water, then
add 1.2 mL of glacial acetic acid. Adjust the pH to 4.5 using acetic
acid or 1 N NaOH if needed, and bring the total volume to 1 L
with distilled water. Mix thoroughly), phosphate buffer pH 6.8 (by
dissolving 6.8 g of monobasic potassium phosphate (KH,PO,) in
900 mL of distilled water and adjusting the pH to 6.8 using 0.2 N
NaOH. Make up the volume to 1 L with distilled water), and PBS
with 0.5% SLS pH 7.4 (by dissolving 8.0 g NaCl, 0.2 g KCl, 1.44 g
Na,HPO,, 0.24 g KH,PO,, and 5.0 g sodium lauryl sulfate (SLS) in
900 mL of distilled water. Adjust the pH to 7.4 using 1 N NaOH or
1 N HCI, and complete the volume to 1 L). Using a USP Disso-
lution Tester (Apparatus 2, 50 rpm, 37 °C), 5 mL of F4 was added
to 500 mL of each medium along 6 separate vessels, with samples
withdrawn at 0.25, 0.5, 1, 2, 4, 8, 12, 20, and 24 hours. Samples
were filtered (0.45 pum), replaced with fresh medium, and
analyzed via HPLC apparatus. Cumulative release percentages
were calculated using corrected volume replacement, comparing
F4 against an unencapsulated control solution.

Drug release at time ¢, cumulative drug release (%) were
calculated using eqn (4) and (5):

Released drug at time t = C, x V (4)
where, C; represents the drug concentration at time ¢ (mg

mL "), V represents volume of the dissolution medium (mL).

released drug at time ¢
initial amount of drug loaded

x 100

Cumulative drug release (%) =

(5)
2.6. In vitro release kinetics

Various release kinetics models were applied including zero-
order kinetics (constant release rate), first-order kinetics
(release rate depends on the amount of drug remaining),
Korsmeyer-Peppas model (power law), Higuchi model
(diffusion-controlled release) to give insight into the release
mechanism either through diffusion, swelling, or erosion of the
encapsulated formulation using the following equations:
Zero-order kinetics

M, =M, +K, (6)

RSC Adv, 2026, 16, 10822-10846 | 10825
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First-order kinetics

AA;; =1—e™ (7)
Korsmeyer-Peppas model
AA;; = K" (8)
Higuchi model
M, = k1 ©)

M, = amount of drug released at time ¢, M., = initial amount of
drug, k, = first-order rate constant, n is the release exponent
that indicates the release mechanism, ¢ = time, ky; = Higuchi
rate constant (depends on properties like the diffusion coeffi-
cient, solubility, and surface area).

2.7. Invitro cytotoxicity and cell viability

2.7.1. Cell lines and culture conditions. Fibroblasts are
critical to wound repair, orchestrating key processes such as
collagen deposition, extracellular matrix (ECM) remodeling, and
tissue regeneration. These functions are essential across all types
of chronic wounds whether occurring in diabetic or non-diabetic
individuals. Given that the developed formulation is designed to
address infection, pain, and impaired healing in a broad spec-
trum of chronic wounds including diabetic foot ulcers (DFUs),
venous leg ulcers (VLUs), and pressure ulcers. Human dermal
fibroblasts (HDFs) were selected as a biologically relevant in vitro
model. As they provide an ideal system to assess the regenerative
and cytoprotective potential of the beeswax-encapsulated dual-
drug delivery system across diverse chronic wound etiologies.
The cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 1% 1-glutamine, HEPES
buffer, and 50 pg mL "' gentamicin. Cultures were maintained at
37 °C in a humidified 5% CO, incubator and subcultured
biweekly to preserve healthy, proliferative cell populations.

2.7.2. Cytotoxicity evaluation via MTT assay. The cytotoxic
effects of the formulated delivery system were assessed using
the MTT assay, a well-established method for evaluating cellular
metabolic activity as an indicator of viability. Human dermal
fibroblasts (HDFs) were seeded into 96-well tissue culture plates
at a density of 1 x 10* cells per well and allowed to adhere for 24
hours under standard culture conditions. After initial incuba-
tion, cells were exposed to increasing concentrations of the test
formulations for an additional 24 hour period. All treatments
were performed in triplicate, and each plate included untreated
control wells to establish baseline viability (normalized to
100%) per ISO 10993-5 guidelines for medical device biocom-
patibility testing.**"*

The assay was validated using untreated HDFs as the nega-
tive control, consistent with ISO 10993-5 recommendations,
which emphasize baseline viability assessment over positive
controls for extractable cytotoxicity evaluation.***

10826 | RSC Adv, 2026, 16, 10822-10846
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Following treatment, the culture medium was carefully
removed and replaced with 100 pL of fresh DMEM. Subse-
quently, 10 uL of MTT reagent (12 mM, prepared by dissolving
5 mg MTT in 1 mL phosphate-buffered saline) was added to
each well. Plates were then incubated at 37 °C for 4 hours,
during which viable cells reduced MTT to insoluble formazan
crystals. After incubation, 85 pL of the medium was discarded,
and 50 pL of dimethyl sulfoxide (DMSO) was added to dissolve
the formazan. The plates were shaken gently to ensure complete
solubilization, and absorbance was measured at 590 nm using
a microplate reader.

Cell viability was calculated as a percentage of the optical
density (OD) of treated cells relative to the OD of untreated
control cells using the following equation:

Percentage of viability = [(OD/OD,)] x 100% (10)
where OD; is the mean optical density of treated wells and OD,
is the mean optical density of untreated wells. Survival curves
were constructed by plotting the percentage of viable cells
against the tested material's concentration. The cytotoxic
concentration (CCsp), which is the concentration required to
induce toxic effects in 50% of the intact cells, was determined
from the dose-response curve using GraphPad Prism software
(San Diego, CA, USA).

2.8. Forced degradation studies and impurity risk
assessment

2.8.1. Study design and conditions. A comprehensive
forced degradation study was performed on the individual
Active Pharmaceutical Ingredients (APIs) including sodium
hyaluronate (SHA), lidocaine HCI (LIDO), and delafloxacin
(DLX) as well as on the optimized beeswax-encapsulated
formulation F4. The study followed ICH Q1A(R2) and Q1B
guidelines to identify potential impurities, characterize degra-
dation pathways, and confirm the stability-indicating capability
of the analytical method. A targeted degradation range of 5-
20% was established to ensure the formation of meaningful
degradation products without inducing excessive breakdown of
the parent compounds. In parallel, a targeted nitrosamine risk
assessment was performed in alignment with FDA and EMA
expectations, focusing on the structural alert associated with
the secondary amine in lidocaine and the tertiary amines in
delafloxacin.

The APIs and formulation were subjected to stress condi-
tions selected to induce controlled degradation, including
acidic and alkaline hydrolysis using 0.1 N HCl and 0.1 N NaOH
at 25 °C for 6 hours; oxidative stress using 3.0% w/v hydrogen
peroxide at 25 °C for 6 hours; thermal degradation by incu-
bating solid samples at 60 °C for 5 days; and photolytic exposure
to visible light for 2 days, in accordance with ICH Q1B. To
evaluate nitrosamine formation potential, a worst-case nitro-
sating condition was applied using 0.01% w/v sodium nitrite in
PH 3.0 acetate buffer at 37 °C for 18 hours.

At predetermined intervals, samples were collected,
neutralized when necessary, diluted with the mobile phase,
filtered through a 0.45 pm membrane, and immediately

© 2026 The Author(s). Published by the Royal Society of Chemistry
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analyzed using HPLC-DAD to quantify degradation and assess
impurity profiles.

The analysis was performed using the HPLC system
described in Section 2.3.1. The method employed DAD detec-
tion across 190-400 nm. To maximize the detection of potential
impurities, including those with weak chromophores, chro-
matograms were analyzed at multiple wavelengths (205 nm,
230 nm, 265 nm, 280 nm). Peak purity was assessed for the
main APIs to ensure no co-elution with degradation products.

2.8.2. In silico toxicity and genotoxicity assessment. A
comprehensive in silico toxicological risk assessment was per-
formed for the individual Active Pharmaceutical Ingredients
(APIs) and the complete formulation in accordance with ICH
M7 guidelines to evaluate impurity and genotoxicity risks. The
assessment employed a multi-tiered computational
approach.>>

Forward reaction prediction was conducted using the ASK-
COS webserver to evaluate the potential for chemical interac-
tions between formulation components that could lead to novel
impurity formation.””

