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Purpose: The emergence of antimicrobial resistance (AMR) has made treating acne vulgaris increasingly challenging, thus under-
scoring the urgent need for new antibacterial therapies. This research aimed to discover, for the first time, the efficacy of monensin
(MON) against acne pathogens by encapsulating MON in nanostructured lipid carriers (NLCs) to achieve targeted topical delivery.
Methods: MON-loaded NLCs were formulated and optimized using the Design of Experiments (DoE) approach and incorporated in
a gel formulation. The potential of MON, MON-NLCs, and its gel formulation was investigated against resistant human isolates of
C. acnes, Staphylococcus aureus (S. aureus), and Staphylococcus epidermidis (S. epidermidis) using the agar dilution method. Using
the porcine ear skin, the ex vivo deposition of MON was evaluated in different skin layers. The cytotoxicity assay was also performed
at antibacterial concentrations using the keratinocyte cell line.

Results: MON-loaded NLCs were developed using stearic acid, oleic acid, and Tween® 80 and optimized with particle size,
polydispersity index, and zeta potential of 96.65 + 0.94 nm, 0.13 + 0.01, and —36.50 + 0.30 mV, respectively. The ex vivo deposition
experiments showed that MON did not penetrate any skin layer using its water dispersion. However, a significant amount of MON was
deposited into the epidermal layer using MON-NLC (4219.86 + 388.32 ng/cm?) and gel formulation (8180.73 + 482.37 ng/cm?),
whereas no MON permeated to the dermis layer using gel formulation. The antibacterial study revealed the potential of MON, MON-
NLC, and gel formulation against C. acnes isolates (MIC range 0.125—4 pg/mL, 0.25—4 pg/mL, and 0.125-1 pg/mL respectively). The
cell viability results suggested MON-NLC formulation as a safe topical treatment effective at antibacterial concentrations.
Conclusion: This research highlights the novel ability of MON against resistant acne-causing pathogens and the potential of MON-
NLCs to deliver MON to the targeted epidermal skin layer effectively.
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Introduction

Antimicrobial resistance (AMR) is a critical global public health concern, ranked among the top three public health
issues, responsible for over 1 million deaths worldwide.'"> AMR is a natural phenomenon that results from the rapid
genetic evolution of microorganisms to existing antimicrobial therapies, including antibiotics, making treatments
ineffective and leading to prolonged illness, increased mortality, and the emergence of difficult-to-treat infectious
diseases.”*’ Human activities, particularly the prolonged overuse and misuse of antimicrobials, exacerbate the spread
of AMR, posing a serious threat to prevent or treat infections.”® The problem of AMR has been emerging since the 1970s
in treating one of the most prevalent skin conditions, acne vulgaris, mainly caused by hypercolonization of Cutibacterium
acnes (C. acnes), for which antibiotics serve as the cornerstone of treatment.>* However, the increasing resistance of
C. acnes strains jeopardizes the efficacy of current acne therapies, underscoring the urgent need for the development of
novel antibacterial interventions.
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Monensin (MON) is a naturally occurring ionophore antibiotic produced by Streptomyces cinnamonensis,'® known to
exhibit anticoccidial and antimicrobial properties.''™ Its effect against the gram-positive Staphylococcus aureus
(S. aureus) and Staphylococcus epidermidis (S. epidermidis), the bacterial isolates known for causing acne, has been
reported previously.'®!” However, to the best of our knowledge, its effect has never been investigated against the human
C. acnes pathogen. Since acne bacteria reside in the hair follicle epithelium,'® the topical route is preferred for acne
treatments as it helps reduce the risk of systemic side effects.'” However, skin provides a physical barrier for permeating
active compounds with high molecular weight (>500 g/mol)*° to target the site and achieve therapeutic effects.>’ MON is
a highly lipophilic compound®* with a molecular weight of 670.871 g/mol, and therefore, its administration on the skin
can limit its dermal application.

The studies investigating the delivery of compounds to the skin primarily emphasize nanocarriers as innovative drug
delivery systems that have shown considerable promise in topical administration, enhancing drug permeation through the
skin barrier to reach the hair follicles in the epidermal skin layer.'”?*° Various nano-drug delivery systems have been

reported previously for acne therapy, including lipid nanocarriers comprising nanostructured lipid carriers (NLCs),>*2®

29-33 39,40 41,42 4346

solid lipid nanoparticles, nanoemulsions,>** liposomes, polymeric nanomicelles, and microemulsions.
Among recent investigations focusing on nanoparticles for targeted delivery to hair follicles, NLCs have emerged as
particularly effective in improving drug permeation to hair follicles and enhancing drug loading efficiency, thereby
reducing the adverse effects associated with dosage.*” !

NLCs are the second generation of lipid nanoparticles that serve as delivery vehicles for both hydrophilic and
hydrophobic drugs, featuring a solid lipid matrix combined with liquid lipids.’® These carriers excel at immobilizing
drugs and preventing particle coalescence due to their solid matrix, and the inclusion of liquid oil droplets within the
solid matrix enhances the capacity of drug loading.>® Moreover, NLCs provide numerous advantages, such as minimal
toxicity, reduced drug leakage, improved stability, biodegradability, shielding drugs from chemical degradation, and the
ability to facilitate controlled drug release.’® The nano-scale size of NLCs allows them to interact with the stratum
corneum by creating a single-layered lipid film on the skin’s surface. This interaction disrupts the tight packing of
corneocytes, thus enhancing the permeation of drugs into deeper skin layers.”*>° Through this, NLCs produce an
occlusive effect, prevent water loss, enhance skin moisture levels, and aid in the permeation of drugs across the stratum
corneum.’® Additionally, the presence of surfactants within NLCs alters the skin’s structure, thereby serving as enhancers
of skin permeability.®>*' To maximize the therapeutic effect of MON, it is crucial to target delivery to the hair follicular
site. This can be accomplished through the development of an optimized MON-loaded NLC, which may increase skin
permeability and aid the distribution of MON into the lipid-rich epidermal layer.

To our knowledge, this study pioneers the discovery of MON activity against resistant acne-causing pathogens
(C. acnes). Also, as far as we are aware, this is the first study that has developed MON-loaded nanostructured lipid
carriers, as this formulation has not been developed previously. The focus of the present research was to specifically (1)
discover MON potential as an anti-acne therapeutic entity, (2) develop and optimize MON-Loaded NLCs formulation for
topical administration using the design of experiments (DoE) approach as a mathematical statistical model (specifically,
using the central composite design (CCD) technique to obtain the desired formulation), and lastly (3) to achieve safe

targeted epidermal delivery of MON and investigating its ex vivo permeation and distribution across lipidic skin layers.

