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1. Introduction

Naringenin-encapsulated nano-cochleate
hydrogel for topical delivery: cellular
anti-inflammatory activity and dermatokinetic
profiling

Anuja Shashikant Kamble, 2 Ashish Dilip Sutar,i® Gagandeep Kaur,?
Kamalinder K. Singh 2 **< and Rahul Shukla*®

Naringenin (NR) is a plant-based flavonoid with poor aqueous solubility, which is indicated for the treat-
ment of psoriasis due to its strong antioxidant and anti-inflammatory properties. The aim of this study was
to evaluate the non-steroidal NR-loaded nanocochleate hydrogel (NR-NC-G) for its skin permeation,
safety, and efficacy in the treatment of psoriasis. First, nanoliposomes (NR-LIPO) were prepared and
further chelated using calcium chloride to transform them into nanocochleates (NR-NCs). NR-NCs
exhibited rolled sheet-like nanosized particles with a hydrodynamic diameter of approximately
160-170 nm, an encapsulation efficiency of 81-82%, and good colloidal stability, as indicated by a ¢-
potential of —27 mV. To achieve a local reservoir-like action, nanocochleates were loaded into a hydrogel
comprising of combination of Carbopol 934P and sodium alginate. NR-NC-G was characterised for its
physical and rheological characteristics, and it exhibited uniform drug loading, long-term stability, and the
ability to scavenge reactive oxygen species (ROS), as validated by various antioxidant assays. Furthermore,
NR-NC-G reduced cellular ROS levels, nitrate accumulation, and mitochondrial healing ability in a lipopo-
lysaccharide-stimulated RAW264.7 inflammation model, thereby proving its enhanced antioxidant and
anti-inflammatory effects. The ex vivo skin permeation and dermatokinetic studies showed that NR-NC-G
exhibited high permeation across the excised skin of BALB/C mice. The dermatokinetic studies showed
that topical application of NR-NC-G provided 3.43 and 3.34-fold greater C.ax and AUCq_; in the epider-
mal layer, respectively, compared to the bulk NR solution. Overall, this novel nanoformulation enhances
ROS scavenging capacity, improves cellular uptake, enhances skin permeation and retention, and suggests
potential applications for treating psoriasis.

ments, such as corticosteroids and calcineurin inhibitors, gen-
erally lead to local irritation, and drugs like methotrexate carry

Psoriasis is a chronic autoimmune skin disease marked by fast
keratinocyte proliferation, epidermal hyperplasia, and inflam-
matory infiltration.! Its pathogenesis involves overexpression of
inflammatory mediators like TNF-a, IL-6, and IL-17, along with
increased oxidative stress (Fig. 1a).>”* Traditional topical treat-

“Department of Pharmaceutics, National Institute of Pharmaceutical Education and
Research (NIPER-Raebareli), Bijnor-Sisendi Road, Sarojini Nagar, Near CRPF Base
Camp, Lucknow, UP, 226002, India. E-mail: rahulshuklapharm@gmail.com,

rahul. shukla@niperraebareli.edu.in

bSchool of Pharmacy and Biomedical Sciences, University of Lancashire,

Preston PR1 2HE, UK. E-mail: KSinghl@lancashire.ac.uk

‘Biomedical Evidence based Transdisciplinary (BEST) Health Research Institute,
University of Lancashire, Preston PR1 2HE, UK

+Authors contributed equally.

© 2025 The Author(s). Published by the Royal Society of Chemistry

risks of immunosuppression and hepatotoxicity.>®

Naringenin (NR), a plant-based citrus flavonoid, has dual
antioxidant and anti-inflammatory properties by modulating
NF-xB and Nrf2 (Fig. 1e) pathways according to various reported
studies.” Because of its anti-inflammatory activity and inhibitory
activity on chemokine production, reports have demonstrated
its potential use in psoriasis.*® But its therapeutic efficacy is
compromised by poor aqueous solubility, chemical instability,
and limited bioavailability (~5-9%) because of high first-pass
metabolism and low permeability.”****

To overcome these limitations, nanocarrier systems have
been investigated."" While traditional nanoparticulate systems
enhance solubility, their colloidal instability and low dermal
retention limit their clinical effectiveness.'> Nanocochleates
(NCs) are sustained-release depot systems composed of phos-
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Fig. 1 Schematic presentation of (a) the proposed pathway of psoriasis treatment upon the application of topical NR-NC-G (the hydrogel pene-

trates deeply into the dermal layers, it suppresses the immunoinflammatory response of cytokines, which leads to the alleviation of psoriasis); (b)

method of preparation for NR-NC-G; (c) internal structure of NR-NCs; (d) Ishikawa fishbone diagram for evaluating the quality targeted product
profile; and (e) cellular molecular mechanism showing the anti-inflammatory and antioxidant activities of NR-NC-G in vitro. The formulation modu-
lates key signalling pathways, including NF-kB, MAPK, and Nrf2/HO-1.
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pholipid precipitates that self-assemble from anionic lipid
vesicles binding to divalent cations, such as Ca>*. They consist
of a uniform, solid-lipid bilayer sheet that is rolled in a supra-
molecular pattern (Fig. 1c).'®> Nanosize, industrial feasibility,
cytocompatibility, fewer side effects, and higher effectiveness
are a few of the advantages of NCs that allow them to be
explored in topical drug delivery.

Recent advances in hydrogel engineering highlight their
capacity to provide sustained, localised drug delivery while
resisting mechanical stress in challenging biological
15 Dual-network and stimuli-responsive
hydrogels have demonstrated improved structural stability,
controlled release, and enhanced therapeutic efficacy across
applications.’®™® These systems underscore the
broader potential of hydrogel platforms to optimise bio-
availability, modulate local microenvironments, and support
tissue repair.”®*! Such progress provides a strong rationale for
developing novel hydrogel-based carriers for topical anti-
inflammatory therapeutics such as naringenin.

Embedding NCs into a Carbopol-based hydrogel further
enhances topical application by improving spreadability,
bioadhesion, and drug residence time at the site of appli-
cation. In the present study, a naringenin nanocochleate-
loaded hydrogel (NR-NC-G) was developed using a Quality by
Design (QbD) approach and evaluated for its physicochemical,
dermatokinetic, and biological performance to check its
potential for topical treatment of psoriasis.

environments.

various

2. Materials and methods

2.1. Materials

Naringenin was purchased from Tokyo Chemical Industry Co.,
Ltd. Lipoid-S-100 was a gift from Lipoid GmbH, Germany, and
cholesterol was procured from Hi-Media. Various excipients,
including calcium chloride, Carbopol 934, triethanolamine,
bovine serum albumin (BSA), and sodium alginate, were
obtained from Sisco Research Laboratories. Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum (FBS), 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT),
dichlorodihydrofluorescein diacetate (DCFDA), 5,5',6,6"-tetra-
chloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine  iodide
(Jc-1), lipopolysaccharide (LPS), etc., were procured from Hi-
Media. The organic solvents used are of HPLC grade, and the
entire formulation procedure was carried out with triple-dis-
tilled Milli-Q water.

3. Methods

3.1. Drug quantification

NR was solubilised in methanol to make a stock solution
and serially diluted to prepare working standards of 2, 4, 6,
8, and 10 pg mL™' for An.. determination and calibration
curve construction using a UV-visible spectrophotometer
(Cary 60, UvV-Visible spectrophotometer, Agilent).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, an HPLC analytical method was developed and
validated for the quantification of NR in skin samples.
Chromatographic detection was performed using a C18
column (250 mm, 4.6 pm) under isocratic conditions with a
mobile phase of 80% water and 20% methanol (v/v) at a flow
rate of 1.2 mL min~". The detector was set at 288 nm. The
injection volume was 10 pL, and the column temperature
was maintained at 25 °C.?**?

3.2. Nanocochleate (NR-NC) formulation

A QbD approach was used to systematically develop NR-loaded
liposomes (NR-LIPOs). This approach was followed in accord-
ance with the ICH Q8 and Q9 guidelines, starting with the
definition of the Quality Target Product Profile (QTPP) and the
identification of Critical Quality Attributes (CQAs), Critical
Material Attributes (CMAs), and Critical Process Parameters
(CPPs).>* Particle size (PS) and percent encapsulation
efficiency (EE%) were defined as the main CQAs. An Ishikawa
(fishbone) diagram (Fig. 1d) was constructed to identify
factors affecting the quality and reproducibility of the
NR-NC-G system. Key parameters included the properties of
NR, lipid and gel material attributes, nanocochleate-formation
parameters, and equipment conditions. Each sub-factor, such
as the lipid/cholesterol ratio, calcium concentration, stabiliser
level, rheology of the gel base, and mixing parameters,
was mapped based on early experimental observations. This
served as a structured framework to guide risk assessment,
parameter control, and optimisation throughout formulation
development.