Toxicity and genotoxicity profiling were performed using the
Toxtree software (v3.1.0) with several modules.>*** Compounds
were evaluated using the Cramer rules for systemic toxicity
classification.”® Structural alerts for genotoxicity were assessed
using built-in rules for DNA binding (via electrophilic reaction
chemistry)* and protein binding (covalent interaction poten-
tial).*® Furthermore, the Toxtree modules for Ames test muta-
genicity (based on structural alerts)** and carcinogenicity (non-
genotoxic carcinogen alerts)*> were applied. Molecular docking
studies were conducted to quantify the binding affinity of the
compounds to DNA, providing a quantitative measure of
intercalation potential. The crystal structure of a DNA duplex
(PDB ID: 1TUP) was used as the receptor. Ligand structures were
energy-minimized, and molecular docking was performed
using QVINA2 (ref. 33) following the AutoDock protocol for
preparation. The binding affinity (AG, keal mol ') for each
compound was calculated and compared to ethidium bromide,
a known DNA intercalator.

Organ-specific toxicity and acute toxicity classification were
predicted using the ProTox3.0 webserver, which provides esti-
mates for oral LDs, and probabilities for various organ toxicities
(e.g., hepatotoxicity, neurotoxicity).>***

2.9. Microbiological analyses

2.9.1. Strains and culture conditions. All bacterial strains
were friendly dedicated from Botany and Microbiology Depart-
ment, Faculty of Science (Boys), Al-Azhar University (Cairo,
Egypt). The strains that have been involved in the present study
were Bacillus subtilis ATCC 6051, Staphylococcus aureus ATCC
29213 (as Gram positive strains), Pseudomonas aeruginosa ATCC
27853 and Escherichia coli ATCC 35218 (as Gram negative ones).
The strains were preserved in glycerol under freezing at —80 °C
and refreshed before using by culturing them in Tryptic Soya
Agar (TSA) media (HiMedia, India).

2.9.2. Preparation of bacterial strains suspension. All
bacterial strains in this study were prepared according to Clinical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Laboratory Standards Institute (CLSI) guidelines.*® The strains
were sub-cultured on Muller Hinton Agar (MHA) media and left
overnight under septic conditions at 37 °C. At the end of the
incubation period, 3 growing bacterial colonies were selected and
transferred to a 0.9% sterile saline solution and mixed vigorously
using vortex mixer. The turbidity of the bacterial suspension was
adjusted to 0.5 McFarland standard by carefully adding the
bacterial suspension to McFarland solution [1% solution of
anhydrous barium chloride (0.5 mL) and 1% solution of sulfuric
acid (99.5 mL)]. A white background with contrasting black lines
was used to achieve 0.5 McFarland standard where the colony
count measures approximately 1.5 x 10® CFU mL ™.

2.9.3. Resazurin stock solution preparation. The prepara-
tion of resazurin dye solution was carried out using the method
of Teh et al.*” by adding 337.5 mg of resazurin powder to 50 mL
of sterile distilled water in a sterile flask and the resulted
solution was vigorously mixed for 1 hour using sterile vortex
mixer until achieving complete homogenization. The procedure
was performed in a dark room and the prepared resazurin stock
solution was kept in a dark brown bottle and prevented from
exposure to light (where the solution is light sensitive).

2.9.4. Antibacterial activity assay. The potency of F4
encapsulated compound was tested for its antimicrobial using
Agar well diffusion assay.*®* MHA (Oxoid) media was applied for
the growth of the tested bacterial strains. The media was
sterilized, poured in sterile Petri plates and left to cool at 45—
50 °C and 1 mL of 0.5 McFarland standards (1.5 x 10® CFU
mL ") of each bacterial strain was added inoculated into the
media, mixed to get homogeneity and left to cool at room
temperature. By using a sterile cork borer, a 6 mm well was
bored and 100 pL of F4 encapsulated compound was intro-
duced into the well. DLX as well as other ingredients (SHA,
Lido, Beeswax, Soya lecithin and Tween 80) were loaded into
the other wells (100 puL) for comparison of their antibacterial
activity (if any). All plates were incubated at 37 °C for 24 h. At
the end of incubation, the bacterial growth inhibition zones
were determined, and the results were recorded using the
guidelines of CLSI.** The interpretation of the resulting zones
was as follows: less than 15 mm the examined compound will
be considered as poorly active, while from 15-25 mm it will be
considered as active, consequently more than 25 mm it will be
highly active.?®

2.9.5. Determination of minimum inhibitory concentra-
tion (MIC). Broth microdilution method was used for determi-
nation of minimum inhibitory concentration (MIC). The MIC
was defined as the lowest concentration in which no growth can
be detected. A sterile polystyrene 96-well plate with flat bottom
(SPL, Korea) was used for determination of MIC of the tested F4
encapsulated compound (Scheme 1). To all the wells in the
microtiter plate, 100 pL of MHB media was added from column
1 to column 12. The bacterial suspension (50 pL) of 0.5
McFarland standard (1.5 x 10® CFU mL ") was introduced into
each well (3 rows for each strain). Lastly, Two-fold serial dilution
of DLX or F4 encapsulated compound (at concentration of 512
pg mL ') fraction was prepared as 128, 32, 8, 2, 0.5, 0.125, 0.031,
and 0.0078 pg mL ™" to evaluate minimum inhibitory concen-
tration (MIC). 50 pL of each concentration was added to each
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Scheme 1 A polystyrene 96-well plate with flat bottom was used for determination of MIC of the testing F4 encapsulated compound.

well where, the first concentration (128 ug mL™") in H-well was
then serially diluted by transferring 50 pL of each well to the
next well until receiving a concentration of 0.0078 ug mL ™" at
the last well (A) from which 50 pL was discarded. The plates
were incubated for 18 hours at 37 °C, then 20 pL resazurin
solution (0.01%) was added and the plates were re-incubated for
2-4 hours after incubation the readings were performed at
630 nm using microtiter plate reader. The indicator dye (resa-
zurin) serves as redox indicator which was oxidized in the acidic
medium caused by bacterial metabolic activities enhancing the
color change from blue (no detection of bacterial growth) to
pink (resazurin is reduced to resorufin, which has a pink
color).* Bacterial cultures without addition of DLX or F4
encapsulated compound were used as negative control. MIC
was determined using CLSI guidelines*’ and three replicates of
each assay were achieved, and the average of three independent
experiments were recorded.

2.9.6. Minimum bactericidal concentration (MBC) assay.
The MBC of F4 encapsulated compound was determined
according to CLSI guidelines. To calculate the MBC, 10 uL
from the wells that corresponded to the MIC value of the
tested pathogens where no bacterial growth was visible,
spread on the surface of MHA plate, incubated for 24 h at 37 °

10828 | RSC Adv, 2026, 16, 10822-10846

C, and the appearance or absence of bacterial colonies was
observed. Three replicates of each experiment were per-
formed. MBC was defined as the least concentration of the
tested compound that reduce the bacterial viable count to
99.9% on MHA media. The experiment was carried out in
triplicates.**

2.9.7. Biofilm inhibition assay. To determine biofilm
inhibition, microtiter plate method was used. Firstly, each
bacterial strain was seeded in trypticase soy broth (TSB)
medium containing 1% (w/v) glucose and adjusted to 0.5
McFarland (1.5 x 10® CFU mL™ ). A sterile polystyrene 96-well
plate with flat bottom (SPL, Korea) was used. To each well, 200
uL of TSB containing 1% (w/v) glucose was loaded into a 96-
wells plate. Concentrations sub-MIC of F4 encapsulated
compound was then loaded into the 96-wells plate and the
bacterial strain suspension was serially diluted (2, 1, 1, 1, 1/8,
1/16, 1/32 and 1/64-MIC). The microplates were incubated
for 24 hours at 37 °C. Following the incubation time, the
microtiter wells were rinsed with 300 pL of phosphate buffer
saline (pH = 7.4) solution (PBS) to remove the free-floating
cells and the remaining adherent bacterial cells were fixed
by heating at 60 °C for 60 min. Crystal violet (0.1% w/v) dye was
loaded at 100 pL onto each well for 15 min at room