Materials and Methods

Materials

Monensin (MON) and narasin (NAR) were kindly given by Luoda Pharma (New South Wales, Australia). Tween® 80,
formic acid, Dulbecco’s phosphate buffered saline (PBS), L-glutamine, hemin, clindamycin, penicillin/streptomycin,
vitamin K1, and the antibiotic clindamycin were purchased from Sigma-Aldrich (New South Wales, Australia).
Gattefossé (St Priest, France) kindly supplied Gelucire® 48/16, Compritol® 888 ATO, and Precirol® ATO 5. Abitec
Corporation (Ohio, USA) provided Capmul® PG-8, Capmul® PG-12, Captex®™ 300 Low C6, and Captex® 500. Stearyl
alcohol and oleic acid (OA) were sourced from PCCA (New South Wales, Australia), while almond and sesame oil were
ordered from Medisca (New South Wales, Australia), and isopropyl myristate was ordered from Acros organics (New
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Jersey, USA). Merck (Melbourne, VIC, Australia) provided methanol (HPLC-grade) and dimethyl sulfoxide (DMSO).
Hydroxyethyl cellulose (HEC) was procured from Medisca (New York, USA), and MTT reagent
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was purchased from Life Technologies Australia
(Mulgrave, Australia). Gibco™ HEPES (N-2-hydroxyethyl) piperazine-N-2-ethane sulfonic acid, Dulbecco’s modified
Eagle’s medium (DMEM) high glucose, Sheep blood, Gibco™ MEM non-essential amino acids (NEAA), Brucella agar
base, and fetal bovine serum (FBS) were acquired from ThermoFisher Scientific (Victoria, Australia). Beeswax and
stearic acid (SA) were purchased from Chem Supply located in South Australia, Australia, and witepsol® H 5 and
witepsol® E76 were obtained from IOI Oleochemical (Witten, Germany).

Analysis for MON Quantification

The Liquid Chromatography Mass Spectrometry (LC-MS/MS) analysis followed a previously established and validated
procedure. Briefly, samples were analyzed using a Shimadzu 8030 TripleQuad LC-MS/MS system (Shimadzu, Kyoto,
Japan). In this investigation, MON served as the analyte, while NAR functioned as the internal standard. Five microliters
of each sample was injected at a flow rate of 0.3 mL/min to a Phenomenex Kinetex C18 analytical column (100 A, 50 x
3 mm, 2.6 pm). Column temperature was maintained at 40 °C, while the syringe temperature was set to 15 °C. Mobile
phases consisted of (A) milliQ water with 0.1% formic acid and (B) methanol with 0.1% formic acid. The total analysis
runtime was 23 minutes, with peaks for the analyte and internal standard observed at 12.85 and 14.85 minutes,
respectively.

Calibration standards of MON were prepared using 14 different concentrations (10-2000 ng/mL) for LC-MS/MS
analysis. Briefly, an MON stock solution (10 pg/mL) was prepared in methanol and diluted to achieve the calibration
standard concentrations. A blank and a zero-point sample were prepared using methanol and methanol with NAR as the
internal standard (400 pg/mL), respectively. Quality control (QC) standards were prepared as three different concentra-
tions of 1750 pg/mL, 125 pg/mL, and 15 pg/mL, representing low, medium, and high QC, respectively. All the samples
were prepared for LC-MS/MS analysis by mixing 10 pL IS with 50 pL of samples.

Multiple reaction monitoring (MRM) technique was used for evaluation, developed by optimizing precursor ion and
product ion transitions. The MRM transitions for MON were 692.8 to 675.4 (CE: 54.87) and 692.8 to 461.1 (CE: 69.74).
The NAR MRM transitions were 787.0 to 431.0 (CE: —60) and 787.0 to 531 (CE: —35). The dwell time for both the
monensin and narasin MRM transitions was 100.

Pre-Formulation Studies

MON Solubility in Solid Lipids

The MON solubility was investigated in different solid lipids: Compritol® 888 ATO, Gelucire ® 48/16, Beeswax, Stearic
acid, Stearyl alcohol, Precirol® ATO 5, Witepsol H5 (WES5), and Witepsol E76 (WE76) under lipid melt condition. One
hundred milligrams of lipids is heated to melt at 80 °C, and then accurately weighed quantities of MON were added in
5 mg increments in molten lipid with stirring until no drug was dissolved. The solubility of MON in lipids was observed
visually.

MON Solubility in Liquid Lipids

Various liquid lipids available in the laboratory were screened for MON solubility. MON was added in excess in 5 mg
increments in 1 mL oil and allowed to mix continuously for 2 days using a Ratek orbital mixer (Victoria, Australia) at 25
°C until a clear lipid solution was formed. MON solubility was noted visually, as reported previously.®*%

Binary Mixture (BM) Ratio Determination

The ratio between lipids (solid and liquid lipids) in the binary mixture was optimized using DSC thermal analysis and
a filter paper technique as previously described.®*®> A range of BM comprising different SA and OA ratios (10:0, 9:1,
8:2,7:3, 6:4, and 5:5) was prepared and analyzed using a DSC 250 (TA Instruments, DE, USA) for determination of their
melting onset and peak temperatures and enthalpy. In brief, each sample (5 mg) was placed and sealed in an aluminum
pan and analyzed from 25 °C to 70 °C. The analysis was performed at a heating rate of 10 °C/min under nitrogen flowing
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at a rate of 50 mL/min. The crystallinity index of BMs was calculated from the enthalpy values using the following
equation.

Crystallinity index(%)= AHBM/AHSL x 100

where AHBM is the enthalpy of the BM and AHSL of the solid lipid.
In addition, for 1 hour, the BMs were put on a filter paper, and the presence of any droplets of oil was recorded
following visual examinations.

Development of MON-Entrapped Nanostructured Lipid Carriers (NLC)

The MON-loaded NLCs were developed using lipids exhibiting maximum MON solubility (SA as solid lipid and OA as
liquid lipid) and Tween 80 as a surfactant. The BM of lipids (7:3 ratio of SA and OA) containing MON 1% w/w of BM
was accurately weighed and melted at 80 C. Afterwards, an appropriate quantity of surfactant (Tween 80) was dissolved
in Milli Q water, maintained at 80 °C. The surfactant solution is then poured into the MON-lipid mixture under constant
stirring to make a hot pre-emulsion. Using the QSonica Q500 ultrasonication instrument (CT, USA), the pre-emulsion
particle size was trimmed down, and the resulting micro-emulsion was quickly cooled down in an ice bath to induce the
development of NLC. A series of NLCs were developed with varying surfactant to lipid ratios and sonication time and
designed using Design Expert™ software, version 13 (Stat-Ease Inc., Minneapolis, USA). The DoE principal was
employed to screen and optimize the concentration of surfactant and BM to prepare NLC with desired PS, PDI, and
ZP. The NLCs prepared were freeze-dried and stored at 4 °C for further characterization.

Development and Optimization of MON-Loaded NLC Using Central Composite Design

To screen and optimize the independent experimental factors, namely the BM (%) concentration (X;), surfactant
concentration (X;) (%), and the sonication time (X3) (min), DoE was utilized using the CCD at 3 levels (low, medium,
and high) and their effect was statistically analyzed on the dependent variables (particle size (Y), polydispersity index
(Y>), and zeta potential (Y3)) (Table 1). Based on the ANOVA, lack-of-fit, R2 including adjusted and predicted R2, the
best-fit model was determined, ranging from cubic, linear, quadratic, and two-factor interaction. Subsequently, the
parameters under study were optimized by setting criteria for each variable, and the formulation was optimized using
the solution exhibiting the highest desirability score close to 1.0. The significance of the model was evaluated by
statistical comparisons between the predicted and observed values of each dependent variable of the optimized MON-
NLC formulation using a 95% confidence interval. The 3D response surface plots were also generated to evaluate and
navigate the design space for the dependent variables. During the entire experiment, the solid-to-liquid lipid ratio was
fixed at 7:3.