In the first step, NR-LIPOs were formulated using the thin
film hydration technique. Lipoid-S-100, cholesterol, and NR
were dissolved in a sufficient quantity of chloroform, and the
solvent was evaporated using a rotary evaporator to form a
thin film, which was further hydrated with Milli-Q water to
form liposomes. A custom experimental design was applied
to optimise Lipoid-S-100 and cholesterol concentrations as
independent variables, with the hydrodynamic diameter
(HD) and percent encapsulation efficiency (%EE) as response
variables.

In the second phase (Fig. 1b), NR-loaded nanocochleates
(NR-NCs) were fabricated via the trapping method. Calcium
chloride was added in varying volumes to the optimised lipo-
somal suspension and vortexed for 2 minutes to induce
structural reorganisation."®*® Dynamic light scattering (DLS)
was employed to assess the changes, and the optimal volume
was selected based on the resulting data. Bovine serum
albumin (BSA) was incorporated as an aggregation inhibitor.
The secondary structure of the developed NCs was evaluated
using circular dichroism (CD) spectroscopy to detect any
conformational changes in comparison with the BSA
solution.

3.3. Characterisation of NR-NCs

3.3.1. Hydrodynamic diameter, homogeneity, and {-poten-
tial. The HD, {-potential, and polydispersity index (PDI) of
NR-NCs were determined using DLS on a Malvern Zetasizer
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(Nano ZS, Malvern, United Kingdom). The formulation was
diluted 10 times for particle size measurement in a particle
size-specific cuvette, and the zeta potential was checked for
the undiluted sample.>®

3.3.2. Percent encapsulation efficiency (%EE). The NR-NC
dispersion was centrifuged at 10000 rpm and 4 °C for
45 minutes to investigate the %EE. The supernatant was col-
lected and analysed using UV-Visible spectrophotometry at an
appropriate wavelength. The percentage EE was calculated
using the formula given in eqn (1).>’

% EE = [conc. total — conc. free drug] + conc. total x 100

(1)

Conc. total = total initial drug concentration in mg and conc.
free drug = free drug concentration in mg.

3.3.3. Surface morphological assessment. The surface mor-
phology of NR-NCs was observed using scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and atomic force microscopy (AFM). For TEM (JEM-2100; JEOL
Ltd, Tokyo, Japan), the NR-NCs were diluted, placed on a
carbon-coated copper grid, dried, and then imaged. In SEM
(JSM-1T200, JEOL, Japan), the diluted sample was placed on a
stub using carbon tape, dried, and scanned to obtain images.
In AFM (NX12, Park System, Korea), non-contact mode was
employed, and the samples were diluted with Milli-Q water
and then dried in a desiccator. Scanning was performed at 0.5
HZ.27’28

3.3.4. Thermal analysis. Bulk NR, the physical mixture,
and lyophilised NR-NCs were analysed using differential scan-
ning calorimeter (DSC) equipment (TA Instruments, New
Castle, USA) in hermetically sealed aluminium pans. 2-3 mg
of sample for analysis is sealed and heated at a gradual
increase in temperature of 10 °C per minute in the range from
10 °C to 300 °C.>*!

3.3.5. Attenuated total reflectance infrared spectroscopy
(ATR-IR). The ATR-IR spectrometer (Waltham, Massachusetts,
U.S.), set between 4000 and 600 cm™' wave numbers, was
used to measure frequencies. To assess the compatibility of
the drug and excipients, shifts in the peaks were analysed to
evaluate the compatibility and possible molecular
interactions.**??

3.3.6. Powder X-ray diffraction study. For their crystal pro-
perties, the bulk NR and the lyophilised NR-NCs were exam-
ined using an X-ray diffractometer (XRD, Brucker AXS-D8
advance®, Karlsruhe, Germany). Diffractograms were recorded
in a scanning range from 5° to 90° on a 26 scale.**

3.3.7. In vitro release profile. In vitro NR release from the
NR-NC formulation was examined using the dialysis bag
diffusion  method. Dialysis membranes (Mwco
12 000-14 000 Da, HiMedia, India) were pre-activated in dis-
tilled water for 12 hours at room temperature. NR dispersion
and NR-NCs (equivalent to 5 mg of NR) were sealed in the
dialysis bags and immersed in 100 ml of phosphate-buffered
saline (pH 7.4 and pH 5.2 for comparative analysis) at 37 +
0.5 °C with stirring (50 rpm). 1 ml of the sample was with-
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drawn at intervals up to 36 hours and replaced with fresh
medium. All samples were stored at —20 °C and analysed
using UV spectroscopy at 288 nm.>*"*° Release kinetics were
assessed using the DD solver add-in for Microsoft Excel, and
regression coefficients (R*) were compared to determine the
best fit.>” In addition, a recovery study was performed by
adding NR-NC samples at three concentration levels (2, 4
and 6 mg) to PBS (pH 5.2 and 7.4) and placing them in dialy-
sis bags under the same conditions as the release experiment
(37 °C, 24 h). Samples collected at 0 h and 36 h were ana-
lysed by UV spectrophotometry to determine the recoverable
NR fraction.

3.4. Loading of NR-NCs in secondary vehicle (hydrogel)

Blank gel bases were fabricated by dispersing Carbopol-934P
at varying concentrations of 0.5, 0.75, and 1% w/v, respectively,
along with 0.25% w/v sodium alginate to utilise its adhesive
property, in purified water under continuous stirring at 500
rpm for 5-6 hours at 25 °C. Triethanolamine was added to
adjust the pH. The hydrogel base was then gradually combined
with NR-NCs under constant agitation to incorporate the
nano-carriers into the gel matrix.>*?°

3.5. Characterisation of NR-NC-G

3.5.1. Rheological behaviour and texture analysis. The
Anton Paar Rheometer MCR 302 was used to analyse the
rheological behaviour of the various gels formulated. Based
on this analysis, one concentration was selected as the final
base for the nanocarrier. Numerous rheological tests have
been conducted at 25 °C, including the determination of
storage and loss moduli, frequency sweep examinations,
amplitude sweep tests, shear stress versus shear strain
measurements, and shear-dependent viscosity measure-
ments. All results were compared with a commercially avail-
able anti-psoriatic hydrogel formulation containing clobeta-
sol propionate.*"*°

3.5.2. Appearance, pH and drug content uniformity.
NR-NC-G has been examined for texture, colour, grittiness,
odour, and phase separation. Consistency was assessed by
compressing the formulated gel between two fingers.
Furthermore, NR-NC-G (5 g) was weighed and diluted with
warm water to a total volume of 20 mL. The mixture was then
vigorously shaken for 1 minute. The pH was then measured,
and readings were taken in triplicate.

To determine the drug content, 1 mL of gel was diluted
with 10 mL of water in a measuring cylinder. The gel was then
sampled from three distinct areas of the cylinder (top, middle,
and bottom), and the drug content was estimated using a UV
spectrophotometer.™*!

3.5.3. Antioxidant assays. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) and hydrogen peroxide (H,O,) assays are commonly
used to assess a compound’s antioxidant potential, particu-
larly in pharmaceutical and natural product research. DPPH
assay evaluates the antioxidant capacity to neutralise the 2,2-
diphenyl-1-picrylhydrazyl free radical, which has a rich purple
hue and turns yellow when reduced.** The antioxidant activity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of NR-NC-G and bulk NR was assessed and compared to that
of potent antioxidants, such as ascorbic acid and hydrogen
peroxide, which served as positive controls in this experiment.
All the samples produced above were added in triplicate to a
96-well plate. The blank was made of methanol. The prepared
plate was incubated in the dark at 37 °C for 30 minutes. After
incubation, the absorbance was recorded at 517 nm for the
DPPH assay and at 230 nm for the H,0, assay using a plate
reader. The subsequent equation was used to compute the %
scavenging activity.*?

—A
x 100 (2)
0

A
Radical scavenging capacity (%) = —

where A, is blank absorbance (DPPH solution) and A is absor-
bance of the sample.