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature then the excessive dye was discarded, and the
wells was cleansed with distilled water. Subsequently, 200 pL
of ethanol (95%) was added to the well and left for 30 min to
destain the cells, then the optical densities of the stained
adherent bacterial films were measured at 590 nm. To calcu-
late the percentage of bacterial biofilm inhibition the
following equation was used:

Biofilm inhibition (%) = Ac — At/Ac x 100

where A represents the OD of the negative controls (without the
tested compound), and Ay is the OD of the bacterial films with
the F4 encapsulated compound.*> The negative control plate
was prepared as mentioned above and inoculated from well A to
well D with the pathogenic bacteria while the wells from E to H
was filled with sterile TSB media without inoculation nor crystal
violet addition and ciprofloxacin was used as positive control
against the tested pathogens.*

2.9.8. Time-kill kinetics assay. Time-kill assays were per-
formed following the CLSI M26-A guideline with slight modifi-
cations. The inoculum of each strain was adjusted to 0.5
McFarland standard (approximately 1.5 x 10° CFU mL ') and
exposed to the F4-encapsulated compound at concentrations of
0.5,1, 2, and 4 x MIC. Viable bacterial counts were determined
at 0, 2, 4, 6, 8, 12, and 24 h of incubation. Untreated bacterial
cultures were included as negative controls. At each time point,
samples were serially diluted in sterile saline, and aliquots of
200 pL from the appropriate dilutions yielding countable colo-
nies (30-300 CFU per plate) were spread onto Mueller-Hinton
agar (MHA) plates. All plates were incubated at 37 °C prior to
colony counting. Experiments were performed in triplicate.

2.10. Statistical analysis

All experiments were performed in triplicate, and data are pre-
sented as mean + SD, with statistical significance set at p <0.05.
Encapsulation efficiency (EE%), particle size, PDI, and zeta
potential were analyzed using one-way ANOVA with Tukey's post
hoc test to compare formulations (F1-F4). In vitro release data of
SHA, DLX, and LIDO were evaluated by two-way ANOVA (time
and formulation as factors) with Bonferroni's post hoc test, and
release kinetics were assessed by linear regression (R?) for zero-
order, first-order, Higuchi, and Korsmeyer-Peppas models.
Cytotoxicity (MTT assay) was analyzed by non-linear regression
to determine CCs, values, with group comparisons performed
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by one-way ANOVA and Dunnett's post hoc test against F4.
Antibacterial activity (zone of inhibition) was assessed by one-
way ANOVA with Tukey's test for each strain, while MIC and
MBC were determined in triplicate, with MBC/MIC ratios used
to classify activity. Biofilm inhibition was analyzed by two-way
ANOVA (strain and concentration as factors) with post hoc
comparisons against ciprofloxacin. Time-Kill kinetics assay
data (log,o CFU mL ") were evaluated by two-way ANOVA (time
and concentration as factors) with post hoc tests against
untreated controls to determine bactericidal effects (=3-logy,
reduction). All analyses were performed using GraphPad Prism
v9.0 (San Diego, CA, USA).

3. Results and discussion

3.1. Selection of best formulation

3.1.1. Determination of encapsulation of SHA, LIDO and
DLX in beeswax (EE%). In our study, the encapsulation process
depends on two critical factors as the drug: carrier ratio and
amount of additives (tween 80), as too high a ratio can lead to
incomplete encapsulation, while too low may result in under-
utilizing the carrier's capacity.***® Whereas, additives signifi-
cantly impact the solubility, dispersibility, and stability of the
drug, thus enhancing or hindering the encapsulation effi-
ciency.””*® Formulation 4, composed of 500 mg of beeswax and
300 mg of Tween 80, demonstrated the highest encapsulation
efficiencies and the most favorable particle characteristics.
Specifically, the encapsulation efficiencies were 89.7 & 1.2% for
SHA, 91.3 £+ 1.5% for LIDO, and 87.6 + 1.8% for DLX. This
performance is attributed to the increased amount of Tween 80,
which enhances emulsification and stabilization of the formu-
lation, thereby improving drug retention within the nanocarrier
matrix,***® as presented in Table 2.

3.1.2. Particle size distribution, PDI, and zeta potential for
loaded and unloaded beeswax. The particle size distribution,
polydispersity index (PDI), and zeta potential provide critical
insights into the colloidal stability and homogeneity of the
beeswax-based formulations, both loaded and unloaded (Table
2). The blank (unloaded) beeswax formulation exhibited a mean
particle size of 95.12 + 3.56 nm, a PDI of 0.18 &+ 0.026, and a zeta
potential of —33.02 £ 1.23 mV, indicating a monodisperse and
stable system.

Upon loading with SHA, LIDO, and DLX, the formulations
showed an expected increase in particle size due to drug

Table 2 Characterization of nanocarrier formulations: particle size, zeta potential, and encapsulation efficiency of SHA, LIDO and DLX?

Encapsulation efficiency (EE%)

Ratio of drug: Mean particle size Dispersity Zeta potential
Formulation nano carrier (diameter in nm) (PDILY (mv) SHA LIDO DLX
Blank (beeswax) — 95.12 £+ 3.56 0.18 + 0.026 —33.02 £ 1.23 — —
Formulation 1 1:3 122.02 £ 2.49 0.44 £ 0.05 —26.16 + 1.87 68.3 £ 2.1 72.5 £ 1.8 65.2 £ 2.4
Formulation 2 1:5 130.16 & 4.02 0.41 + 0.026 —28.35 £ 2.69 75.8 £ 1.6 78.2 £2.0 714 £ 1.9
Formulation 3 1:4 127.46 £ 3.89 0.38 £ 0.055 —28.97 £ 1.29 82.1+1.4 84.6 £ 1.7 79.3 £ 2.1
Formulation 4 1:5 115.68 £ 2.85 0.26 + 0.020 —31.70 £ 2.34 89.7 £1.2 91.3 £1.5 87.6 = 1.8

“ Data are expressed as means + SD (mean + SD, n = 3). ” Polymodal refers to PDI values that exceed 0.3, while monomodal refers to PDI values

below 0.3.
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Fig. 2 (A-E) Zeta potential distribution demonstrating an increase in surface charge, increasing colloidal stability and reducing aggregation for
the encapsulated formulations compared to the blank formulation. Data are expressed as mean + SD and were analyzed using one-way ANOVA
followed by Tukey's post hoc test, with p < 0.05 considered statistically significant. (F-J) Dynamic light scattering (DLS) analysis showing the
particle size distribution of the encapsulated formulation, indicating a significant reduction in size compared with that of the blank formulation.
Data are expressed as mean £ SD and were analyzed using one-way ANOVA followed by Tukey's post hoc test, with p < 0.05 considered
statistically significant.
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incorporation. For example, formulation 1 exhibited a particle size
of 122.02 + 2.49 nm and a PDI of 0.44 £ 0.05, suggesting a poly-
modal distribution (PDI > 0.3). In contrast, formulation 4 achieved
a particle size of 115.68 + 2.85 nm and a PDI of 0.26 £+ 0.020,
indicative of a more uniform, monodisperse system (PDI < 0.3).
The zeta potential of formulation 4 was —31.70 + 2.34 mV,
showing only a slight reduction from the blank formulation,
which reflects adequate surface charge to prevent particle
aggregation. So, these attributes including high encapsulation
efficiency, low particle size, low PDI, and stable zeta potential
have confirmed formulation 4 as the most promising candidate
for optimized delivery in wound healing applications (Fig. 2A-]).