Table | Experimental Variables and Parameters Used
for MON-NLC Preparation Using CCD by DoE

Independent variables Level

Low | Medium | High

X (% wiv) 3 4.5 6
X5 (% wiv) 5 7.5 10
X3 (min) 2 4 6

Fixed experimental factors

Sonication amplitude (%) 35%

Dependent variables Constraints

Y, (nm) In range (27.83 to 100)
Y, Minimum

Y3 (mV) In range (—41.9 to —30)

Notes: X, BM concentration; X,, surfactant concentration; X3, sonica-
tion time; Y, particle size; Y5, polydispersity index; and Y3, zeta potential.
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Characterization of MON-Loaded Nanostructured Lipid Carriers

Particle Size, Polydispersity Index, and Zeta Potential Determination

Dynamic light scattering (DLS) analysis was performed using the Malvern Instruments Zetasizer (Worcestershire, UK) to
assess the PS, PDI, and ZP of each NLC. A 200-fold dilution of samples was done with MilliQ water before taking the
measurements in triplicates at 25 °C temperature.

Determination of Entrapment Efficiency (EE) and Drug Loading (DL)

EE and DL of the optimized MON-NLC formulation were determined using the previously reported method of
centrifugation.®® To obtain this, the MON-NLCs were centrifuged for 1 hour at 13000 rpm at 4 °C temperature; the
supernatant was collected and filtered using a syringe filter (0.22 pm pore size), transferred to the LCMS vials, and
analyzed using the LCMS method. The following equations®’ were used to evaluate the EE and DL of the optimized
MON-NLCs:

EE(%) Total drug content — amount of free drug in the supernatant 100
= X
0 Total drug content

DL(%) Total drug content — amount of free drug in the supernatant 100
= X
’ Total amount of lipid

Differential Scanning Calorimetry (DSC)

To evaluate the thermal characteristics of the samples, namely MON, stearic acid (SA), oleic acid (OA), MON-SA
physical mixture, and lyophilized samples of blank NLC and MON-NLC, the Discovery DSC 2920 TA Instrument (New
Castle, DE, USA) was employed. Each sample, weighing approximately 4 mg, was transferred and crimp-sealed into an
aluminum pan. Under a continuous nitrogen gas (flowing at a rate of 50 mL/min), the samples were subjected to heat at
a rate of 10 °C/min from 25 °C to 400 °C.

Fourier Transform-Infrared Spectroscopy (FTIR)

FTIR spectra were obtained for MON, SA, MON-SA physical mixture, lyophilized MON-NLC, and lyophilized blank
NLC using an ATR-FTIR spectrometer (Perkin Elmer spectrum, Massachusetts, USA). Briefly, each powdered sample
was placed on the instrument in small quantities on the ATR diamond crystal and secured by applying force using
clamps. The spectra were recorded between the frequency range of 400 to 4000 cm™ ' and a resolution of 4 cm™! with 16
scans per analysis. Background correction was done before each spectra recording.

Preparation of MON-NLC Gel Formulation

Among the previously evaluated gel-forming polymers for topical application,* HEC was used for formulating MON-
NLC loaded gel. Briefly, the gel was prepared by adding 1.5% (w/v) of HEC into the optimized MON-NLC solution
(0.27% w/v) and continuously stirring on a magnetic hot plate at 50 °C. The stirring was continued for 4 h until all the
HEC was dissolved, and a uniform gel was formed. The gel was kept at 4 °C for further studies.

Characterization of MON-NLC Gel Formulation

By means of a PerpHecT® pH meter with ROSS® Micro electrode supplied by Thermo Scientific (Massachusetts, USA),
the pH of the prepared MON-NLC gel was measured in triplicates. The rheological behavior of the formulation was also
assessed using Rheosys Merlin VR from Scientex Pty Ltd (Victoria, Australia) with a 15mm diameter parallel plate. The
oscillatory shear rate sweep was performed once at a fixed temperature of 25 °C, with a shear rate range of 1-100 s™*.
The rate sweep measurements were carried out to assess the gel’s viscosity.

Preliminary Stability Studies
The optimized MON-NLCs were also investigated for 14 days for colloidal stability by determining any changes in
particle size, PDI, and ZP under storage at 4 °C.
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In vitro Antibacterial Study

This study involved thirty clinical isolates of C. acnes, previously obtained from Dr. J. Robson at Sullivan Nicolaides
Pathology (Bowen Hills, Queensland), along with S. aureus ATCC (American Type Culture Collection) 29213 and
S. epidermidis ATCC 14990. Brucella agar plates supplemented with laked sheep blood (5% v/v), vitamin K1, and hemin
were used to culture the C. acnes isolates. The plates were incubated anaerobically for 48 hours at 37 °C. Clindamycin
was used to test against Bacteroides fragilis (B. fragilis) ATCC 25285 employed as a quality control strain.

Minimal Inhibitory Concentration (MIC)

The agar dilution method was utilized to determine the minimum inhibitory concentration (MIC) of anaerobic bacteria
(C. acnes and B. fragilis ATCC 25285) following the Clinical Laboratory Standards Institute (CLSI) M11 guidelines.®®
At the start of this study, Brucella agar medium (supplemented with 1 pg/mL vitamin K1 and 5 pg/mL hemin) was
prepared and sterilized by autoclaving. Stock solutions were made at concentrations at least 10 times higher than the
highest antibacterial concentration to be tested for MON, MON-NLC, and MON-NLC gel. Methanol was used to prepare
MON stock solution, while MilliQ water was used to prepare MON-NLC and MON-NLC gel. The antimicrobial
concentrations were serially diluted to achieve ranges of 0.08-8 pug/mL for C. acnes strains and 0.125-4 pg/mL for
staphylococcal strains. PBS was used to prepare MON serial dilutions, whereas MilliQ water was used for MON-NLC
and MON-NLC gel. Twenty-milliliter of agar dilution plates was prepared containing laked sheep blood (ImL), 10x
antimicrobial agent solution (2 mL), and molten Brucella agar (17 mL) and allowed to solidify before being inoculated
by C. acnes and B. fragilis isolates. The agar plates were subcultured with the isolates twice, and a direct colony
suspension was prepared to achieve the 0.5 McFarland standard of a bacterial inoculum measured using a nephelometer.
Inoculum-replicating apparatus was used to apply approximately 2 uL inoculum on an agar surface, resulting in
approximately 10° CFU/mL final inoculum concentration per spot on the agar plates. Furthermore, a control plate
devoid of any bacterial inoculation to check for negative growth and another plate containing inocula but lacking
antibacterial agents to serve as a positive growth control were also set up. The plates containing anaerobes were then
placed in anaerobic conditions at 37°C for 48 hours using anaerobic jars containing an indicator to confirm anaerobiosis,
while those with staphylococcal isolates were incubated aerobically at the same temperature for 24 hours.