3.5.4. Stability study. Stability testing aimed to examine
the changes in the drug and physical characteristics of the for-
mulation over time, particularly in response to variations in
temperature and relative humidity. A comprehensive stability
investigation was conducted over a three-month period, adher-
ing to the ICH guidelines. NR-NC-G was subjected to different
conditions: refrigerated at 4 + 10 °C, normal at 25 °C + 2 °C/
60% + 5% RH and accelerated at 40 °C + 2 °C/75% + 5% RH.
Samples were withdrawn at 1, 2, and 3 months of the study for
analysis.””**

3.5.5. Ex vivo permeation. An ex vivo permeation study was
performed on freshly excised skin (from the hairless abdomen
region) of healthy BALB/c mice using a Franz diffusion cell.*’
The receptor compartment was filled with 20 mL of phos-
phate-buffered saline (PBS) at pH 7.4, while the drug solution
and NR-NC-G (equivalent to 2.0 mg) were placed in the donor
compartment. The mouse skin was then placed between the
donor and receptor compartments. Then, the entire assembly
was placed over the magnetic stirrer. The temperature was
maintained at 37 = 0.5 °C by circulating distilled water
through the jacket of the receptor compartment while stirring
the mixture at 50 rpm. Two millilitres of the sample were with-
drawn from the donor compartment at various time intervals
over a period of eight hours and replaced with the same quan-
tity of PBS to maintain the sink condition. The samples were
then examined using a UV-Visible spectrophotometer. The
cumulative drug permeation through the skin was plotted
against time, and the flux, J (mg cm™> h™"), was computed
from the linear segment of the graph using the following
equation.*®

J=0m + (Adr) (3)

where m is the cumulative amount of drug transported in ¢
time, and A is the surface area of the skin (1.77 cm?). The fol-
lowing equation determined the permeability coefficient (Kp):

Kp (em h™") = J4/Co (4)
Jss is the steady-state drug flux, and C, is the initial drug con-

centration in the donor cell.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5.6. Dermatokinetic study of NRG-NC-G. A similar experi-
ment, like an ex vivo permeation study, was conducted,
whereby drug concentration within various layers of the mouse
skin was examined by applying the NR solution and NR-NC-G
to the skin placed within a Franz diffusion cell.”” Furthermore,
in this experiment, the whole section of skin was removed
from the cell at various time intervals. After rinsing the skin
with a saline solution (pH 7.4), it was placed in hot water
(2-4 minutes) to remove any traces of the drug or formulation
from the skin. Furthermore, both layers (epidermis and
dermis) were detached using forceps. These detached layers
were finely sliced into small parts and placed in a methanol
solution (2 mL) for 24 h to facilitate the extraction of NR and
were quantified using HPLC.>'"*® Cginmax and AUC,_, were
determined using a non-compartmental (NCA)
approach.

3.5.7. Ex vivo skin toxicity and histological analysis. Ex vivo
skin toxicity studies were conducted using freshly excised
dorsal skin tissues obtained from BALB/c mice. Sections were
cleaned with saline before being treated with NR solution and
NR-NC-G, while the untreated skin served as a control. After
eight hours, the sample was washed with distilled water and
preserved in formalin. It was then sliced into five-micrometre-
thick sections and stained with haematoxylin and eosin (H&E).
Images were captured under a light microscope at 100x
magnification.**>°

analysis

3.6. Invitro cell-line studies

The RAW 264.7 macrophage cell line was obtained from the
National Centre for Cell Sciences (NCCS), Pune, India. Cells
were cultured and maintained in DMEM supplemented with
10% fetal bovine serum, 1% antibiotic penicillin and strepto-
mycin, cultured in a T-25 flask, and maintained at 37 °C in an
incubator with 5% atmospheric CO, and observed daily. Bulk
NR was dissolved in dimethyl sulfoxide (DMSO) and filtered
through a 0.25 pm filter membrane. Samples were diluted in
serum-free medium (SFM) to concentrations varying from
1000 to 31.25 pg mL™*.>!

3.6.1. MTT assay (cell viability). The cells were seeded in a
96-well plate (10000 cells per well) and incubated for 24 h,
then treated with varying concentrations of NR and
NR-NC-G (as per test requirement, volume 100 pL in each
well) and again incubated for 24 h and 48 h (as per test
requirement). After completion of the incubation period, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) solution (100 pL at a concentration of 5 mg mL™ ")
was added to each well and further incubated for three
hours. After the incubation period, the supernatant was dis-
carded, and 100 pL DMSO was added to solubilise the for-
mazan crystals. Finally, OD570 was measured on a micro-
plate reader (BioTek Synergy H1, Agilent, U.S.) to evaluate
the cell viability.>?

3.6.2. Lipopolysaccharide (LPS)
model. RAW 264.7 macrophages were seeded in 24-well plates
at 10 cells per well and allowed to adhere overnight. The cells
were treated with 1 pg mL™" lipopolysaccharide (an inflam-

induced inflammation
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mation inducer) and incubated for an additional 24 hours.
Successful activation of the inflammatory model was con-
firmed by the examination of the change in cell morphology.>?

3.6.3. Anti-inflammatory activity and NO level estimation.
RAW264.7 cells were initially treated with bulk NR and
NR-NC-G at different concentrations ranging from 1000 to
31.25 pg mL~" for two hours. Then, LPS (1 pg mL~" in SFM)
was added and incubated for an additional 24 hours.
Furthermore, the NO amount was quantified with the Griess

reagent using a slightly modified method prescribed

previously.>>*

3.6.4. Cellular ROS assessment. A reactive oxygen species
(ROS) assay was performed by using DCFDA, a cell-permeable
fluorogenic dye that is deacetylated by the cellular esterases
after it enters the cells in the form of a non-fluorescent com-
pound; in the presence of intracellular ROS, it is sub-
sequently oxidised to a bright green fluorescent product, ie.,
2',7'-dichlorofluorescein. RAW 264.7 cells were seeded at a
density of 10000 cells per well in 24-well plates for 24 h.
Then, the cells were treated with bulk NR and NR-NC-G
(125 pg mL™") for comparison. 1 pg mL™' LPS was incorpor-
ated into the cells for two hours, and the cells were further
incubated for 6, 12, and 24 hours. Untreated cells with
1 pg mL~" LPS were kept as a positive control. The cells were
washed twice with 1x PBS, and 20 pM DCF-DA was added.
The cells were then incubated for 15 min at 37 °C in a CO,
incubator. Finally, the DCF-DA solution was replaced with
cold PBS, and fluorescence was examined using a fluo-
rescence microscope (Leica DM3000, Germany) and a camera
(DMC 5400, Leica, Germany). Digital images of each well
were taken with a 20x objective using an image acquisition
system (Leica Application Suite X (LAS X)).>*

For quantification, the same experiment was run in a
96-well plate. ROS production was observed as an increase in
the fluorescence intensity of the DCF dye, as measured at an
excitation of 485 nm and an emission of 535 nm using a fluo-
rescence plate reader.

3.6.5. Mitochondrial depolarisation study. Mitochondrial
membrane potential (Ayy,), an indicator of mitochondrial
dysfunction due to inflammation or protective effects of the
formulations, was assessed using the fluorescent dye JC-1,
following the protocol provided by the manufacturer. For the
assessment, cells were incubated with the JC-1 staining solu-
tion for 10 min at 37 °C. LPS was employed as the positive
control. After incubation, the cells were washed twice with
JC-1 staining buffer to eliminate any excess dye or contami-
nants. The fluorescence of the stained cells was then visual-
ised under a fluorescence microscope and measured using
Image] image processing software. The green monomers and
red aggregates signify changes in the mitochondrial mem-
brane potential.”*>>°

3.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA). Following a signifi-
cant effect examined by one-way or two-way analysis of var-
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iance (ANOVA), desirable multiple comparison tests were used
to assess differences between group results. Tukey’s Honest
Significant Difference (HSD) test was used for all pairwise com-
parisons among group means to control the family-wise error
rate. Sidak’s multiple comparison test was employed for
selected comparisons, offering improved statistical power com-
pared to the Bonferroni method while maintaining control
over type I error. Dunnett’s test was particularly applied when
comparing each treatment group to a single control, providing
greater sensitivity by limiting the number of comparisons. All
tests were conducted at a significance level of @ = 0.05, with
corrections for multiple testing based on the chosen
procedure.

4. Results

4.1. Analytical method development

A UV-Visible spectrophotometric analysis was done, and the
Amax Of NR was observed at approximately 288 nm (Fig. S1a). It
was observed that the absorbance increased linearly with con-
centrations ranging from 2 to 10 pug mL™', indicating good
linearity.

For the HPLC analysis, the retention time for naringenin
was found to be around 4.012 minutes (Fig. S1b), with a total
run time of 7 minutes. The method was validated (SI data) and
a calibration curve was established at concentrations ranging
from 2 to 10 ug m™" (Fig. Sic).

4.2. Optimisation of NR-LIPOs

At first, NR liposomes were optimised using a JMP custom
design, and later, using the trapping method, NR-NCs were
manufactured.'* The trapping method employed was straight-
forward, economical, and rapid, proving ideal for preparing
NCs as reported in the literature.

NR-LIPO optimisation was systematically approached using
QbD principles as per ICH guidelines. Based on preliminary
trials and risk analysis using an Ishikawa fishbone diagram
(Fig. 1d), the amount of Lipoid-S-100 and cholesterol was a key
CMA influencing the CQAs, specifically PS and %EE. A RSM
design was employed to evaluate the effects and interactions
of these CMAs, and second-order polynomial models were
developed for both the responses. NR-LIPO is optimised
through a systematic and statistical experimental approach
integrating data from custom design, regression modelling
(Table 2), graphical diagnostics (Fig. 2), and desirability-based
optimisation. Ten experimental runs (Table 1) showed a wide
distribution in PS, ranging from 167.9 to 298.2 nm, and EE,
from 49.77% to 81.22%. The graph and linear equation trend
suggested that an increase in Lipoid-S-100 and cholesterol con-
centrations is directly proportional to a rise in particle size
and a concurrent decline in %EE, which may be due to limit-
ations in the formation and entrapment of multilamellar
vesicles.