3.2. Characterization of encapsulated formulation (F4)

The FTIR analysis was conducted to examine the spectral
profiles of lidocaine, delafloxacin, beeswax (Fig. 3), and their
composite formulation. A comparative assessment of the ob-
tained spectra is presented in Fig. 4. The FTIR spectrum of pure
lidocaine manifested diagnostic absorption bands at 3461 cm™*
and 3394 cm ™, corresponding respectively to »(N-H) vibrations
of unassociated amine groups and N-H stretching within the
H-N-C=O0 secondary amide functionality.>>** The infrared
spectrum displays a characteristic absorption band at approxi-
mately 3168 cm ™', corresponding to the asymmetric stretching
vibration v,4(CHj;) of aromatic groups, which the aromatic ring
in lidocaine is 2,6-dimethyl-substituted, meaning there are two

lidocaine delfaxacine
(a) (b)
K F
HoN
/QNV | N
_ HO a NP
o 0 T\N N
| I OH
F
O O

OH

(d) Sodium Hyaluronate
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—-CH; groups attached to the benzene ring (Fig. 4a).*® Further-
more, the observed peak near 3002 cm™" provides additional
evidence for the existence of aromatic compounds or alterna-
tively indicates the presence of v,4(CHj;) vibrations. A prominent
absorption band at 2920 cm ™, attributable to the asymmetric
C-H stretching vibration (v,s) of the >CH, group in fatty acids. A
corresponding peak at 2847 cm ! arises from the symmetric
stretching mode (vs) of the CH, moiety.** Additionally, a broad
absorption band observed at 2545 cm™ " is consistent with the
O-H stretching vibrations characteristic of hydrogen-bonded
carboxylic acid dimers. The absorption band observed at
1662 cm ' is indicative of the bending vibration §(C-N-H)
coupled with the stretching mode »(N-C=O0) associated with
carboxylate functional groups. Concurrently, the peak at
1541 cm™ " arises from the combined §(C=N-H) bending and
v(N-C) stretching vibrations. Further analysis reveals a distinct
band at 1473 cm ™", corresponding to §(CH,) scissoring defor-
mations along with contributions from O-H bending modes.>*
Additionally, the absorption at 1384 cm ™" can be attributed to
v(CH,) wagging vibrations superimposed with ¢(CHs,)
symmetric deformation modes.”® Additional peaks were
observed at 1259, 1159, 1037, 987, 946, 777, and 603 cm ',
which were attributed to various vibrational modes. These
included amide III C-C stretching vibrations, aromatic ring
deformation coupled with HNC scissoring motions, in-plane
bending of ~-C-H bonds, ring stretching and breathing modes,

© beeswax

O

CH;— (CH,)—C— 0——(CH,),;—CH;

Fig. 3 Chemical structure of (a) lidocaine, (d) delafloxacin, (c) beeswax and (d) sodium hyaluronate.
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Fig. 4 FTIR spectra of (a) lidocaine, (b) delafloxacin, (c) beeswax, and (d) composite.

as well as 6(CH3) C-H rocking vibrations. Additional contribu-
tions arose from CH, rocking motions combined with aromatic
ring -C-H wagging, C-O-C bending and O-H deformations
characteristic of dimeric carboxylic acid structures. Further
spectral features corresponded to ring torsional modes, out-of-
plane CH wagging of aromatic systems, HNC wagging vibra-
tions, and in-plane deformations of C-O bonds.*"*

The FTIR spectrum of pure delafloxacin exhibited charac-
teristic vibrational modes corresponding to its functional
groups. A prominent broadband centered at 3298 cm ™' was
assigned to O-H stretching vibrations of hydroxyl groups. The
absorption at 1656 cm™ ' indicated C=0 stretching coupled
with phenyl ring breathing motions, while the peak at
1612.3 cm ' was attributed to C=C stretching in the o,f-
unsaturated ketone moiety (Fig. 4b).””*®* A distinct band at
1498.5 cm™ ' confirmed N-O stretching of the nitro functional
group, whereas the strong signal at 1454 cm™ " arose from C-F
stretching vibrations, characteristic of the fluoro substituent.
Additionally, C-H bending modes of aliphatic chains were
observed at 1350 cm™".*® The intense absorption at 1224 cm™*
corresponded to C-O stretching overlapping with C-N vibra-
tions, while the peak at 1076 cm ' was indicative of C-O
stretching in a primary alcohol (Fig. 4a). These well-defined
spectral features strongly support the high purity of the delafl-
oxacin sample.®®** For the FTIR analysis of beeswax revealed its
characteristic chemical composition, primarily consisting of

10832 | RSC Adv, 2026, 16, 10822-10846

esterified fatty acids and long-chain alcohols. The material
conforms to the general empirical formula C;5H;3;COOC;0He;,
with spectroscopic evidence confirming the presence of key
functional groups. Distinct absorption bands corresponding to
hydroxyl (—OH) groups, ester carbonyl (C=0) stretches, and
alcohol C-O(H) vibrations were identified, consistent with the
expected molecular structure of beeswax. These spectral
features collectively validate the presence of the fundamental
chemical moieties that define the material's composition.*>*
The FTIR spectrum of purified beeswax, presented in Fig. 4c,
reveals several characteristic vibrational modes. A broad
absorption band centered at approximately 3120 cm ™" corre-
sponds to O-H stretching vibrations, indicative of hydroxyl
functional groups. Two distinct peaks observed at 2921 cm ™"
and 2850 cm ™' are assigned to asymmetric and symmetric CH,
stretching modes, respectively. A discernible absorption feature
at 1729 cm™ ' assigned to the presence of carbonyl (C=O0)
stretching vibrations.” The spectrum further exhibits a CH,
deformation mode at 1469 cm ', while absorptions at
1172 em™ " and 725 cm ™! are characteristic of ring vibrations
associated with the anhydroglucose unit of cellulose. Addi-
tionally, a CH, rocking vibration is identified at 954 cm™,
completing the spectral fingerprint of the beeswax sample. The
absence of spectral bands corresponding to the solvent mixture
verified its thorough removal during the drying procedure.®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The FTIR spectral analysis of the composite revealed char-
acteristic absorption bands corresponding to the functional
groups present in lidocaine, delafloxacin, sodium hyaluronate
and beeswax. Notably, an increase in peak intensity was
observed for specific vibrational modes, such as a broad
hydroxyl (O-H)/(N-H) peak indicates strong hydrogen bonding
formation between the loaded molecules and bees wax, typical
of polysaccharides, carbonyl (C=0) which confirm the loading
of sodium hyaluronate (Fig. 4d), methylene (CH,), and alkene
(C=C) stretching vibrations. Fingerprint region (900-
1200 cm™ ') contains peaks related to glycosidic linkages and
sugar ring vibration related to sodium hyaluronate.

This detailed spectroscopic examination confirms the pres-
ence of lidocaine sodium hyaluronate, and delafloxacin within
the beeswax matrix, demonstrating their successful incorpora-
tion into the composite. These results provide further validation
of the effective synthesis of the hybrid material.

3.2.1. Transmission electron microscopy (TEM). The
composite was characterized using transmission electron
microscopy (TEM). The TEM micrographs presented in Fig. 5
corroborate the homogeneous dispersion of the composite. As
depicted in Fig. 5, the nanocrystal (NC) structure displays
distinct, quasi-spherical nanoparticles uniformly distributed
within the wax matrix. The material is composed of discrete
primary nanoparticles, which exhibit a near-spherical
morphology and demonstrate excellent dispersibility. These
observations align with the documented structural character-
istics of beeswax-derived solid nanocarriers.®> Moreover, the

59.0'6nm’ ;
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microstructure exhibits a densely populated array of fine, dark
particulate features interspersed with discrete, irregular aggre-
gates. This observation suggests a hierarchical organization
within the composite, wherein nanoscale spherical entities are
uniformly distributed across larger, submicron-sized agglom-
erates. Such structural characteristics closely resemble those
reported for wax-based nanostructured lipid carrier systems. It
was observed that the size of the composite nanoparticles was
influenced by the addition of the drugs. A slight increase in the
average particle diameter occurred when the drug was incor-
porated. Similar results were reported by different studies.®®

3.3. Invitro release studies

The in vitro release profiles of sodium hyaluronate (SHA),
delafloxacin (DLX), and lidocaine hydrochloride (LIDO) from
the beeswax-encapsulated formulation (F4) demonstrated
significant sustained release characteristics across all physio-
logically relevant pH conditions compared to their free coun-
terparts, aligning with recent advances in biomaterial-based
drug delivery systems for wound healing applications,®”* as
shown in Fig. 6. The encapsulated formulation exhibited
markedly controlled release patterns, with SHA showing 82 +
4.7%, DLX achieving 78 + 4.4%, and LIDO reaching 85 + 5.0%
cumulative release at 24 hours in acidic conditions (pH 1.2),
while free formulations achieved near-complete release (=99%)
within 4-8 hours, demonstrating the efficacy of beeswax as
a natural encapsulation matrix for sustained drug delivery,
consistent with findings on beeswax solid lipid nanoparticles

(b)