MIC Determination

Following the incubation period, a visual inspection of the agar plates was done to identify any signs of bacterial growth.
The value of the minimum inhibitory concentration (MIC) for each isolate was recorded as the lowest concentration at
which the growth was halted. Based on MIC results achieved for B. fragilis ATCC 25285 (control strain) against the
reference clindamycin, the performance of the test system was evaluated. No growth in negative control plates and an
acceptable level of growth in positive control plates were considered to validate the tests.

In vitro Cytotoxicity Assay

The MTT assay*? was performed to test the effect of optimized MON-NLC formulation on the viability of keratinocyte
cells (HaCaT). High glucose DMEM added with 10% FBS, 1.5% HEPES, and 1% of each NEAA and Pen-Strep solution
was used to subculture the cells in a T25 sterile culture flask and incubated in a humidified incubator at 37 °C under 5%
CO,. To obtain a confluency of 90%, the media was replaced every 48 hours with fresh media. The cells were
subsequently placed onto 96-well plates containing 100 pL of culture media and left to incubate for 24 hours. On the
following day, the test samples were introduced (100 uL) and underwent another 24-hour incubation period. A series of
concentrations was tested in triplicate with a range of 0.5 to 16 pg/mL. The controls were also set up where no treatment
was added to the cells. The next day, the cells were delicately rinsed twice using sterile PBS, followed by the addition of
10 uL of the MTT solution and incubated for another 4 h. Afterwards, the MTT solution was aspirated from each well,
followed by the addition of DMSO to dissolve the MTT formazan crystals, and the absorbance was recorded using the
Perkin Elmer Wallac microplate reader (Waltham, MA, USA) at 570 nm. The results were evaluated as percentage cell
viability.
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Ex vivo Permeation and Deposition Evaluation of MON-NLC-Gel

Skin Preparation

For this study, the full-thickness porcine ear skin samples were used after obtaining approval from the Animal Ethics
Committee (University of South Australia, Australia) to collect and use scavenged tissues. The skin was thereafter
obtained from a local slaughterhouse (South Australia, Australia) and prepared for ex vivo skin permeation and
deposition assay using the following procedure. Using MQ water, the samples were rinsed, and the hair was carefully
cut with the aid of a hair clipper. The ear cartilage was carefully removed from the skin, and the skin was stored at —20
C for further use.

Evaluation of Skin Integrity

Before each experiment, the skin samples were removed from —20 °C and allowed to thaw to room temperature. The skin
was then cut into circular disks of 4.91 cm?® with a thickness of 0.1 cm and tested for its integrity by measuring
transepithelial electrical resistance (TEER) using an MM400 digital multimeter from Klein Tools, Australia. Afterward,
the skin was put on Franz diffusion cells facing the dermis side downwards. Five-milliliter PBS was added in the receiver
compartment, adjusted at pH 7.4, and allowed to reach equilibrium before measuring TEER to determine the integrity of
the skin barrier. The samples displaying TEER of more than 10 kQ were employed for the ex vivo permeation and
deposition assay.®’

Ex vivo Permeation and Deposition

The donor chamber of the Franz cell was then applied with precisely 1g of finite dose of NLC formulation (MON-NLC
solution and MON-NLC gel) corresponding to 0.6 mg/cm> MON, and MON-water (control) corresponding to 0.006 mg/
cm? MON. Throughout this study, the receptor chamber was maintained at 34 °C and allowed to continuously agitate
using magnetic stirrers. To evaluate the amount of MON penetrated across the skin, 200 pL aliquots were collected in
triplicates for each sample at predefined regular time intervals (1, 2, 4, 8, 12, and 24 hours) and analyzed using the
developed LCMS method.

After the permeation studies were completed, the surface of each skin sample was carefully wiped using a cotton
tip to remove excess formulation, rinsed using 10 mL MQ water, left to air-dry at room temperature for 3 h, and placed
on a flat surface using a tape with the stratum corneum side exposed upwards. The stratum corneum was removed from
the skin using a previously reported tape-stripping method.*>’® For this purpose, fifteen D100 D-Squame sampling
discs were used. Each disc was placed over the skin surface, and a firm pressure was applied for 5 seconds using
a D500 pressure instrument (D-Squame®) before removing the discs using forceps. Subsequently, the forceps were
used to carefully remove the epidermis layer, and the leftover skin was cut into smaller pieces to quantify MON
deposition in the dermal layer. No additional techniques, such as heat, were required to separate the epidermis layer
from the rest of the skin. Methanol (10 mL) was used as an extraction media** to obtain the amount of MON deposited
in each skin layer. The extraction was performed for 24 hours by soaking the skin samples in extraction media under
continuous stirring. The sample extracts were then centrifuged using Beckman Coulter centrifuge equipment (Allegra
X-12R, USA) for 20 min at 3500 rpm, filtered using a syringe filter (0.45 um pore size), and analyzed using the LC-
MS/MS method.

Statistical Analysis

In this study, the average values, along with their standard deviations (SD), were derived from three separate experiments
unless stated otherwise. ANOVA was used to establish statistical distinctions between the samples (control and treated),
and using version 9.4.1 of the GraphPad Prism software (CA, USA), the statistical analysis was conducted to assess
significance at p <0.05.
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Results and Discussion

Excipient Selection
Screening of Solid and Liquid Lipid
The lipids were selected based on the solubility and homogeneity of MON dissolved in different liquid lipids and solid
lipids, respectively. MON solubility in various lipids was carefully determined, and lipids displaying maximum solubility
were selected for NLC formulation as solubility plays a significant role in drug EE and DL capacity in NLCs.”' MON
displayed solubility in all the solid lipids used for screening, of which bee wax, Gelucire ® 48/16, WE76, and WH5
displayed similar solubility of 12 mg/g; however, SA showed the highest solubility for MON (155 mg/g) and therefore
was selected as a solid lipid for NLC preparation (Figure 1A).