Table 2 summarises the model’s statistical performance,
showing excellent fit, with R> values of 0.9894 for PS and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Model diagnostics and response surface optimisation for the NR-LIPO formulation. (a and d) Actual versus predicted plots for particle size
(PS) and encapsulation efficiency (EE), demonstrating strong linear correlation. (b, c, € and f) Residual and normal probability plots confirming homo-
scedasticity and the normal distribution of errors. (h and i) Three-dimensional surface plots illustrating the effects of lipid and cholesterol concen-
trations on PS and EE. (g) Desirability function identifying the optimal formulation at 40.15 mg Lipoid-S-100 and 15.36 mg cholesterol. (j) Overlay
contour plot delineating the design space for the simultaneous optimisation of PS and EE.

0.9875 for %EE, and adjusted R” values of 0.9763 and 0.9720,
respectively. The lower RMSE values, i.e., 6.70 for PS and 1.65
for EE, again supported the precision of the model. The stat-
istical significance of both models (p < 0.001) was confirmed

© 2025 The Author(s). Published by the Royal Society of Chemistry

by ANOVA, and high F-ratios (75.23 for PS and 63.54 for %EE)
were found, which indicates that the chosen variables are
responsible for most of the variability in the responses. The
regression equations found for each response quantify the
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Table 1 Experimental design and results for NR-LIPO development

Components of NR-LIPO

Independent variables and their levels

Component Unit Low (-1) Mid (0) High (+1)
Lipoid $100 (X,) mg 40 50 60
Cholesterol (X3) mg 10 15 20

Dependent variables and their constraints
Particle size (Y3) nm  Minimized
Encapsulation efficiency (Y,) % Maximized

Design space of NR-LIPO using custom design, limiting trials to 10
runs

Run no. Xi X, Y: Y,
NR-LIPO1 40 10 167.9 £ 2.5 81.22 +1.25
NR-LIPO2 50 15 203.5 +1.25 77.23+2
NR-LIPO3 50 15 189.2 + 3.45 77.5+3.65
NR-LIPO4 60 10 253.1 +10.25 67.07 £ 2.11
NR-LIPO5 60 20 298.2 +12.35 49.77 + 2.5
NR-LIPO6 50 10 186 + 5.36 78.96 + 3.5
NR-LIPO7 40 20 183.6 £ 5.23 78.04 + 3.15
NR-LIPOS8 50 20 219.2 + 3.65 68.99 + 1.25
NR-LIPO9 40 15 168.2 +4.23 79.57 £ 3.5
NR-LIPO10 60 15 256.4 + 3.25 64 +2.5

All runs were conducted in triplicate (n = 3).

influence of linear, quadratic, and interactive effects of inde-
pendent variables:

PS =194.31 + 48X; + 20.04X;>
+15.67X, + 10.34X,% + 7.35X: X,

Table 2 Statistical model summary and optimal conditions for NR-LIPO

View Article Online
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%EE =77.19 — 9.67X; — 5.08X,
—5.22X;%> — 3.53X,X, — 3.03X,’ ©)
Graphical evaluation of the statistical models through diag-
nostic and response surface figures validated the significance
of using models to understand formulation behaviour. The
actual versus predicted plots (Fig. 2a and d) for both PS and %
EE showed strong linear correlation, with data points closely
aligned along the diagonal, proving that the regression models
correctly predicted experimental outcomes. These findings are
further supported by the residual versus predicted plots
(Fig. 2b and e), which show a random scatter of residuals
around zero, confirming that the models met the assumption
of homoscedasticity and were free from systematic bias. The
3D response surface (Fig. 2h and i) visually represented the
interaction between Lipoid-S-100 and cholesterol. For PS, both
variables exhibited a synergistic effect, with increases in either
leading to larger vesicles, which may be due to multilamellar
vesicle formation and thickness in lipidic layers. In contrast,
for %EE, an antagonistic effect was seen; higher Lipoid-S-100
and cholesterol levels led to reduced drug entrapment, poten-
tially due to saturation of the lipid matrix in liposomal vesi-
cles. These opposing trends highlighted the need for a
balanced formulation strategy. The desirability plot (Fig. 2g)
further integrated these findings by identifying an optimal
region in the design space that satisfies both response criteria.
The contour overlay plot (Fig. 2j) represents the design
space optimisation of NR-LIPO, based on two CQAs: PS and %
EE, and plotted against the concentrations of Lipoid-S-100 on
the x-axis and cholesterol on the y-axis. The red contour rep-
resents the response surface for PS, where the red dotted
region indicates areas that meet the condition of minimised
particle size. The blue contour corresponds to %EE, showing

Summary of fit

Response R? Adjusted R? RMSE MR

Y, 0.9894 0.9763 6.7026 212.53
Y, 0.9875 0.9720 1.6500 72.235
ANOVA

Parameters DF SS MS F-Ratio p-Value Model significance
Y

Model 5 16 898.240 3379.65 75.2282 0.0005 Significant

Error 4 179.701 44.93 — — —

C. total 9 17 077.941 — — — —

Y,

Model 5 864.934 172.987 63.5353 0.0007 Significant

Error 4 10.890 2.723 — — —

C. total 9 875.825 — — — —

Optimal values, desirability search approach

Sample X1 X, Y, Y, Desirability
NR-LIPO11 40.15 13.36 164.81 81.83 0.9565
RSC Pharm. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) DLS profiles of NR-LIPO and NR-NC, confirming particle size distribution following calcium-induced transformation; (b) CD spectra
depicting secondary structural alterations in BSA and NR-NC; (c) SEM image of NR-LIPO11; (d and g) AFM images illustrating the three-dimensional
topography and structural organisation of NR-NC; (e and h) TEM images of NR-NC, revealing elongated, rod-like cylindrical structures; (f) SEM
image of NR-NCs; (i) DSC thermograms of pure NR, physical mixture, and NR-NC; (j) ATR spectra of pure NR, physical mixture, and NR-NC; (k) XRD
spectra of NR and NR-NCs.
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areas where %EE is maximised or within the desirable range.
The overlapping region between the red and blue contour lines
signifies the “sweet spot or design space”. This area is an
optimal space where a combination of Lipoid-S-100 and chole-
sterol concentrations simultaneously satisfies both response
criteria: minimising the PS and optimum or high %EE. The
desirable design space is relatively confined, emphasising that
only specific ranges of Lipoid-S-100 (around 40-50 mg) and
cholesterol (around 10-15 mg) allow both criteria to be met. It
is found that outside the design space, you either get too large
particles or inadequate EE.

The desirability function analysis (Fig. 2g) enabled simul-
taneous optimisation of both responses. An optimal formu-
lation (NR-LIPO11) was identified, yielding a predicted particle
size of 164.81 nm, a %EE of 81.83%, and a desirability score of
0.9565. This solution falls within the robust design space, as
confirmed by the overlaid contour plots, indicating a favour-
able balance between particle size and drug loading efficiency.

4.3. Transformation and stabilisation of NR-LIPO into
NR-NCs

The amount of CaCl, and BSA, used as aggregation inhibitors,
was optimised using DLS and CD spectroscopy. DLS was
employed to identify the transformation of liposomes into nano-
cochleates by assessing changes in particle size distribution. The
intensity-weighted size distribution curves revealed a distinct
flattening, attributed to calcium-induced structural reorganis-
ation. The NR-LIPO11 formulation exhibited a sharp, narrow
peak at around 164 nm, indicating a relatively uniform liposome
population. Conversely, the NR-NCs exhibited a broader size dis-
tribution (Fig. 3a). This flattening of the curve was interpreted as
confirmation of the successful transition from liposomes to
nanocochleates, mediated by the addition of calcium chloride.

CD spectra were utilised to provide critical insights into the
structural alterations of BSA upon interaction with NCs. The
spectrum of pure BSA (Fig. 3b, blue) exhibited a prominent
negative peak at around 210-220 nm, characteristic of a predo-
minant a-helical structure, consistent with the secondary com-
position of 18.7% a-helix and 58.7% p-sheet. In contradiction,
NCs alone (red line) showed no significant CD signal, confirm-
ing the absence of intrinsic secondary structures. On addition
of BSA in NCs (pink), a decrease in ellipticity was observed,
which indicates structural modifications. This change corre-
lated with an increase in o-helical content from 18.7% to
31.6%, an increase in p-sheets from 58.7% to 66.4%, and a
marked reduction in disordered structures from 19.9% to
2.0%. These conformational changes suggested that BSA
underwent structural tightening, likely driven by hydrophobic
and electrostatic interactions with NCs. Based on these obser-
vations, the final optimised NR-NC formulation was achieved
by adding 0.1 mM (500 pL) calcium chloride and 60 pg mL™
(1.2 mL) BSA to the NR-LIPO11 system.

4.4. Characterisation of NR-NCs

The HD of the NR-NCs was within the nanoscale range, specifi-
cally 168 + 1.8 nm. Additionally, the PDI was found to be 0.25,

RSC Pharm.
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indicating a highly uniform PSD. The {-potential of 26.6 *
1.6 mV indicates a moderately charged surface capable of pro-
viding electrostatic repulsion; additionally, the BSA coating
contributes steric stabilisation, collectively ensuring adequate
colloidal stability and minimising aggregation of the nano-
cochleates. The %EE of the optimised NR-NCs was evaluated
using a centrifugation method, yielding a value of 85.23 +
4.33%. This high EE indicates effective encapsulation of NR
within the nanocochleate structures.