Fig. 5 Transmission electron microscopy (TEM) images of nanostructured lipid carrier composite. (a) Quasi-spherical nanoparticles with
diameters of 51.23-59.06 nm uniformly distributed in the wax matrix (scale bar: 500 nm). (b) Higher magnification showing homogeneous
dispersion of spherical nanoparticles (scale bar: 200 nm). (c and d) Microstructure revealing hierarchical organization with fine nanoparticles (c)
and larger agglomerates ranging from 0.20—0.55 um (d) (scale bar: 1 um).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Values represent mean + SD (n = 3).

controlling drug release and improving stability.®”** The pH-
dependent release behavior revealed enhanced drug liberation
at higher pH values, with PBS + SLS medium (pH 7.4) showing
the highest release rates (SHA: 98 + 5.0%, DLX: 94 + 4.7%,
LIDO: 100 + 5.4% at 24 hours), which is clinically significant as
chronic wounds typically exhibit elevated alkaline pH environ-
ments (>7.5) compared to healthy skin (pH 4.5-6.5), suggesting
optimal drug availability when most needed for therapeutic
intervention.”®”* Notably, delafloxacin demonstrated excep-
tional performance in acidic conditions, therapeutically
advantageous given its enhanced antimicrobial efficacy in
acidic environments and the acidic microenvironment of
infected chronic wounds due to bacterial metabolism and
inflammation, supporting the rationale for this novel fluoro-
quinolone in wound healing.”>”* The sustained release profiles
observed across all media (HCI pH 1.2, acetate buffer pH 4.5,
phosphate buffer pH 6.8, and PBS + SLS pH 7.4) indicate that
the beeswax encapsulation system provides controlled drug
delivery capable of maintaining therapeutic concentrations over
extended periods, potentially reducing dosing frequency and
improving patient compliance while ensuring continuous
antimicrobial protection, pain management, and tissue regen-
eration support throughout the complex wound healing
process.®”* The differential release rates among the three active
components (LIDO > SHA > DLX) suggest a tailored release
pattern that may provide immediate pain relief through faster
lidocaine liberation, followed by sustained hyaluronic acid
release for tissue regeneration and prolonged antibiotic
coverage through controlled delafloxacin release, representing

10834 | RSC Adv, 2026, 16, 10822-10846

In vitro release profiles of SHA, DLX and LIDO from beeswax composite compared to free forms in PBS (pH 7.4) + SLS over 24 hours.

a sophisticated approach to multi-modal chronic wound
therapy addressing the complex pathophysiology of non-
healing wounds in diabetic and non-diabetic patients.®”*>7°

3.4. Invitro release kinetics

The in vitro release kinetics analysis at physiological PBS pH
(7.4) + SLS medium revealed distinct differences in release
behavior between encapsulated and free forms of sodium hya-
luronate (SHA), delafloxacin (DLX), and lidocaine hydrochloride
(LIDO), as shown in Table 3. Across all three compounds,
encapsulated formulations exhibited significantly better fitting
to first-order (R*> > 0.985) and Korsmeyer-Peppas models (R> >
0.989), suggesting a diffusion-controlled, concentration-
dependent release mechanism, consistent with previous
studies on beeswax microspheres demonstrating diffusion-
governed drug release profiles,” as shown in Fig. 7. In
contrast, free formulations demonstrated poor correlation with
sustained-release models (R” < 0.89), confirming an immediate
release profile with minimal control over diffusion.

The release exponent (1) values derived from the Korsmeyer-
Peppas model for the encapsulated forms were consistently
below 0.5 (SHA: 0.43, DLX: 0.48, LIDO: 0.45), indicating Fickian
diffusion as the dominant release mechanism. This reflects
drug migration through the waxy matrix, where release is gov-
erned primarily by passive diffusion rather than polymer
erosion or swelling, aligning with findings from flurbiprofen-
loaded beeswax microspheres where diffusion was the main
release driver.”® The lower n-values for the free forms (n < 0.3)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 In vitro release kinetics data in pH 7.4 (PBS + SLS)

Model SHA encap. (F4) SHA free DLX encap. (F4) DLX free LIDO encap. (F4) LIDO free
Zero-order (RZ) 0.942 0.661 0.968 0.687 0.951 0.703
Zero-order (Ko) 5.42 6.72 5.21 6.68 5.62 6.76
First-order (RZ) 0.988 0.889 0.991 0.873 0.985 0.882
First-order (K) 0.165 5.96 0.152 5.57 0.186 6.58
Higuchi (R?) 0.974 0.813 0.981 0.797 0.976 0.809
Higuchi (Ky) 22.48 31.54 21.61 31.27 23.47 31.83
Korsmeyer-Peppas (R?) 0.990 0.886 0.994 0.865 0.989 0.877
Korsmeyer-Peppas (K) 27.26 87.67 25.96 85.74 30.01 89.83
Release exponent (n) 0.43 0.05 0.42 0.06 0.40 0.05

further emphasize their rapid burst release without matrix
modulation.

The superior fit to the first-order model, particularly for DLX
(R* = 0.991), reinforces the hypothesis of concentration-
gradient-driven release, advantageous in sustaining antimicro-
bial action over time in wound environments. Similarly, the
strong correlation for LIDO (R* = 0.985) and SHA (R*> = 0.988) in
the encapsulated forms supports their sustained availability for
analgesic and regenerative functions, respectively. These results
echo the controlled release patterns observed in beeswax-based
lipid formulations designed for prolonged therapeutic effects.*

These findings validate the functional role of beeswax-based
encapsulation, which provides a diffusion barrier to modulate
the release of hydrophilic and amphipathic agents alike.
Notably, the PBS + SLS medium at pH 7.4 mirrors the alkaline
microenvironment of chronic wounds, ensuring that the sus-
tained release occurs under clinically relevant conditions.” The
encapsulation thereby enhances the residence time and local
availability of all three therapeutic agents at the site of injury.

The release kinetics confirm that the beeswax matrix effectively
prolongs drug liberation via Fickian diffusion, while the rapid
release from free forms underscores the necessity of encapsulation
for sustained therapeutic efficacy in chronic wound management.
These controlled release characteristics offer promising trans-
lational potential for a single formulation capable of addressing
multiple wound healing pathways, including microbial control,
inflammation reduction, and tissue regeneration.*”>"

3.5. Invitro cytotoxicity evaluation

The MTT assay results demonstrated that the beeswax-based dual-
drug nanoformulation (F4) exhibited markedly improved cyto-
compatibility relative to the unencapsulated free drug combination
across all tested concentrations, as shown in Fig. 8. The encapsu-
lated system preserved high cell viability of 98.7 & 3.2% at 10 pg
mL !, with a gradual, concentration-dependent reduction to 56.8
+ 5.9% at 800 ug mL". In contrast, the unencapsulated formu-
lation induced substantially higher cytotoxicity, with cell viability
declining sharply to 24.1 + 6.2% at the same concentration.

This favorable cytotoxicity profile is attributed to the barrier
function of beeswax encapsulation, which enables controlled
and sustained release of the active compounds while limiting
acute cellular exposure, thereby minimizing cytotoxic stress.
This mechanism is supported by prior studies indicating that

© 2026 The Author(s). Published by the Royal Society of Chemistry

wax-based delivery vehicles can attenuate oxidative and
inflammatory cellular responses while maintaining drug effi-
cacy.”””® Quantitative analysis of cytotoxic potency (CCsg)
further supports the protective effect of encapsulation. The
CCs, values were determined as follows: beeswax (963.21 pg
mL "), F4 formulation (872.40 pg mL "), SHA (free) (800.55 ug
mL %), LIDO (free) (351.26 pg mL '), and DLX (free) (210.56 pg
mL™!). These results demonstrate that DLX exhibited the
highest cytotoxicity, followed by LIDO, whereas SHA and the
beeswax matrix were substantially less harmful to cells. The
superior safety profile of the F4 formulation, approaching that
of beeswax alone, highlights the efficacy of encapsulation in
mitigating drug-induced cytotoxic effects.