Among the liquid lipids screened for MON solubility, OA showed a maximum saturation solubility of 10.5 =+
0.12 mg/mL, as shown in Figure 1B, and was therefore selected for preparing NLC. The incorporation of OA in NLC
preparation for topical delivery of drugs with SA has been previously investigated.”'’> SA is a highly lipophilic,

7679 \whereas

polymorphic, 18-carbon saturated fatty acid and a primary lipid component found in animal and plant fat,
OA is a mono-unsaturated 18-carbon long omega-9 fatty acid, also found naturally in animal and plant fats.>® This lipid
matrix composition affects the physicochemical properties of formulated lipid nanoparticles depending on the lipid-chain
length and concentration of individual lipids, thereby influencing the enthalpy and structural transition from solid to

liquid state to produce more stable and less ordered lipid crystals.”®7%~%2

Optimization of Binary Mixture of Solid Lipid and Liquid Lipid

In this study, the solid lipid and liquid lipid composition in the BM were optimized based on thermal analysis using DSC
and a filter paper method.®® The thermal analysis results (Table 2) showed that, as the OA content in the BM increased to
50%, the melt onset and melt peak temperature significantly decreased to 34.21 °C and 46.88 °C, respectively. Similarly,
the crystallinity index of the BM also decreased to 49.15% at the OA ratio of 50% in the BM, although the BMs with
more than 30% of OA content only showed a minor decrease in crystallinity index as it would have been close to
reaching the maximum dissolution of OA in SA.%* In addition, the endothermic peaks are also broadened and reduced in
height due to OA dispersion in SA, indicating the development of imperfect lattices in BM and distortion of crystallinity
(Figure 2). Such behaviors allow the NLC matrix to incorporate a greater quantity of API than solid lipid nanoparticles.®*
Determining the optimal BM composition is necessary as it can also impact the occlusive effect, entrapment efficiency,
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Figure | Solubility of MON in various (A) solid lipids and (B) liquid lipids.
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Table 2 Effect of Different Ratios of Oleic Acid on BM

Binary Mixture Ratio (SA: OA) Melt Onset Melt Peak Enthalpy (J/g) | Crystallinity Index (%)
Temperature (°C) | Temperature (°C)
10:0 54.68 57.11 21681 N/A
9:1 51.52 55.75 185.93 85.76
8:2 46.31 53.43 148.80 68.63
7:3 44.40 51.97 137.94 63.62
6:4 38.52 48.61 112.60 51.93
5:5 34.21 46.88 106.56 49.15

Abbreviations: SA, stearic acid; OA, oleic acid.

drug loading, and stability of NLCs. While adding insufficient amounts of liquid lipids in BM can lead to the formulation
comprising non-uniform NLCs, high contents of liquid lipids can result in phase separation during or after the
preparation of formulation.®® In this study, the results from the thermal analysis were also complemented by a visual
assessment using the filter paper technique whereby the OA content of 40% and above started showing a smear of oil
droplets on the filter paper, indicating that the maximum OA content in the BM would be ideally around 30% (Figure 3).
Therefore, the BM consisting of SA (70%) and OA (30%) was used for the optimization of NLC formulations.

Formulation Development and Optimization

Formulation Optimization Using a Central Composite Design

The effect of independent factors (BM, surfactant concentration, and sonication time) on the dependent variables, namely
PS (Y,), PDI (Y,), and zeta potential (Y3), was studied and evaluated statistically using ANOVA and optimized using the
central composite design by the DoE software. The software generated 20 runs that were prepared, and the response was

§ — 10:0
5 — 91
3 — 82
=
® — 73
s
© — 64
E 5:5
[
s
[<]
°
c
w
I I I 1
40 50 60 70
Temperature (°C)
Figure 2 DSC thermogram of stearic acid and binary mixtures containing different ratios of stearic acid and oleic acid.
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Figure 3 Filter papers showing a smear of oil droplets from the binary mixtures with oleic acid content above 30%.
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recorded for each dependent variable (Table 3). The results demonstrated that model terms for PS, PDI, and zeta potential
were all statistically significant with p < 0.0001. A linear model was generated for PS, whereas the variations in PDI and
zeta potential were demonstrated by the quadratic models. Statistical parameters such as R* (including adjusted predicted
R?) and lack of fit were recorded for each model (Table 4). An acceptable correlation was found between predicted and
experimental model values, as indicated by the R? values for each variable. The suitability of the model was further
assessed by confirming the insignificance of lack of fit of each model, displaying p values greater than 0.05.%°

Effect on Particle Size

The particle size of lipid nanoparticles is a crucial parameter as it influences the deposition and permeation characteristics of
the drug across different skin layers.*>*¢ Particle size below 600 nm is desirable for follicular targeting.***’*° The DLS
analysis showed that the PS of the MON lipid nanoparticles ranged from 27.83 nm to 134.80 nm, as shown in Table 3. A linear
model was generated following regression analysis to determine the impact of independent variables (X, X5, and X3) on the
particle size of MON-loaded NLCs. The particle size of MON-NLCs was significantly impacted by the BM concentration and
total surfactant concentration (p-value of less than 0.05), whereas the sonication time did not have a significant effect on PS
(Table 4). The effect of each independent variable on PS is also expressed by their respective coefficient values and associated

Table 3 Runs Generated by Central Composite Design and Their Measured Responses

Run Factor | Factor 2 Factor 3 Response | | Response 2 Response 3
Formulation Binary Lipid Surfactant Sonication Size (nm) PDI Zeta
Concentration (%) | Concentration (%) | Time (min) Potential (mV)

| | 3 2 67.25 0.230 —36.4
2 2 5 4.5 75.28 0.197 -32.2
3 2 5 4.5 74.02 0.211 -31.5
4 3 3 7 134.80 0.242 —41.8
5 3 3 2 101.90 0.266 —41.9
6 0.318 5 4.5 27.83 0.257 —-13.5
7 2 5 4.5 7436 0.202 —35.3
8 2 5 8.70 75.72 0.175 -31.8
9 2 1.63 4.5 121 0.371 —41.2
10 2 8.36 4.5 46.78 0.396 -11.7
I 3 7 7 99.23 0.098 -32.6
12 | 3 7 46.04 0.296 -28.1
13 2 5 4.5 80.82 0.192 -32.3
14 | 7 2 56.69 0.412 —14.2
I5 | 7 7 45.1 0.211 -11.2
16 2 5 0.29 77.12 0.308 -31.9
17 3 7 2 104.80 0.447 =31
18 2 5 4.5 52.12 0.247 -334
19 2 5 4.5 68.04 0.214 -32.8
20 3.68 5 4.5 127 0.202 —40.6
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Table 4 ANOVA Results Summary for the Dependent Variable Responses. X,: Binary Mixture
Concentration (% w/V); X,: Total Surfactant Concentration (% w/v) and X3: Sonication Time (Min)

Particle Size (nm) Polydispersity Index Zeta Potential (mV)
Coefficient | p value Coefficient | p value | Coefficient | p value
Model < 0.0001 <0.0001 <0.0001
Intercept 77.79 0.2110 —32.87
X, 28.74 <0.0001 | —0.0138 0.0501 —7.54 <0.0001
X3 —12.37 0.0034 -0.0129 0.0643 7.97 < 0.0001
X3 —0.57 0.8755 —0.0536 <0.0001 | 0.7299 0.1559
XX, 0.0005 0.3763 —2.38 0.0034
XX 0.0071 0.0043 -1.60 0.0277
XX 0.0438 <0.0001 | —0.8750 0.1894
X2 0.0002 0.5489 1.76 0.0034
X2 0.0488 <0.0001 | 1.98 0.0016
X32 0.009 0.2152 0.0667 0.8883
Residual
Lack of Fit 0.2106 0.2865 0.1688
Fit statistics
R? 0.8254 0.9649 0.9833
R? (adjusted) 0.7927 0.9333 0.9682
R? (predicted) 0.7128 0.8092 0.9011
Adequate precision | 16.2567 19.4229 26.1302