Morphological SEM analysis revealed that liposomes exhibi-
ted smooth, spherical vesicular structures, as shown in Fig. 3c.
In contrast, NR-NCs displayed elongated, cylindrical mor-
phologies (Fig. 3f), indicating a successful structural trans-
formation induced by calcium interaction. Zoomed-in micro-
graphs emphasised the uniformity and structural integrity of
these rod-like particles. AFM images (Fig. 3d and g) further
confirmed the rod-shaped morphology, with topographic
height profiles ranging between 135 and 150 nm, consistent
with nanoscale dimensions.

TEM images provided a detailed visualisation of the
internal lamellar organisation of the NR-NCs. Fig. 3e shows
densely packed elongated rods, whereas Fig. 3h depicts an
individual, well-defined nanocochleate, clearly revealing the
characteristic rolled lipid bilayer architecture.

4.4.1. Thermal analysis. The DSC thermogram (Fig. 3i)
shows the thermal behaviour of pure NR, the physical mixture
(PM), and the final nanocarrier formulation (NR-NC). NR
reveals a sharp endothermic peak at around 245 °C, corres-
ponding to its melting point and indicating its crystalline
nature. In the PM, the NR melting peak is significantly
reduced and broadened; this may be due to a smaller amount
of drug in PM. In the NR-NC, there is a complete dis-
appearance of the NR peak, indicating successful entrapment
and molecular dispersion within the carrier.

4.4.2. Attenuated total reflectance infrared spectroscopy
(ATR-IR). Potential interactions between the NR and excipients
were analysed, and it was found that pure NR (Fig. 3j, black)
showed characteristic peaks, particularly broad O-H stretching
at around 3400 cm ™!, C=0 stretching near 1650 cm™", and aro-
matic C=C vibrations between 1600 and 1400 cm™". These con-
firmations indicate the presence of phenolic and flavonoid
structures in NR. In PM (Fig. 3j, red), notable shifts and inten-
sity loss are observed; these bands suggest intermolecular inter-
actions, such as hydrogen bonding and hydrophobic inter-
actions, especially involving the carbonyl and hydroxyl groups
of NR with Lipoid-S-100 and BSA. The appearance of additional
bands or shifts near 2900 cm™" (aliphatic C-H stretching) and
1500-1000 cm™" (fingerprint region) is due to Lipoid-S-100 and
BSA. In the case of NR-NCs (Fig. 3j, blue), suppression or displa-
cement of NR original peaks and the appearance of new band
patterns, especially in the 1500-1000 cm™' range, strongly
suggest successful encapsulation. An effective encapsulation of
NR within the nanocochleate matrix, without any chemical
degradation, is confirmed by the results obtained.

4.4.3. Powder X-ray diffraction. Fig. 3k represents the X-ray
diffractograms of NR and NR-NCs. NR showed high intensity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(a) In vitro drug release at pH 5.2 and 7.4; (b) percentage permeation of NR-NC-G compared to NR solution; (c and d) H,O, and DPPH assays

demonstrating enhanced antioxidant activity of NR-NC-G relative to NR (statistical comparisons were performed using Tukey's multiple comparison
test. Significance levels are indicated as follows: ****p < 0.0001, **p = 0.0014, *p = 0.0180, relative to the AA group); (e and f) comparative analysis
of epidermal and dermal drug concentrations following treatment with NR-NC-G versus NR solution; and (g) histological images showing standard
skin architecture in the control group, preserved epidermis in the NR-NC-G group, and mild alterations in NR-NC-treated tissue.

sharp diffraction peaks at (26) angles of 10.74°, 15.7°, 17.14°,
20.38°, and 22.31°, showing its ordered crystalline nature. In
contrast, the NR-NCs showed some sharp peaks with a lower
intensity, clearly demonstrating successful encapsulation of
NR in nanocochleates.

4.4.4. In vitro drug release. The drug release behaviour
observed using different pH environments reveals a clear differ-
ence in performance between the NR solution and NR-NCs. The
NR solution shows a complete release of the drug within
6-7 hours at both pH 5.2 and pH 7.4 (Fig. 4a). The recovery

© 2025 The Author(s). Published by the Royal Society of Chemistry

values for all concentration levels ranged from 99% to 101%,
confirming that neither NR degradation nor dialysis membrane
adsorption interfered with the quantification method. It is
observed that NR-NCs exhibit a sustained release, which is
highly pH-dependent, as highlighted in the yellow-coloured
region. At pH 5.2, the drug is released steadily, reaching com-
plete release by 36 hours. However, at pH 7.4, the release is
slower and reaches approximately 55% by the end of 36 hours.
The obtained release patterns are strongly supported by the stat-
istical models applied. At pH 5.2, NR-NCs follow a first-order

RSC Pharm.
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Fig. 5 Rheological and stability evaluation of NR-NC-G. (a) Shear-thinning and pseudoplastic behavior demonstrated through viscosity versus shear
rate, shear stress, time, and temperature plots; (b) amplitude and frequency sweep profiles of NR-NC-G, blank gel, and MF; (c) shear strain and
complex viscosity plots confirming mechanical robustness; (d) texture analysis profile of NR-NC-G; and (e) stability assessment over three months,
evaluating particle size, pH, and drug content under refrigerated conditions (statistical comparisons were performed using Tukey's multiple compari-
son test. Significance levels are indicated as follows: ****p < 0.0001, ns = 0.9448, relative to the control group).

model with an adjusted R” of 0.9922, indicating excellent corre-
lation between the obtained data and the model. The Akaike
Information Criteria (AIC) value of 40.8162 is the lowest among
all models tested for this condition, reinforcing that this model
offers the best trade-off between goodness of fit and model
complexity. Additionally, the Model Selection Criterion (MSC)
value of 4.6303 signifies a statistically robust model with high
predictive accuracy. This aligns with the observed continued
and consistent release, as the system maintains concentration-
driven diffusion over time. These values confirm that model
selection accurately reflects the underlying transport mecha-
nisms, with pH playing a crucial role in modulating release
kinetics, particularly over extended durations.

RSC Pharm.

4.5. Characterisation of NR-NC-G

Based on rheological evaluation and matching with the mar-
keted formulation (MF), the optimum concentration of the gel
formulation was selected to ensure desirable properties of the
gel formulation. The results obtained from various gel formu-
lations, including blank gels and NR-NC-G, showed that 1%
NR-NC-G in Carbopol 934P gel exhibited superior physico-
chemical behaviour, making it the optimal choice for further
development.

4.5.1. Rheological behaviour. In the viscosity flow curve
analysis at the shear rate gradient profile (Fig. 5a-1), all formu-
lations followed shear-thinning behaviour, which is desirable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for topical applications. Specifically, 1% NR-NC-G maintained
a higher viscosity across all shear rates compared to its corres-
ponding blank gel and was found to be superior to the mar-
keted antipsoriatic hydrogel (MF), indicating good structural
integrity at rest and ease of spreadability under shear. The
shear stress versus shear rate graph (Fig. 5a-2) further con-
firmed the pseudoplasticity of 1% NR-NC-G, characterised by a
nonlinear increase in shear stress with increasing shear rate.
This signifies a strong internal gel network capable of resisting
deformation and supporting structural recovery post-appli-
cation. In the time-dependent viscosity study (Fig. 5a-4), 1%
NR-NC-G exhibited moderate thixotropy, with only a slight
decline in viscosity over time, while maintaining greater stabi-
lity than the corresponding blank gel and aligning closely with
MF. Furthermore, the temperature-dependent viscosity profile
(Fig. 5a-3) showed that 1% Carbopol 934P containing NR-NC-G
retained its viscosity consistently across a temperature range of
20-50 °C, confirming its thermal stability and robustness
under varying environmental conditions. Altogether, the selec-
tion of the 1% NR-NC-G formulation was justified based on
Fig. 5a-1-4.

In Fig. 5b-1, blank gel, NR-NC-G and MF exhibited a wide
linear viscoelastic region (LVER) (marked in the blue back-
ground) in the plot, suggesting good internal network stability
under low applied stress. However, NR-NC-G demonstrated a
higher G’, indicating a more dominant elastic character. This
signifies improved structural rigidity, a critical factor for main-
taining the formulation’s shape and mechanical integrity
during application and storage.

Furthermore, the viscoelastic nature was examined through
frequency sweep measurements, as illustrated in Fig. 5b-2.
Both G’ and G” remained consistent across the tested angular
frequency range, verifying frequency-independent behaviour—
an indication of a robust gel network. NR-NC-G consistently
shows higher G’ values than MF, reinforcing its superior elastic
nature. The inclusion of NR-NCs into the gel did not alter this
profile, certifying that NR-NCs were well integrated within the
gel matrix. This demonstrates excellent mechanical stability of
the hydrogel, even after incorporating the nanocarrier.