Importantly, human dermal fibroblasts (HDFs), the cell
model used here, are central to wound healing through collagen
deposition, extracellular matrix regulation, and tissue remod-
eling. Preserving their viability is critical for successful wound
management, particularly in chronic or diabetic wounds.” The
observed cytotoxicity pattern supports the general principle that
nanoencapsulation enhances the therapeutic index, reducing
off-target toxicity while maintaining pharmacological
activity.®*>® Moreover, the encapsulated formulation retained
>80% viability up to 200 pg mL ", surpassing the ISO 10993-5
threshold of 70% viability for cytocompatibility, underscoring
its potential clinical safety for topical or local application.?**>*
In summary, the MTT cytotoxicity assay underscores the
protective and biocompatible nature of beeswax encapsulation,
which not only sustains drug availability but also reduces
cytotoxic burden, paving the way for clinical translation of this
dual-drug delivery platform in wound care, especially among
sensitive patient groups requiring minimized toxicity.**

3.6. Forced degradation profile and impurity risk
assessment

3.6.1. Degradation behavior of APIs and protective role of
formulation F4. The forced degradation studies successfully
generated degradation within the ICH-recommended range of 5-
20%, providing a meaningful impurity profile for toxicological
qualification (Fig. S1-S4). The results, summarized in Table S1,
reveal the stability of each API and the profound protective effect
of the beeswax-based nano-encapsulation in formulation F4.

Delafloxacin (DLX) was the most labile API, with degradation
reaching the target range under relevant stresses. Lidocaine

RSC Adv, 2026, 16, 10822-10846 | 10835
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Fig. 7 In vitro release profiles of sodium hyaluronate (SHA), delafloxacin (DLX), and lidocaine hydrochloride (LIDO) from free (red) and
encapsulated (blue) forms in PBS (pH 7.4, with SLS), fitted to four kinetic models: zero-order (top), first-order (second), Korsmeyer—Peppas

(third), and Higuchi (bottom). Values represent mean + SD (n = 3).

(LIDO) showed moderate susceptibility. Crucially, the encap- 3.6.2. In silico impurity and genotoxicity risk assessment
sulated formulation F4 demonstrated a 2 to 3-fold reduction in  per ICH M7. A dual (Q)SAR assessment using complementary
total API degradation, underscoring the beeswax matrix'sroleas methodologies including Toxtree v3.1.0 (expert rule-based:
a protective barrier. Ames, DNA/protein binding, Cramer Class) and ProTox-3.0
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Fig. 8 In vitro cytotoxicity evaluation of F4 (encapsulated) and free
drug components on Human Dermal Fibroblasts (HDFs) via MTT assay.
Values are presented as mean + SD (n = 3), with CCsq values deter-
mined by non-linear regression (dose—response curve fitting). Statis-
tical comparisons were performed using one-way ANOVA followed by
Dunnett's post hoc test, with p < 0.05 considered significant.

(statistical: organ toxicity, LDs,) was conducted per ICH M7(R2)
Option 4 for all degradants and F4 (Tables 4 and S2). Individual
APIs showed mechanism-based alerts (DLX DNA gyrase inhibi-
tion: +ve Ames/DNA binding; LIDO low-potency protein
binding), but complete F4 formulation yielded negative
predictions across all endpoints, classifying impurities as ICH
M7 Class 5 (non-mutagenic, no further testing required at <1.5
pg per day Threshold of Toxicological Concern (TTC)).5>%”

To quantitatively assess the DNA interaction potential,
molecular docking was performed (Table 5). Delafloxacin
demonstrated the strongest binding affinity to the 17TUP DNA
duplex (AG = —8.1 kcal mol™ "), exceeding the control inter-
calator ethidium bromide (AG = —7.2 kcal mol™%). This strong
interaction is mechanistically related to its antibiotic activity.
Lidocaine and sodium hyaluronate showed weaker binding.
When contextualized with the negative Ames test results for the
formulation, these docking scores suggest a low risk of clinically
relevant genotoxicity from the topical application, as the ther-
apeutic doses are orders of magnitude lower than those
required to elicit such effects in mammalian cells. Table S2
documents Class 5 assignments for key degradants (DLX
defluorination <0.5%, LIDO N-dealkylation <1%, nitrosamine
<0.5% in F4), all below reporting thresholds (ICH Q3A/B) with
HPLC control.***°

3.6.3. Critical evaluation of nitrosamine risk. A targeted
nitrosamine risk assessment was performed in alignment with
FDA and EMA guidelines, focusing on the structural alerts

View Article Online
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Table 5 Molecular docking results for DNA binding affinity (receptor:
1TUP)

Receptor  Ligand Binding affinity (AG, kcal mol ")
1TUP Delafloxacin —8.1
1TUP Lidocaine —5.8
1TUP Sodium hyaluronate —7.7
1TUP Ethidium bromide —7.2

associated with the secondary amine in lidocaine and the
tertiary amines in delafloxacin. Under forced nitrosating
conditions (0.01% w/v NaNO,, pH 3.0, 37 °C), the free lidocaine
API showed the formation of a potential nitrosamine impurity
at a level of 2.5%. Crucially, this formation was significantly
suppressed in the encapsulated F4 formulation, with the same
impurity detected at <0.5%. This result demonstrates that the
beeswax encapsulation not only retards standard API degrada-
tion but also acts as a chemical barrier against nitrosating
agents, substantially mitigating the risk of nitrosamine
formation.

3.6.4. Formulation safety and risk contextualization. The
ProTox-3 server provided organ-specific toxicity predictions and
acute oral toxicity classifications (Table 6). The acute oral
toxicity classes are defined as follows: Class IIL: toxic if swal-
lowed (50 < LDs, < 300 mg kg™ '), Class IV: harmful if swallowed
(300 < LD5, = 2000 mg kg™ '), and Class V: may be harmful if
swallowed (2000 < LDs, =< 5000 mg kg™ '). Delafloxacin was
classified as Class V (LDs,: 2000-5000 mg kg™ '), indicating low
acute toxicity, while Lidocaine was Class III (LDsy: 50-300 mg
kg ). These predictions must be viewed in the context of the
proposed topical application. The therapeutic doses used in
wound healing are fractions of a milligram, which are 3 to 5
orders of magnitude lower than these predicted toxic oral doses.
Furthermore, dermal absorption for such formulations is typi-
cally minimal (<5%), ensuring systemic concentrations remain
negligible.

The ASKCOS score of 0.5 confirmed no novel mutagenic
interactions. Per ICH M7(R2), Class 5 impurities require no
Ames/in vivo testing; stability-indicating HPLC ensures control.
This suggests a potential for beneficial interactions where the
anionic hyaluronate and lipophilic beeswax matrix could
modulate the physicochemical environment, potentially stabi-
lizing the drugs and reducing reactive impurity formation, as
evidenced by the superior stability of F4 over individual APISs.

In summary, the comprehensive forced degradation and in
silico assessment confirm that the beeswax-encapsulated
formulation F4 offers a dual advantage: it significantly

Protein binding AMES test Carcinogenicity

+ve (gsnar) +ve (qsa28) +ve (qsa28)

Table 4 In silico toxicity and genotoxicity predictions for formulation components
Compound Cramer rules DNA binding

Delafloxacin Class III +ve (gsnal, qma)

Lidocaine Class I +ve (gsnal, gma)

Sodium hyaluronate Class III —ve

Beeswax Class I +ve (QSB)

F4 formulation Class III —ve

© 2026 The Author(s). Published by the Royal Society of Chemistry

+ve (QMA, Qacyl) —ve —ve
—ve —ve —ve
+ve (QSB) —ve —ve
—ve —ve —ve
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Table 6 ProTox-3 predictions for organ toxicity and acute toxicity classification

Compound Toxicity class Predicted organ toxicity (probability >0.5)
Delafloxacin Class V Hepatotoxicity (0.60), neurotoxicity (0.73),
nephrotoxicity (0.75), respiratory toxicity (0.89)
Sodium hyaluronate Class IV Neurotoxicity (0.55), nephrotoxicity (0.84),
respiratory toxicity (0.78), cardiotoxicity (0.65)
Lidocaine Class IIT Neurotoxicity (0.90), respiratory toxicity (0.93),

reduces the formation of degradation impurities and, based on
computational models, presents a low risk of genotoxicity and
systemic toxicity, especially when considering the favorable
topical administration route and the established clinical safety
profiles of its individual components.