Notes: The bold values represent statistically significant values at p <0.05.

signs displayed in Table 4. The negative coefficient values suggest a negative relationship of independent variables (X, and
X3) on PS. A positive effect was recorded for X; on PS of MON-NLCs, suggesting that increasing BM concentration increases
PS of the MON-NLCs, whereas increasing surfactant concentration and sonication time both reduce PS. This relationship is
also showcased in the 3D response surface plot (Figure 4A). The increased PS due to increased BM concentration could be due
to an increased possibility of lipid particle aggregation and an insufficient quantity of surfactant to cover the surface of lipid
particles.”>! It was noted that by increasing BM concentration, the viscosity of the formulations also increased, which could
potentially hinder the sonication process to effectively reduce the particle size, as reported previously.”> However, increasing
surfactant concentration displayed the opposite effect on the PS. The surfactant develops a dense layer around the lipid
particles that reduces the surface tension between the lipid phase and aqueous phase, preventing agglomeration of particles and

thereby promoting the formation of smaller particles.>>°* %3

Effect on Polydispersity Index

The DLS measurements showed that the PDI values of the developed 20 MON-NLCs ranged from 0.098 (run 11) to 0.447
(run 17) (Table 3). The PDI provides important information about the homogeneity and uniformity of the nanoparticles in
a solution, with a value lower than 0.3 indicating a uniformly distributed system. The regression analysis results showed
that the model was statistically significant, with p <0.05. The PDI of the MON-NLCs was significantly impacted by the
sonication time (X3) (Figure 4B), the interaction of BM concentration and surfactant concentration with the sonication time
(X1X; and X, X5, respectively) (Table 4), and the square effect of surfactant concentration (X,?), as displayed in Table 4.
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Figure 4 3D response surface plots illustrate how varying binary mixture concentration, surfactant concentration, and sonication duration affect (A) particle size,
(B) polydispersity index, and (C) zeta potential.

The ANOVA results further revealed a significant inverse relationship between PDI, surfactant concentration, and
sonication time, coinciding with previously reported studies®>***> A negative relationship between PDI and BM concen-
tration was also indicated by ANOVA; however, the effect was statistically insignificant (p=0.0501).

Effect on Zeta Potential

The stability of the nanoparticles in dispersions is attributed to their surface charge, which is an important nanoparticle
characteristic used for analyzing their electrostatic properties.”® This electrical potential, also known as ZP, is measured
in millivolts and exists on the slipping plane of the electrical layers of the particles.”” The ZP values ranging outside the
range of =30 mV to 30 mV indicate the presence of strong repulsive forces between the nanoparticles, hence creating
a stable colloidal dispersion.>*® The 20 developed lipid nanoparticle formulations showed negative ZP values, ranging
from —41.9 to —11.2 mV, attributed to the presence and adsorption of highly negative charges of the SA and OA on their
surfaces, resulting in overall negative charges.’>**” The ANOVA results of the responses displayed that BM concentration
and surfactant concentration had statistically significant effects on the ZP values, each having a p-value of <0.0001.
Additionally, the BM concentration had a negative effect on the ZP values, and a positive effect was found with
surfactant concentration on the ZP values (Figure 4C). Sonication time did not have a significant effect on the ZP values.
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Table 5 Comparison of Predicted and Observed Response Values for Optimized MON-Loaded NLCs

Optimized Dependent Importance Low Predicted Value Predicted High Predicted Value | Experimental
Independent Factors Responses (at 95%) Mean (at 95%) Value

X, Y, +++++ In range 85.3511 98.633 111.915 96.65 + 0.939
3% PS (nm) (27.83 to 100)

X Yo, +++++ Minimum 0.0709 0.105334 0.1398 0.129 £ 0.011

6.18% PDI (0.098 to 0.447)

X3, Y3, +++ In range —38.6055 —35.9644 —33.3233 —36.50 + 0.300
7 min ZP (mV) (—41.9 to —30)

Abbreviations: X, Binary mixture concentration (% w/v); X,, surfactant concentration (% wi/v); X3, Sonication time (min); Y|, Particle size (nm); Y, Polydispersity index;

Y3, Zeta potential (mV).

Optimization of MON-NLC Formulation
Criteria were set to optimize the MON-NLCs having PS ranging between 27.83 and 100 nm, minimum PDI, and ZP

between —41.9 and —30 mV. The software generated a response suggesting developing a formulation with a desirability

of 0.989, comprising 3% X; (BM concentration), 6.18% X, (surfactant concentration), and 7 min X3 (sonication time)
with predicted PS, PDI, and ZP of 98.633 nm, 0.105, and —35.96 mV, respectively (Table 5). A translucent solution of
optimized MON-NLC was obtained (Figure 5) with a 96.65 + 0.939 nm PS, 0.129 + 0.011 PDI, and —36.50 £ 0.300 mV
ZP (Figure 6A and B). The experimental values of PS, PDI, and ZP agreed with the predictable (Table 5), suggesting the
validity of the model. Furthermore, the EE and DL of the optimized MON-NLC formulation were found to be 84.52 +

0.48% and 1.69+ 0.01%, respectively.

Figure 5 Optimized MON-loaded NLC.
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Figure 6 Optimized MON-NLC (A) particle size, polydispersity index, and (B) zeta potential.

Characterization of MON-NLCs
Fourier Transform Infrared Spectroscopy
To confirm the successful incorporation of MON into the nanostructured lipid carriers (NLCs) and investigate their

molecular interactions, Fourier transform infrared (FTIR) spectroscopy analysis was performed (Figure 7). The analysis
revealed the spectra of MON-NLC, BLANK-NLC, MON, SA (Stearic Acid), and PM (Physical Mixture). The FTIR
spectra showed that MON displayed a characteristic peak in the region 32002100 cm ' (Figure 7, peak 1), which
corresponded to the proton vibrations in a medium-short hydrogen bond formed between the O(1) oxygen atom of the

carboxylate group and O(11)H group. Additionally, a sharp peak at 1556 cm ' (Figure 7, peak 2), was observed,
corresponding to aromatic C=C bending.'®® Stearic acid adsorption peaks were observed at about 2915 and 2848 cm™

-100

Apparent Zeta Potential (mV)

1

(Figure 7, peak 3), which are attributed to —CH 2— band asymmetric and symmetric stretching vibrations, respectively.
Zhu et al have reported similar findings for pure stearic acid.'”" The spectra of the physical mixture showed peaks (2915
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Figure 7 FTIR spectra of MON, MON-NLC, blank-NLC, SA, and physical mixture.
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and 2848 cm ') corresponding to the drug and stearic acid (1556 cm™'). Some peaks of MON have been masked by
peaks of stearic acid, and no new peaks were observed, illustrating the absence of interaction between stearic acid and
MON. The FTIR spectrum of BLANK-NLC (nanostructured lipid carriers without the MON) exhibited characteristic
peaks primarily corresponding to stearic acid. The absence of peaks corresponding to the MON confirms that the Blank-
NLC does not contain MON. Of note, the FTIR spectra of MON-NLC are similar to the spectra of Blank-NLC,
highlighting that MON has been successfully encapsulated in the NLCs.**!*?