Shear stress versus shear strain was examined to evaluate
deformation behaviour, as shown in Fig. 5c-1. A nonlinear
increase in shear strain with increasing shear stress was
observed, indicating pseudo-plastic behaviour. This property is
particularly favourable for topical applications, as it suggests
that the formulation remains strong under static conditions
but becomes more fluid under mechanical stress, ensuring
easy application without compromising retention.

Lastly, the complex viscosity versus angular frequency was
analysed (see Fig. 5c-2). The viscosity of NR-NC-G was higher
than that of MF and showed a decreasing trend with increas-
ing frequency, confirming its shear-thinning nature. High vis-
cosity is often associated with enhanced mucoadhesion.
Together, these characteristics indicate that the formulation
combines mechanical robustness.

From texture analysis (Fig. 5d), it was found that NR-NC-G
has a firmness value of 1866.894 g and a work of shear of
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760.670 g s. This indicates that the gel has a moderate level of
hardness and a moderate energy requirement for spreading
the gel, respectively. According to the results, the gel has
sufficient structural integrity while remaining easy to apply.

4.5.2. Appearance, pH and drug content uniformity. Along
with perfect rheological behaviour, NR-NC-G exhibited excel-
lent physical characteristics. The organoleptic evaluation con-
firmed that the gel has an acceptable greasiness, a soft white
colour, a pleasant odour, and a smooth texture, with no visible
phase separation, indicating good physical stability. Upon
manual compression of NR-NC-G between the fingers, it is
observed that the gel has a uniform and satisfactory texture.

The pH of the gel was found to be in the range of 5.0 to 5.5,
which is compatible with the natural pH of the skin. Drug
content analysis based on samples taken from the top, middle,
and bottom of the gel showed values of 99.21%, 98.78%, and
97.32%, respectively. These results indicate good uniformity in
the drug content of NR-NC-G.

4.5.3. Antioxidant assays. The H,0, assay (Fig. 4d) results
demonstrated that NR showed a high ICs, value of 185.05 pg
mL™, indicating lower antioxidant potency. On the opposite
side, NR-NC-G showed significantly enhanced antioxidant
potential with a lower ICs, value of 91.84 pug mL™'. Statistical
analysis revealed that NR differed significantly from hydrogen
peroxide at all concentrations (****p < 0.0001), while NR-NC-G
showed reduced significance at higher doses (*p = 0.0180 at
500 pg mL™; ns = 0.2505 at 1000 pg mL™"), indicating dose-
dependent antioxidant efficacy of NR-NC-G.

The same trend was observed in the DPPH neutralisation
assay (Fig. 4c). The ICs, of NR was 183.71 pg mL™', while
NR-NC-G again exhibited stronger activity with an ICs, value of
92.12 pg mL™". Ascorbic acid (AA), as expected, showed the
highest efficacy. Tukey’'s post hoc test indicated that NR
remained significantly different from AA at all concentrations
(****p < 0.0001), whereas NR-NC-G showed non-significant
differences at higher concentrations (ns = 0.3394 at 1000 pg
mL™%; **p = 0.0014 at 500 pg mL~"), further supporting its
improved functional performance. These results confirm that
the entrapment of NR into the nano-complex formulation sub-
stantially enhances its antioxidant potential, highlighting its
promise for applications in targeting oxidative stress.

4.5.4. Stability study. The stability studies of the NR-NC
and its gel formulation (NR-NC-G) are shown in Fig. 5e. The
NR-NCs exhibited minimal changes in PS and PDI under
refrigerated conditions (4-8 °C), as indicated by the consistent
bar heights, which showed PS close to 170-180 nm and PDI
below 0.5 (Fig. 5e-1 and e-2). ANOVA analysis revealed no stat-
istically significant changes in the study parameters. Under
normal storage conditions of 25 °C + 2 °C/60% + 5% RH, a
slight increase in PS and PDI was observed, while accelerated
conditions (40 °C + 2 °C/75% + 5% RH) showed increased PS
and PDI, which may be due to the aggregation of NR-NCs. For
NR-NC-G, the pH and drug content remained stable under
refrigerated conditions, as indicated by the steady bars
showing pH around 5.2-5.5 and drug content within the limit
of 90-100% (Fig. 5e-3 and e-4), whereas accelerated conditions
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resulted in slight reductions in drug content and minor pH
fluctuations. These results, as shown in Fig. 5e, indicate that
refrigerated storage ensures optimal stability for NR-NC-G,
thereby maintaining its structural integrity.

4.5.5. Ex vivo permeation. As shown in Fig. 4b, over an
8-hour period, NR-NC-G achieved nearly 90% drug permeation,
whereas the NR solution permeated only about 35%. This
enhanced permeation is attributed solely to the nanocarrier-
based gel, which facilitates deeper penetration of NR-NCs
through the skin layers. The gel matrix may act as a reservoir,
constantly delivering the drug to the diseased site; in contrast,
the NR solution lacks such a mechanism.

This enhanced performance is further validated by quanti-
tative permeation metrics. The flux of NR-NC-G was signifi-
cantly higher at 5.960 pg cm™ h™, as compared to 0.410 pg
em™> h™' for the NR solution—showing nearly a 15-fold
increase in drug transport efficiency. In addition to this, the
permeability coefficient of NR-NC-G (2.980 cm h™') is mark-
edly higher than that of the NR solution (0.205 cm h™"), con-
firming the formulation’s superior skin permeation capacity.
Altogether, these results highlight the potential of NR-NC-G as
a highly effective topical drug delivery system for enhancing
the bioavailability of poorly soluble compounds, such as narin-
genin, offering a highly permeable dosage formulation for
dermal administration.

4.5.6. Dermatokinetic study of NRG-NC-G. The dermatoki-
netic study was performed to compare the skin distribution
behaviour of NR from NR-Sol and NR-NC-G, with particular
focus on drug accumulation and retention in the epidermis
and dermis layers of skin. The data, presented in Fig. 4e and f
and Table 3, provide a detailed overview of the dermatokinetic
parameters that support the enhanced topical delivery poten-
tial of NR-NC-G, specifically in the context of treating chronic
dermatological conditions, such as psoriasis.

In the dermis, NR-NC-G exhibited faster drug absorption,
with a Tginmax Of 2 hours, compared to 4 hours for NR-Sol.
The maximum dermal concentration (Cgkinmax) achieved with
NR-NC-G was 32.94 = 3.32 pg cm 2, higher than that of NR-Sol
(29.11 + 3.42 pg cm™?). Another important factor, AUC,_;,
which reflects cumulative drug exposure, was significantly
greater for NR-NC-G (198.78 + 26.12 pg h cm™>) than for
NR-Sol (149.99 + 29.77 ug h em™>), suggesting more efficient
drug deposition. The lower elimination rate constant (K.) for
NR-NC-G (0.17 + 0.03 h™') compared to NR-Sol (0.33 *
0.15 h™") further supports the slower clearance of NR-NC-G
from the dermal compartment.

Table 3 Comparative dermatokinetic data of NR-Sol and NR-NC-G

NR-Sol NR-NC-G NR-Sol NR-NC-G
(dermis) (dermis) (epidermis) (epidermis)
Tskinmax (h) 4 2 6 2
Cskinmax 29.11 + 3.42 32.94 +3.32 26.00 + 2.90 89.07 +1.76
(hg cm?)
AUC,_; 149.99 +29.77 198.78 +26.12 147.01 +£22.74 490.59 + 20.73
K. 0.33 £0.15 0.17 £ 0.03 0.30 £ 0.08 0.15 £ 0.01
RSC Pharm.
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The differences were even more significant in the epider-
mis, the primary target site for therapeutic action in psoriasis.
Both NR sol. and NR-NC-G reached high epidermal concen-
tration at 2 hours, but NR-NC-G achieved a markedly higher
Cskinmax Of 89.07 + 1.76 pg cm™2, compared to NR-Sol. The
AUC,_, for NR-NC-G in the epidermis was 490.59 + 20.73 ug h
cm™>, over threefold higher than that of NR-Sol. Similarly, the
K. for NR-NC-G was significantly lower (0.15 + 0.01 h™") than
for NR-Sol, indicating that NR-NC-G has the ability to retain
the drug longer in the skin.

4.5.7. Ex vivo skin toxicity and histological analysis.
Histological analysis of the ex vivo dorsal skin sections
stained with H&E showed significant differences in tissue
response in the three groups (Fig. 4g). The control group
exhibited normal skin architecture, characterised by a well-
structured, stratified epidermis and intact dermal connec-
tive tissue, providing a baseline for comparison. In the
NR-NC-treated skin tissue, a slight reduction in epidermal
thickness and a moderate alteration in the dermal struc-
ture are evident, possibly indicating a mild irritant effect
due to the nanoformulation. In contrast, NR-NC-G demon-
strates a preserved epidermal structure and organised
dermal layers, suggesting that improved tissue compatibil-
ity and reduced irritancy may be due to the water-based
gel formulation. The histological examination was per-
formed under blinded conditions; these morphological
differences are interpreted as treatment-specific effects.
Finally, NR-NC-G appears to offer potential suitability for
topical or transdermal applications.