3.7. Antibacterial activity

The zone of inhibition method was used for determination of
activities of all the ingredients (SHA, Lido, Beeswax, Soya leci-
thin, Tween 80, F4 encapsulated compound and DLX) included
in the formula of the tested F4 encapsulated compound. As
observed from Fig. 9 DLX as well as F4 encapsulated compound
(512 pug mL™") showed excellent antibacterial activities against
the tested pathogens (Bacillus subtilis, Pseudomonas aeruginosa,
Escherichia coli and Staphylococcus aureus). Moreover, DLX
exhibited lower inhibition zones than the encapsulated
compound (F4) against all the tested pathogens, this is
a promising result that supports the use of the encapsulated F4
compound as a synergistic compound for the inhibition of
bacterial strains under investigation. On the other hand, all the
other ingredients showed no activities against the tested path-
ogens. This result is in agreement with Abu Lila et al.>” who

BBB permeability (0.90), clinical toxicity (0.78),
AChE inhibition (0.55), ecotoxicity (0.64)

investigated the effect of delafloxacin (DFX) against Staphylo-
coccus aureus and Bacillus subtilis (as Gram positive pathogens)
and Pseudomonas aeruginosa as well as Escherichia coli (as Gram
negative pathogens) and they recorded that DFX was effective
against the tested pathogens and the formulated compound
(delafloxacin-capped gold nanoparticles) showed higher anti-
microbial values than DFX alone.

3.8. Determination of MIC and MBC

To determine the MIC of the tested F4 encapsulated compound
as well as the pure delafloxacin antibiotic against the tested
bacterial strains (Gram-positive and Gram-negative pathogens),
an optical density measurement was used through micro-
dilution flat bottom plates at 630 nm. This was done to deter-
mine the efficacy of DLX when loaded in the encapsulated F4
formula. Two-fold serial dilution of DLX or F4 encapsulated
compound (at concentration of 512 pug mL™") fraction was
prepared as 128, 32, 8, 2, 0.5, 0.125, 0.031, and 0.0078 pg mL ™"
to evaluate minimum inhibitory concentration (MIC). Results in
Table 7 and Fig. 10 Showed that the MICs of the pure DLX were
higher than the formulated F4 compound, since the MICs of
DLX against the tested pathogens were 0.125, 0.0078, 0.125 and

Fig. 9 Zone of inhibition assay of F4, DLX (delafloxacin), SHA (sodium hyaluronate), Lido (lidocaine), BW (beeswax), SL (soya lecithin) and T-80
(Tween 80) against (A) Bacillus subtilis, (B) Pseudomonas aeruginosa, (C) Escherichia coli and (D) Staphylococcus aureus.
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Table 7 MIC values of delafloxacin and F4 encapsulated compound
against selected pathogens®

MIC (ug mL ™)

Strains Delafloxacin ~ F4 encapsulated compound
Staphylococcus aureus 0.125 0.031

Bacillus subtilis 0.0078 0.0078

Escherichia coli 0.125 0.031

Pseudomonas aeruginosa  0.0078 0.0078

“ Experimental notes: (1) All treatments were performed in triplicate. (2)
Stock solution concentration: 512 pg mL ™' of delafloxacin or the
combination, prepared in 70% ethanol. (3) Serial dilution range: 128,
32, 8, 2, 0.5, 0.125, 0.031, and 0.0078 pg mL ™.

0.0078 pg mL ™" for Staphylococcus aureus, Bacillus subtilis,
Escherichia coli and Pseudomonas aeruginosa respectively. On the
other hand, the MICs of the encapsulated F4 compound were
found to be 0.031, 0.0078, 0.031 and 0.0078 for S. aureus, B.
subtilis, E. coli and P. aeruginosa. The readings of the results
were depending mainly on the concept that the indicator dye
(resazurin) serves as redox indicator which was oxidized in the

View Article Online
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acidic medium caused by bacterial metabolic activities
enhancing the color change from blue (no detection of bacterial
growth) to pink (resazurin is reduced to resorufin, which has
a pink color).

Similarly, Alshememry et al® proved that MICs of
delafloxacin-loaded poly(p,L-lactide-co-glycolide) nanoparticles
showed higher sensitivity of Streptococcus pneumoniae, Klebsi-
ella pneumoniae, Staphylococcus aureus, Bacillus subtilis and
Escherichia coli than delafloxacin alone.

Results of MBCs (Table 8) revealed that F4 encapsulated
compound showed higher bactericidal rate against S. aureus
(0.062 pg mL™Y), B. subtilis (0.0078 pg mL™ "), E. coli (0.031 pg
mL ') and P. aeruginosa (0.0156 pg mL~") when compared with
DLX alone (0.250, 0.0156, 0.250 and 0.0234 pg mL ™" for S.
aureus, B. subtilis, E. coli and P. aeruginosa respectively). Levison
stated that the antimicrobial agent is considered as bactericidal
material when the MBC/MIC ratio is less than or equal to 4 folds
of MIC (MBC/MIC = 4) while when the ratio is less than or equal
to 8 folds of MIC the antimicrobial substance is considered as
bacteriostatic.”® From Table 8 it is obvious that MBC/MIC ratios
were 2, 2, 2 and 3 in case of DLX against S. aureus, B. subtilis, E.
coli and P. aeruginosa respectively and 2, 1, 1 and 2 in case of F4
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Fig. 10 MICs of DLX (A(b)) and F4 encapsulated compound (B(b)) tested against Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeru-
ginosa and Escherichia coli. Bacterial cultures without addition of DLX or F4 encapsulated compound were used as negative control (A(a) and

B(a)).
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Table 8 MBC values of delafloxacin and F4 encapsulated compound against selected pathogens

MBC (ug mL ™)

MBC/MIC ratio

Strains Delafloxacin F4 encapsulated compound Delafloxacin F4 encapsulated compound
Staphylococcus aureus 0.250 0.062 2 2
Bacillus subtilis 0.0156 0.0078 2 1
Escherichia coli 0.250 0.031 2 1
Pseudomonas aeruginosa 0.0234 0.0156 3 2

encapsulated compound against S. aureus, B. subtilis, E. coli and
P. aeruginosa respectively.

A noticeable difference was observed between the antibacterial
response of Gram-positive and Gram-negative bacteria toward the
F4 formulation. Gram-positive strains, particularly Staphylococcus
aureus and Bacillus subtilis, showed enhanced susceptibility to the
encapsulated formulation, which can be attributed to the simpler
structure of their cell wall that facilitates drug penetration. In

contrast, Gram-negative bacteria, especially Pseudomonas aerugi-
nosa, exhibited a comparatively reduced response, likely due to the
presence of an outer membrane and active efflux pump systems
that limit intracellular drug accumulation. These structural and
physiological differences explain the species-dependent antibac-
terial performance of the F4 formulation.”

The unchanged MIC of delafloxacin (DLX) following its
encapsulation within formulation F4 against Pseudomonas

A- Ciprofloxacin

b

Staphylococcus aureus r S ©

K J\ /5

Bacillus subltilis

/_\.
Escherichia coli “ gt ]
o e
& . :
{ = J=

Fig. 11 Antibiofilm of ciprofloxacin (A(a)) and F4 encapsulated compound (B(a)) tested against Staphylococcus aureus, Bacillus subtilis, Pseu-
domonas aeruginosa and Escherichia coli. Bacterial cultures without addition of ciprofloxacin or F4 encapsulated compound were used as

negative control (A(b) and B(b)).
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Table 9 Time-kill kinetics assay F4 encapsulated compound against S. aureus and P. aeruginosa“

CFU mL™*

S. aureus P. aeruginosa
Time (h) Control 0.5 MIC 1 MIC 2 MIC 4 MIC Control 0.5 MIC 1 MIC 2 MIC 4 MIC

8 8 8 8 8 8 8 8 8 8

0 1.49 x 10 1.53 x 10°  1.44 x 10° 1.48 x 10° 1.45 x 10® 1.63 x 10 1.57 x 10°  1.61 x 10° 1.55 x 10° 1.56 x 10
2 214 x 10 1.35 x 10®  7.36 x 10’  5.89 x 107 4.97 x 10’ 6.78 x 10°  1.33 x 10° 1.24 x 10* 8.87 x 10’ 2.82 x 10’
4 1.13 x 10" 7.22 x 107  6.72 x 107 5.11 x 107 4.42 x 10" 2.71 x 10*® 1.22 x 10° 1.06 x 10° 8.25 x 10"  3.25 x 10’
6 4.6 x 10" 6.03 x 107 5.52 x 10° 3.68 x 10’ 1.98 x 107 6.78 x 10'° 1.06 x 10*° 9.3 x 10’ 7.54 x 10" 5.64 x 10’
8 1.13 x 10" 3.77 x 10’ 2.58 x 10’ 2.16 x 107 1.29 x 10° 1.36 x 10" 9.22 x 10’ 7.89 x 10’ 5.80 x 10’ 2.98 x 10’
12 1.13 x 10" 2.90 x 107 1.79 x 10 1.75 x 10" 1 2.03 x 10" 7.51 x 107  5.23 x 107  4.29 x 10”  9.49 x 10°
24 1.13 x 10  1.10 x 10’7  6.44 x 10° 4.14 x 10° 1 9.49 x 10" 5.53 x 107 4.72 x 107 2.44 x 107 1