Differential Scanning Calorimetry

DSC technique was used to determine the thermodynamic properties and changes in the physical state during the thermal
analysis of drug-free-NLC (blank NLC), monensin (MON), MON _NLC, pure SA, OA, and a physical mixture of SA and
OA. The blank NLC exhibited a consistent, level curve without notable thermal events, indicating an absence of phase
transitions or crystallization in the blank nanostructured lipid carrier (NLC) system (Figure 8). In comparison, the MON
thermogram, representing pure MON, displays distinctive thermal peaks, with the initial endothermic peak near 100 °C
likely indicating water or solvent loss, while the significant peak around 300 °C signifies monensin’s melting point,
demonstrating its crystalline nature and thermal breakdown.'°® The MON_NLC thermogram remains predominantly flat
without clear peaks, suggesting that the MON is effectively encapsulated within the NLC, modifying its thermal profile, and
minimizing the expression of typical phase transitions. This implies enhanced drug stability when encased in the NLC. The
thermogram of the physical mixture shows a minor endothermic peak between 50 °C and 100 °C, corresponding to the SA
melting point. Beyond this point, the curve is relatively flat, suggesting a stable mixture without significant thermal

transitions.

MON-NLC Gel Characterization

MON-loaded NLC gel was formulated using 1.5% HEC in 0.27% (w/v) MON-NLC solution. Blank HEC gels were
screened in a previously published study*? demonstrating that 1.5-2% HEC produces gels with adequate viscosity.
Therefore, this study used 1.5% HEC concentration and assessed for rheological properties. The results demonstrated
favorable shear thinning behavior of the formulated gel as shown in Figure 9. As the shear rate increased from 131(1/s) to
1178 (1/s), the viscosity of MON-NLC gel and blank gel decreased from 3.03 to 0.71 Pa.s and 3.94 to 0.92 Pa.s,
respectively. The MON content in the gel formulation was 0.27% w/v (corresponding to 2.72 mg/mL MON concentra-
tion). Additionally, viscosity results showed that HEC gel possessed a high viscosity compared to the MON-NLC gel.
The pH of the gel was found to be 5.85 + 0.075, falling within the accepted pH range of 4—6 for topical products,'®®
hence making it suitable for application to the skin.
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Figure 8 DSC thermograms of blank_NLC, MON (Monensin), MON_NLC, pure SA, OA, and physical mixture.
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Figure 9 Rheological analysis of MON-NLC gel and hydroxyethyl cellulose (HEC) 1.5% gel.

Preliminary Stability Studies

The optimized MON-loaded NLCs were investigated for colloidal stability for two weeks under refrigerated conditions at
4 °C. Measurements were taken at specific intervals (0, 1, 7, and 14 days) to assess PS, PDI, and ZP. According to the
results (Table 6), the developed NLCs maintained good colloidal stability with no significant changes observed in size,
PDI, and ZP.

In vitro Antibacterial Studies

This research pioneers the discovery of the potent antibacterial efficacy of MON against the resistant anaerobic gram-
positive C. acnes bacteria, paving the way for new frontiers in combating infectious skin conditions. The agar dilution
method was utilized to discover the ground-breaking effects of MON and MON-NLC formulation against gram-positive
bacterial strains, namely C. acnes, S. aureus, and S. epidermidis. The study’s minimum inhibitory concentration (MIC)
results are tabulated in Table 7, and the QC range for the reference antimicrobial agent is outlined in Table 8. The MICs
of MON, MON-NLC, and MON-NLC gel was 1, 2, and 0.5 pg/mL, respectively, against the 30 human isolates of
C. acnes bacterial strains (Table 9), whereas an MICs of 4 pg/mL was found against the gram-positive S. aureus, and
S. epidermidis bacterial strains which coincide with the results of previous studies'®'” (Table 10). These findings unveil
a promising effect of MON and its formulations combating acne pathogens. A low MIC range was obtained for MON-
NLC gel as compared to MON and MON-NLC (Table 9), which demonstrates an improved efficacy of the gel
formulation against the resistant C. acnes pathogen, which could be attributed to the inclusion of hydroxyethyl cellulose
(HEC) polymer. While HEC, approved as an excipient by the US Food and Drug Administration, is a biocompatible,

105,106 g1dies have

non-ionic, and non-toxic polymer'® used as a gelling agent, thickener, and stabilizer in formulations,
suggested that cellulose polymers do not possess antibacterial properties.'®”'°® The antibacterial effect is primarily
produced by the antimicrobial agents loaded in the cellulose-based formulations.'®’ Previously conducted research,'% !

however, has shown that cellulose-based hydrogels, when paired with antibacterial agents, can augment their

Table 6 Optimized MON-Loaded NLC Stability Study

Time (Days) | Size (nm) PDI ZP (mV)

0 96.65 £ 0.94 | 0.129 £ 0.0l | —36.50 + 0.30
| 99.19£0.13 | 0.12+£0.00 | —33.67 £0.25
7 9523 £0.27 | 0.19 £0.01 | —36.93 + 0.9
14 99.37 £0.62 | 0.1l £0.02 | —35.60 + I.51
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Table 7 Minimum Inhibitory Concentration (MIC) of MON, MON-NLC, and MON-NLC
Gel Formulation Against 30 human Isolates of C. acnes Strains

Strain | MALDI IDs | MON (ug/mL) | MON-NLC (pg/imL) | MON-NLC gel (pg/mL)
00-1 C. acnes | 2 0.5
00-2 C. acnes | | 0.25
00-3 C. acnes | | 0.25
00-4 C. acnes 4 4 |
00-5 C. acnes 0.5 | 0.5
00-6 C. acnes 0.5 | 0.5
00-7 C. acnes 2 2 I
00-8 C. acnes 0.125 0.25 0.125
00-9 C. acnes 0.5 [ 0.25
0-10 C. acnes 2 2 0.5
0-11 C. acnes 0.5 [ 0.25
0-12 C. acnes 24 2 |
0-13 C. acnes 0.5 | 0.25
0-14 C. acnes | 2 0.5
0-15 C. acnes | 2 |
0-16 C. acnes 2 2 |
0-18 C. acnes 2 2 |
0-19 C. acnes 0.125 0.5 0.125
0-20 C. acnes 0.125 0.5 0.125
0-21 C. acnes 2 2 |
0-22 C. acnes 2 2 |
0-23 C. acnes | 0.5 0.25
0-24 C. acnes 2 2 |
0-25 C. acnes 2 2 |
0-26 C. acnes | 2 |
0-27 C. acnes | 2 |
0-28 C. acnes | | 0.5
0-29 C. acnes 2 2 I
0-30 C. acnes | | I
0-31 C. acnes | 2 I

antibacterial effectiveness. This enhancement is achieved through the polymer’s natural water-absorbing capabilities,

which facilitate the creation of a dense network. Consequently, this promotes better integration of the antibiotic and its

slow release, thereby prolonging the duration of the antibacterial effect of the formulation.