4.5.8. Therapeutic effects of NR-NC-G on LPS-stimulated
RAW264.7 cells. To evaluate the cytocompatibility of NR-NC-G
compared to bulk NR and placebo NC-G, RAW264.7 macro-
phages were incubated with increasing concentrations (31.25
to 1000 pg mL™"), and percent cell viability was assessed after
24 hours. The results revealed a significant increase in cell via-
bility in NR-NC-G-treated cells compared to those treated with
bulk NR at all concentrations tested (Fig. 6a). For instance, at
the highest dose of 1000 pg mL ™!, NR-NC-G maintained a via-
bility of ~21.3%, compared to only 4.3% for NR (p < 0.0001).
In contrast, the blank NC-G group exhibited biocompatibility,
with a viability of ~96.1%. Similar trends were observed at
500 pg mL . Importantly, at 250 pg mL ™", NR-NC-G preserved
a significantly higher viability, while that of NR-treated
cells dropped to ~33.1% (p < 0.0001), highlighting the
safe and biocompatible profile of NR-NC-G at therapeutic
concentrations.

As the concentration decreased, the protective effect of
NR-NC-G remained statistically significant but was less pro-
nounced. At 125 and 62.5 pg mL™', NR-NC-G-treated cells
maintained high cell viability percentages, outperforming the
bulk NR. Collectively, these findings clearly demonstrate that
NR maintained over 50% cell viability up to a concentration of
213.33 pg mL ", while NR-NC-G exhibited similar tolerance up
to 432.58 pg mL™' and below these concentrations, the
reduction in cell viability was not statistically significant com-
pared to control, suggesting relatively high biocompatibility at
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Fig. 6 In vitro anti-inflammatory and antioxidant evaluation in LPS-stimulated RAW 264.7 cells. (a) MTT assay comparing the cytotoxicity of NR and
NR-NC-G in RAW 264.7 cells (statistical comparisons were performed using Tukey's multiple comparison test. Significance levels are indicated as
follows: ****p < 0.0001, relative to the blank NC-G group); (b) MTT assay following LPS exposure at varying time intervals (statistical comparisons
were performed using Sidak’s multiple comparison test. Significance levels are indicated as follows: ns = 0.8548, ns = 0.7645, ns = 0.4409, **p =
0.0053, relative to the control LPS group); (c) Microscopy images illustrating morphological differences between normal and LPS-stimulated RAW
264.7 cells (scale bar = 500 pm); (d) MTT assay comparing the cytotoxicity of NR-NC-G alone and in combination with LPS (Statistical comparisons
were performed using Tukey's multiple comparison test. Significance levels are indicated as follows: ns = 0.2192, ****p < 0.0001, **p = 0.0081, rela-
tive to the control group); (e) Nitrate concentration determined using the Griess reagent assay (expressed in pM) (Statistical comparisons were per-
formed using Tukey’'s multiple comparison test. Significance levels are indicated as follows: ****p < 0.0001, relative to the LPS only and NR + LPS
group); (f) intracellular ROS levels quantified in relative fluorescence units (RFU) (statistical comparisons were performed using Tukey's multiple
comparison test. Significance levels are indicated as follows: ns = 0.8777, ns = 0.3741, *p = 0.0380, relative to the +ve control group); (g)
Fluorescence imaging of intracellular ROS in RAW 264.7 cells using the DCFDA assay (scale bar = 500 pym).
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(a) Evaluation of mitochondrial membrane potential following NR-NC-G treatment (statistical comparisons were performed using Dunnett’s

multiple comparison test. Significance levels are indicated as follows: ns = 0.0577, ****p < 0.0001, relative to the LPS only group); and (b)
Fluorescence images showing changes in mitochondrial membrane potential (MMP) assessed via JC-1 staining (scale bar = 2 mm).

minimum doses. But at high concentrations above ICsy, a
visible decline in cell viability was observed.

Furthermore, to examine the cytotoxic effects of LPS on
RAW264.7 macrophages, cells were treated with 1 pg mL™" LPS
and assessed for viability at 6, 12, 24, and 48 hours (Fig. 6b).
Sidak’s multiple comparisons test showed no statistically sig-
nificant difference in cell viability between the untreated and
LPS-treated groups at 6, 12, and 24 hours (p > 0.05), indicating
that short-term exposure to LPS does not markedly compro-
mise macrophage viability. In contrast, by 48 hours, LPS treat-
ment led to a pronounced decline in cell viability, compared to
the control (p = 0.0053).

Based on these findings, concentrations of NR and
NR-NC-G below 200 pg mL™" were selected for subsequent
experiments to ensure minimal cytotoxicity. Additionally, LPS
treatment at 1 pg mL™" for 6 to 24 hours was chosen as the
standard condition for further assays examining inflammatory
responses to obtain early immune activation.

4.5.8.1. LPS induced inflammation in cells

Morphological alterations in RAW264.7 cells upon exposure
to LPS were evaluated using an inverted microscope. Cells
in the untreated healthy control group showed a typical
resting macrophage morphology, characterised by a round
shape and smooth cellular outlines, with no visible pseudo-
podia (Fig. 6¢c — control). In contrast, cells stimulated with
LPS (1 pg mL™") for 24 hours displayed morphological fea-

RSC Pharm.

tures indicative of macrophage activation. These included
an enlargement of cell size and the extension of elongated
pseudopodia, as highlighted by red arrows (Fig. 6c - LPS
treated). These observations support the activation of
RAW264.7 cells in response to pro-inflammatory stimulation
with LPS.

4.5.8.2. Anti-inflammatory activity and NO level estimation

To evaluate the therapeutic efficacy of NR-NC-G in modulat-
ing LPS-induced cytotoxicity in RAW264.7 cells, cell viability
was examined following 24-hour exposure to NR-NC-G at
varying concentrations (62.5, 125, and 250 pg mL™") and com-
pared to cells treated with LPS alone and untreated control
cells. The results showed a significant restoration of cell via-
bility in the NR-NC-G treated groups compared to the LPS-
only group at all tested concentrations (Fig. 6d). At 250 pg
mL~", cells treated with NR-NC-G exhibited higher cell viabi-
lity compared to the LPS-only group (p < 0.0001).
Importantly, this value was approximately similar to the
untreated control group, indicating that NR-NC-G restored
cellular health (p = 0.2192). At 125 and 62.5 pg mL™},
NR-NC-G treatment also resulted in improvements in viability
relative to the LPS-only group.

The nitrite levels estimation analysis revealed statistically
significant differences (p < 0.0001) across all comparisons
(Fig. 6e). At 250 pg mL~', NR-NC-G co-treated with LPS
resulted in significantly lower nitrite levels compared to both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the bulk NR + LPS and LPS-only groups. Similar trends were
observed at 125 pg mL™', where NR-NC-G + LPS showed a
greater reduction in nitrite levels relative to the bulk NR + LPS
and LPS-only groups. At 62.5 pg mL™", the nanoformulation
continued to exhibit its superior effect. These results suggest
that NR-NC-G exerts a significantly greater anti-inflammatory
response than the bulk NR, validating the enhanced thera-
peutic efficacy.

4.5.8.3. Cellular ROS assessment

To evaluate intracellular ROS levels and antioxidant efficacy of
the NR-NC-G formulation in LPS-stimulated
RAW264.7 macrophages, DCFDA-based fluorescence imaging
and quantitative fluorescence intensity measurements were
performed and photographed under a fluorescent microscope.
The +ve control group showed consistently high green fluo-
rescence, confirming strong ROS generation upon inflamma-
tory stimulation. Conversely, cells treated with the bulk NR
showed time-dependent fluorescence attenuation. This trend
suggests partial ROS scavenging by the bulk drug, although
fluorescence remained significantly higher than that of
NR-NC-G (Fig. 6f).

Cells treated with NR-NC-G showed reduced green fluo-
rescence at all time points. At 6 hours, a faint signal was
observed (RFU = 121.7), which is significantly lower than those
of the bulk NR and the positive control. The fluorescence
further diminished at 12 and 24 hours (RFU = 165.3 and 133.3,
respectively), suggesting a sustained antioxidant effect of
NR-NC-G. Tukey’s multiple comparison test confirmed a sig-
nificant reduction in fluorescence between the 12-hour and
24-hour timepoints in the NR-NC-G group (p = 0.0380), indicat-
ing that oxidative stress continued to decline over time with
NR-NC-G treatment.

Microscopy images (Fig. 6g) visually validated these quanti-
tative findings: positive control cells showed intense green
fluorescence, indicative of high ROS accumulation, whereas
untreated cells exhibited no fluorescence. Cells treated with
bulk NR showed a modest reduction in green intensity over
time. Still, cells treated with NR-NC-G showed minimal green
fluorescence, specifically evident at 12 and 24 hours, highlight-
ing the strong ROS-neutralising capacity.