“ Values below the limit of detection were assigned a value of 1 CFU mL™" for calculation purposes.

aeruginosa is most plausibly explained by the bacterium's
pronounced intrinsic resistance mechanisms. P. aeruginosa is
well recognized for its exceptionally low outer-membrane
permeability coupled with the constitutive overexpression of
multiple resistance-nodulation-division = (RND)-type efflux
systems, including MexAB-OprM, MexCD-Opr], and MexEF-
OprN. Collectively, these barriers severely restrict intracellular
antibiotic accumulation, ultimately attenuating the therapeutic
gains anticipated from advanced encapsulation strategies.’” The
extremely low MIC values observed for free delafloxacin against
Bacillus subtilis reflect a strong natural sensitivity, which may
account for the lack of additional enhancement following
encapsulation, likely due to reaching a maximal antibacterial
threshold. Furthermore, the variable
encapsulation on MIC across different species, especially its
restricted effect against multidrug-resistant Gram-negative
bacteria such as Pseudomonas aeruginosa, is mainly associated
with the reduced permeability of the outer membrane and the
high activity of efflux transport systems previously documented.**

influence of nano-

3.9. Antibiofilm assay

Eight concentrations (2-MIC, 1-MIC, :-MIC, 1-MIC, 1/8-MIC, 1/
16-MIC, 1/32-MIC and 1/64-MIC) of ciprofloxacin (positive
control) as well as F4 encapsulated compound were used to
detect the best concentration that cause complete inhibition of
biofilm formation by the tested pathogens. Firstly, a control
plate was inoculated with the pathogens to determine which of
them can/cannot form biofilm (Fig. 11) then it was compared
with the positive control antibiotic as well as the tested
compound (F4). The results revealed that the encapsulated
compound (F4) showed a great antibiofilm activity that was very
close to the positive control (ciprofloxacin). The results for F4
compound were 1/16-MIC, 1/32-MIC, 1/64-MIC and 1/32-MIC
for S. aureus, B. subtilis, E. coli and P. aeruginosa respectively.
Moreover, the antibiofilm activity for ciprofloxacin was 1/32-
MIC, 1/32-MIC, 1/64-MIC and 1/64-MIC for S. aureus, B. sub-
tilis, E. coli and P. aeruginosa respectively.

Biofilms are structured communities of bacteria covered by
extracellular polymeric substances (EPSs), such as proteins,
polysaccharides and nucleic acids EPSs maintain cell aggre-
gates, provide mechanical stability and protection against

© 2026 The Author(s). Published by the Royal Society of Chemistry

antimicrobial agents and are considered a key mechanism for
cell adhesion to surfaces of hydrated environments.** Ciprofl-
oxacin was used as standard antibiotic due to it is a wide-
spectrum antibiotic approved by the FDA against various
bacterial infections.”

3.10. Time-kill kinetics assay

The procedure was done over a period of 24 h with the patho-
genic bacteria (S. aureus and P. aeruginosa) being exposed to 0.5,
1, 2 and 4-MIC to determine the bactericidal effect of F4
encapsulated compound at several time intervals i.e. 0, 2, 4, 6, 8,
12 and 24. Results in Table 9, Fig. 12 showed that bactericidal
activity (bacteria completely killed) was observed at higher
concentrations (4-MIC) after exposure of 24 h. Interestingly, S.
aureus demonstrated a shorter time for the bactericidal effect at
4-MIC concentrations within 12 h. The present results are
similar to results obtained by Tariq et al.®* who observed that
the time killing assay of Loigolactobacillus coryniformis BCH-4
metabolites against selected human pathogenic bacteria was
performed over a period of 24 h with the pathogenic bacteria,
being exposed to 2x, 4x, and 8x MIC of bioactive fraction.

3.11. Study limitations and future perspectives

The current investigation is constrained by several methodo-
logical considerations. The exclusive reliance on in vitro models
(cell cultures and planktonic bacteria) limits direct extrapola-
tion to clinical contexts, as chronic wounds feature complex in
vivo microenvironments including hypoxia, variable exudate
profiles, and established biofilms that may alter formulation
performance. Furthermore, antibacterial assessments utilized
standard laboratory strains rather than clinically isolated
multidrug-resistant pathogens from chronic wounds (e.g,
ESKAPE organisms), potentially underestimating real-world
antimicrobial challenges. The study also lacked mathematical
validation of synergistic interactions between formulation
components via isobolographic analysis. Additionally, the
HPLC-UV methodology employed for nitrosamine risk assess-
ment, while suitable for forced degradation screening, lacks the
sensitivity required for definitive identification and quantifica-
tion of nitrosamine impurities at the stringent regulatory

RSC Adv, 2026, 16, 10822-10846 | 10841
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Fig. 12 Time-kill kinetics of the F4-encapsulated compound against (a) Staphylococcus aureus and (b) Pseudomonas aeruginosa. Viable counts
are expressed as log;o CFU mL™? following serial dilution and plating over 24 h.

thresholds, necessitating future confirmatory analysis using LC-
MS/MS. Additionally, beeswax's thermolabile nature (melting
point: 60-66 °C) presents unquantified storage stability limita-
tions in tropical climates, while the absence of in vivo phar-
macokinetic data tissue penetration depth and
immunogenic responses unverified.

Building upon these findings, subsequent research should
prioritize developing polymicrobial biofilm models using clin-
ical isolates embedded in human extracellular matrix analogs to
better simulate diabetic wound beds. Rigorous preclinical vali-
dation in diabetic murine models with infected full-thickness
wounds is essential to quantify bacterial burden reduction,
angiogenesis metrics, and local tissue distribution. Concur-
rently, hybrid encapsulation systems (e.g., beeswax-chitosan
composites) warrant exploration to enhance mucoadhesion in
exuding wounds while preserving pH-responsive release. The
clinical translation pathway should include comprehensive
nitrosamine safety verification using LC-MS/MS, phase I safety
profiling via cutaneous microdialysis in healthy volunteers,
followed by dose-finding studies in venous ulcer patients using
quantitative wound mapping, culminating in randomized trials
against standard-of-care (e.g., collagenase/silver dressings).
Expanded applications in burn management and surgical site
infection prophylaxis should be investigated, alongside lyophi-
lization protocols for shelf-life extension and GMP-compliant
scale-up using high-pressure homogenization.

leaves

4. Conclusion

This study successfully engineered an advanced beeswax-
encapsulated formulation (F4) integrating delafloxacin, lido-
caine, and sodium hyaluronate to holistically address the
multifactorial challenges of chronic wounds. The optimized
encapsulation strategy achieved exceptional physicochemical
stability, uniform drug distribution, and high encapsulation

10842 | RSC Adv, 2026, 16, 10822-10846

efficiency, while pH-responsive release kinetics governed by
a diffusion-controlled mechanism ensure targeted therapeutic
delivery aligned with wound microenvironment dynamics. A
thorough forced degradation and in silico risk assessment
confirmed the formulation's stability and low genotoxic poten-
tial, underpinning its safety profile. Crucially, the formulation
demonstrates synergistic antibacterial potency, significantly
lowering MICs against key pathogens, disrupting resilient bi-
ofilms at sub-inhibitory concentrations, and exhibiting rapid,
concentration-dependent bactericidal action, collectively over-
coming key barriers to healing. The significantly enhanced
cytocompatibility further underscores its safety for application
on compromised tissues. By integrating robust pharmaceutical
characterization, microbiological efficacy, and comprehensive
safety assessments, this multimodal platform represents
a transformative therapeutic paradigm that concurrently targets
infection, inflammation, pain, and tissue regeneration. It holds
significant potential to accelerate healing, reduce complica-
tions, and improve outcomes for high-burden chronic wound
populations.
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