110,113
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Table 8 QC Range and MIC of Clindamycin (Control
Antimicrobial) Against B. fragilis ATCC 25285

QC strain Range (ug/mL) | MIC (ug/mL)

B. fragilis ATCC 25285 0.5-2 0.5

Table 9 MIC50, MIC90, and MIC Range of MON, MON-NLC, and MON-NLC
Gel Formulation Against 31 Isolates of C. acnes Strains

C. acnes | MON (ug/mL) | MON-NLC (ug/mL) | MON-NLC gel (ug/mL)

MICso | 2 0.5
MICso 2 2 [
MIC Range 0.125-4 0.25-4 0.125-1

Table 10 MIC of MON, MON-NLC, and MON-NLC Gel Formulation Against S. Aureus, and
S. Epidermidis Strains

Species MON (ug/mL) | MON-NLC (pg/mL) | MON-NLC gel (pg/mL)
S. aureus ATCC 29213 4 4 4
S. epidermidis ATCC 14990 4 4 4

The novel antimicrobial efficacy of MON against gram-positive bacterial pathogens is attributed to its interference
with transmembrane cation flux and dependent intracellular processes, specifically altering the balance of sodium-
potassium ions, thereby shifting the intracellular pH and leading to cellular death.''*''®

Cell Cytotoxicity Assay (MTT Assay)

To evaluate the safety of the newly developed topical MON-loaded NLC formulation, a cytotoxicity assessment was
conducted using the HaCaT cell line, which has previously been utilized in research to evaluate the compatibility of
topical formulations.''”'?! The MTT assay was employed in this investigation to examine the cytotoxic effects of
various concentrations of MON and the MON-loaded NLC formulation on HaCaT cells (Figure 10). The results revealed
a downward trend in the percentage of cell viability with increasing concentrations of MON ranging from 0.5 to 8
pg mL™'. As per the International ISO 10993—5 standard for in vitro cytotoxicity assessment of biomaterials,'** a cell
viability threshold of >70% is indicative of non-cytotoxicity, which was observed for the MON-NLC formulation at 8 pg/
mL, with cell viability exceeding 70%, thereby indicating substantially reduced cytotoxicity compared to MON alone.
The MTT findings indicate the promise of developing the MON-loaded formulation as a safe topical therapy for treating
acne at concentrations effective against acne bacteria.

Ex vivo Drug Permeation and Deposition Evaluation of MON-NLC-Gel

The ex vivo permeation and deposition assay aimed to investigate how effectively MON penetrates various skin layers
using full-thickness pig skin as a model. The amount of MON deposition under infinite-dose conditions was examined
from three formulations: MON-NLC, MON-NLC gel, and MON in water across the epidermis, dermis, and the receiver
chamber of the Franz diffusion cell after 24 h application (Figure 11).

A significant finding was that the MON-loaded NLC gel left much less MON on the skin surface (59.50 + 505.81 ng/
cm?) as extracted from the skin wash compared to the MON-loaded NLC (14313.11 + 118.88 ng/cm?), with a highly
significant p-value of <0.0001. However, the gel formulation excelled at penetrating the epidermal layers (epidermis and
stratum corneum), depositing almost twice as much MON (8180.73 + 482.37 ng/cm?) compared to MON-NLC (4219.86
+ 388.32 ng/cm?), a statistically significant difference (p < 0.0001).
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Figure 10 In vitro cellular toxicity analysis of MON and MON-NLC formulation on HaCaT cell lines using MTT assay. The dashed line indicates the industry standard cut-off
for clinically safe skin cell viability against biomaterials (above 70%). Results are presented as mean + SD from triplicate measurements. p-values were obtained via two-way
analysis of variance (2way-ANOVA). ns p > 0.05, * p < 0.05, ** p < 0.005, and *** p < 0.0008 compared to the untreated group (control I).
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Figure 11 Ex vivo MON skin deposition and permeation using MON-NLC and MON-NLC gel on full-thickness porcine ear skin. An asterisk (*¥) denotes that MON was not
detected in the water solution in any skin layer, MON-NLC and MON-NLC gel in the dermis, and receptor chamber. The results are presented as the mean * SD (n = 3),
with significant differences indicated by the p-value.

Even more intriguingly, the gel formulation successfully targeted the epidermis without reaching the dermis, while
MON-NLC deposited a significant amount (3376.41 + 25.47 ng/cm?) in the dermis. This selective deposition is crucial
for acne treatment since pathological acne lesions primarily manifest in the epidermal hair follicular site that extends into
the dermis of the skin.'?*'** Additionally, it also avoids unnecessary drug penetration into deeper skin layers and
absorption into the systemic circulation, which could cause side effects.'*> In contrast, MON in water did not penetrate
any skin layers due to its poor solubility and large particle size, showing no permeation across the skin barrier. This
underscores the importance of using lipophilic carriers to enhance MON delivery to the intended site.

The study’s most remarkable finding was the gel formulation’s ability to deposit MON specifically in the epidermal
layer, the target acne site,®” without permeating the dermis or the receiver chamber. This effectiveness can be attributed
to the HEC polymer, which increases retention time on the skin'?® and enhances MON’s affinity for the surrounding skin
environment. Additionally, the nanoparticle size is crucial in controlling the intensity of deposition and permeation, as
reported previously.'?” Keeping MON localized in the epidermal layer maximizes its therapeutic effect while preventing
potential side effects from deeper penetration. To confirm this, MON was quantified from the receiver chamber of the
Franz cell after 24 hours of application, and no MON was detected with either the gel formulation or MON-NLC. This
selective targeting highlights the gel formulation’s potential for more effective and safer acne treatment.

This study utilized infinite-dose conditions, incorporating MON amounts in the formulations that exceeded the MIC values
determined earlier in section 4.4, to evaluate potential side effects when administered in larger quantities. The results
demonstrated that, despite the high MON concentration in the NLC formulations, no MON permeated into the deeper skin
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layers from NLC formulations, as shown in Figure 11. Additionally, its safety for topical application is also demonstrated by the
cell viability results, indicating that the NLC formulation was superior and safer than MON alone at such high concentrations.
Further pre-clinical and clinical studies are needed to establish MON’s clinical safety profile and avoid any adverse effects.

Conclusion

In this study, the antibacterial efficacy of MON was discovered against human isolates of C. acnes. To achieve this effect,
topical delivery of MON to the target epithelial site was determined. This was achieved by formulating and characteriz-
ing MON-NLC using the CCD approach. The effect of the concentration of BM and surfactant, along with the sonication
time, was evaluated on the PS, PDI, and ZP of the MON-loaded NLCs. The optimized MON-NLCs possessing PS below
100 nm and desirable PDI and ZP were transformed into a topical gel formulation that effectively delivered MON to the
epithelial site compared to MON-NLCs alone, which permeated to the dermis layer and MON alone, which remained on
the skin at the site of application and did not permeate to any skin layer. The results of this research, therefore,
demonstrate MON’s ability to be translated into a potential acne treatment and the ability of MON-NLCs to effectively
achieve safe, targeted delivery of MON to hair follicular sites of infection.
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