4.5.8.4. Mitochondrial depolarisation

To assess mitochondrial membrane potential (Ayy,) in LPS-
stimulated RAW264.7 macrophages, JC-1 staining was used,
where healthy mitochondria are indicated by JC-1 aggregates
(red fluorescence) and depolarised mitochondria by
JC-1 monomers (green fluorescence). In untreated cells, high
red and minimal green signals were observed, reflected by a
significantly elevated red-to-green fluorescence ratio, confirm-
ing perfect mitochondrial function (Fig. 7a). On the other
hand, the LPS-stimulated cells showed a drastic reduction in
red fluorescence and an increased green signal (ratio ~0.66),
indicating mitochondrial dysfunction.

Bulk NR-treated cells showed partial preservation of Ay,
with a moderate red-to-green ratio (~3.17), compared to LPS-
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only cells. Importantly, this effect was significantly enhanced
with NR-NC-G treatment, which restored the red-to-green fluo-
rescence ratio to ~12.60—comparable to control levels.

Furthermore, microscopy images (Fig. 7b) supported these
findings. Control cells exhibited high red fluorescence,
accompanied by a low green signal, indicating intact mito-
chondrial function. In contrast, LPS-stimulated cells displayed
strong green fluorescence and a markedly reduced red signal,
indicating mitochondrial damage. Bulk NR-treated -cells
exhibited a transfer toward red aggregates, while still retaining
residual green fluorescence. Notably, NR-NC-G-treated cells
exhibited intense red fluorescence with a low green signal, and
merged images indicated a restoration of mitochondrial
function.

Dunnett’s multiple comparisons test confirmed that the
difference between LPS and the control and LPS and NR-NC-G
(p < 0.0001) Ay, was highly significant. However, the differ-
ence between LPS and bulk NR Ay, was not statistically sig-
nificant (p = 0.0577), suggesting that NR-NC-G gave more
effective repolarisation of mitochondrial function than unen-
trapped NR.

5. Discussion

Plant-derived flavonoid, NR with a polyphenolic structure, has
well-documented antioxidant and anti-inflammatory effects.>”
However, its therapeutic efficacy is hindered by low aqueous
solubility, limited chemical stability, and permeability issues.
This research aimed to overcome these problems by utilising
nanocochleates (NR-NCs) embedded within a hydrogel matrix
(NR-NC-G), which synergistically enhanced their bioactivity
and targeted skin delivery. The data presented herein unravel
not only the macroscopic and dermatokinetic advantages of
NR-NC-G but also provide mechanistic insights at the mole-
cular level.

The formulation of NR-LIPOs and their conversion into
NR-NCs is done via a rational design under the QbD frame-
work. The regression models, supported by high R? values and
minimal residual error, identified Lipoid S-100 and cholesterol
content as CMAs. An increase in both caused a larger PS,
which may be due to the formation of multilamellar vesicles
and enhanced bilayer rigidity, as cholesterol adjusts itself
between phospholipid tails, decreasing fluidity. At the mole-
cular level, cholesterol’s planar steroid ring system enhances
van der Waals interactions with lipid acyl chains, increasing
bilayer thickness and reducing membrane permeability,
thereby decreasing the %EE. The transformation into nano-
cochleates, confirmed via DLS and microscopy, is attributed to
calcium-mediated inter-bilayer bridging. Calcium ions neutral-
ise the negatively charged phospholipid, facilitating mem-
brane stacking into cochleate cylinders. The divalent Ca®" ions
selectively bind to negatively charged phospholipid head-
groups, leading to progressive charge neutralisation and a
marked reduction in inter-bilayer repulsive forces. As this
electrostatic screening increases, adjacent lamellae collapse,
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fuse, and reorganise into a compacted multilamellar structure,
as seen in Fig. 3f-h. Beyond a threshold Ca®>* concentration,
this collapse is energetically sufficient to drive the character-
istic folding and rolling of the stacked bilayers into the cylind-
rical nanocochleate architecture. Thus, the calcium level
directly influences the extent and efficiency of cochleation, dic-
tating the rigidity, completeness, and structural integrity of the
resulting nanocochleates. CD spectroscopy revealed a confor-
mational tightening of BSA, characterised by an increased
B-sheet content. This structural change proves strong electro-
static and hydrophobic interactions between BSA and the
NR-NC interface, helping nanocochleate stabilisation via
surface adsorption.

DSC and XRD results showed a loss of NR crystallinity upon
encapsulation, supporting molecular-level dispersion within
the lipid matrix. ATR-IR peak shifts, specifically in O-H and
C=O0 stretching regions, confirmed hydrogen bonding and
hydrophobic interactions between NR and Lipoid-S-100. These
forces are important in preserving the drug within the core of
the bilayer. In the release study, we found that the acidic
milieu of psoriatic lesions aligns closely with the accelerated
NR-NC release observed at pH 5.2, enabling possible drug lib-
eration at inflamed sites. In contrast, the markedly slower
release at physiological pH 7.4 will help limit unnecessary
diffusion into healthy surrounding skin. This pH-responsive
behaviour supports targeted, lesion-specific delivery that can
enhance therapeutic precision and overall treatment efficiency.
NR-NC-G provided additional rheological stability. The gel
showed pseudoplastic, shear-thinning behaviour, which is
highly desirable for topical gels.

Ex vivo permeation and dermatokinetic results confirmed
that NR-NC-G enhances NR deposition in skin layers. The
NR-NC structure, with its strong, rolled bilayer, may facilitate
transcellular penetration by disrupting tight junctions and
promoting lipid fusion. The hydrogel matrix works as a
holding unit or depot, maintaining a local concentration gradi-
ent that drives passive diffusion. The low K. and higher AUC
values suggest high NR accumulation in the skin, critical for
managing chronic conditions like psoriasis.

NR-NC-G significantly enhanced free radical scavenging
activity compared to bulk NR, with low ICs, values in both
DPPH and H,O0, assays. This improvement may be due to the
restricted mobility and high surface area of nanocochleates,
which likely concentrate NR molecules at the interface, facili-
tating rapid electron donation or hydrogen atom transfer reac-
tions. At the intracellular level in RAW 264.7, the NR-NC-G
cleared ROS accumulation, as evidenced by reduced DCFDA
fluorescence. This proves that NR-NC-G modulates oxidative
stress by preserving the glutathione (GSH) pool and inhibiting
NADPH oxidase activity. Moreover, it is possible that NR-NC-G
may activate the Nrf2-Keap1 pathway, causing upregulation of
antioxidant enzymes (e.g., SOD, catalase), a hypothesis proved
by ROS suppression over delayed time.®

NR-NC-G demonstrated a strong reduction of LPS-stimu-
lated nitrite production and restored macrophage viability by
inhibition of inducible nitric oxide synthase (iNOS). These
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effects are believed to happen through inhibition of the Toll-
like receptor 4 (TLR4)/MyD88 signalling axis (Fig. 1e),>® which
is triggered by LPS and travels via the nuclear factor-kappa B
(NF-«xB) and mitogen-activated protein kinase (MAPK) path-
ways. At the molecular level, NR is known to inhibit IxkB kinase
(IKK), by preventing the degradation of IkB-a and nuclear
translocation of the NF-kB p65 subunit. Additionally, NR
downregulates the phosphorylation of ERK1/2, JNK, and p38
MAPK, thereby disrupting inflammatory mediators. The nano-
encapsulated NR likely enhances this cycle inhibition due to
sustained intracellular availability. JC-1 assays demonstrated
that NR-NC-G restored Ay, a crucial factor in maintaining
ATP synthesis.

This work primarily highlights the formulation perspective
of the naringenin-encapsulated nano-cochleate hydrogel,
emphasising its promising cellular anti-inflammatory activity
and dermatokinetic behaviour, and establishes a strong foun-
dation for topical delivery applications. While in vivo studies,
extended safety profiling, and broader mechanistic analyses
are planned as future steps, the current findings clearly
demonstrate the system’s potential and provide a solid plat-
form for advancing toward more comprehensive evaluations in
subsequent research.

6. Conclusion

In this study, we successfully developed a nanocochleate-based
gel formulation (NR-NC-G) as an advanced and targeted
topical therapy for psoriasis. A custom experimental design
limited to ten trials enabled efficient optimisation by evaluat-
ing the influence of key excipients. The resulting NR-NCs
demonstrated nanometric particle size, high entrapment
efficiency, and sustained drug release over 36 hours when
incorporated into a Carbopol gel base. Ex vivo dermatokinetic
analysis showed enhanced NR accumulation in skin layers,
supporting the formulation’s skin retention capacity and
potential for localised treatment. Furthermore, in vitro studies
in LPS-stimulated RAW264.7 macrophages confirmed the anti-
inflammatory and antioxidant effects of NR-NC-G, demonstrat-
ing its ability to reduce oxidative stress and highlighting its
therapeutic relevance in psoriasis and paving the way for
future preclinical studies.
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AUC Area under curve

TNF-a Tumour necrosis factor-a

IL-6 Interleukin-6

IL-17 Interleukin-17

NF-kB Nuclear factor-kappa B pathway

Nrf2 Nuclear factor erythroid-derived 2
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