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Exploring the therapeutic potential
of sodium deoxycholate tailored
deformable-emulsomes of etodolac
for effective management

of arthritis
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The current piece of research intends to evaluate the potential of combining etodolac with
deformable-emulsomes, a flexible vesicular system, as a promising strategy for the topical therapy

of arthritis. The developed carrier system featured nanometric dimensions (102 nm), an improved
zeta potential (- 5.05 mV), sustained drug release (31.33%), and enhanced drug deposition (33.13%)
of DE-gel vis-a-vis conventional system (10.34% and 14.71%). The amount of permeation of the
developed nano formulation across skin layers was demonstrated through CLSM and dermatokinetics
studies. The safety profile of deformable-emulsomes has been investigated through in vitro HaCaT
cell culture studies and skin compliance studies. The efficacy of the DE-gel formulation was sevenfold
higher in case of Xylene induced ear edema model and 2.2-folds in CFA induced arthritis model than
that of group treated with conventional gel (p <0.01). The main technological rationale lies in the use
of phospholipid and sodium deoxycholate-based nanoscale flexible lipoidal vesicles, which effectively
encapsulate drug molecules within their interiors. This encapsulation enhances the molecular
interactions and facilitates the transportation of the drug molecule effectively to the target-site.
Hence, these findings offer robust scientific evidence to support additional investigation into the
potential utility of flexible vesicular systems as a promising drug delivery alternative for molecules of
this nature.

Non-steroidal anti-inflammatory drugs, commonly abbreviated as NSAIDs, are the maximally accepted category
of drugs for the management and alleviation of pain-associated arthritic ailments’. The pain-relieving and anti-
inflammatory effect produced by NSAIDs is mainly attributed to the inhibition of the enzyme cyclooxygenase
(COX) which play a major role in the conversion of arachidonic acid to prostaglandins®. At lower dose, NSAIDs
exhibit analgesic activity whereas anti-inflammatory activity is reflected at relatively high doses®.

Amidst the class of NSAIDs, Etodolac (ETO), a novel drug having a pyranocarboxylic acid group was intro-
duced in the 1980s with analgesic and anti-arthritic activity*. US FDA approved ETO in 1996 and is stated to be
well condoned in patients with OA®>7. Chemically, ETO is 1,8-diethyl-1,3,4,9-tetrahydropyrano|[3,4-b]-indole-
1-acetic acid commonly prescribed for the treatment of acute pain and for the management of osteoarthritis
and rheumatoid arthritis. It is official in the Indian Pharmacopeia of the year 20108, in British Pharmacopeia of
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the year 2008° besides in United State Pharmacopoeia. In the Biopharmaceutical Classification System (BCS),
etodolac falls in the category of class II drugs defined by low solubility and high permeability having a single
ionization group indicating pKa 4.65. ETO is usually preferred for the management of spondylitis, rheumatoid
arthritis, ankylosing, osteoarthritis. Just like other NSAIDs, ETO acts by obstructing the pathway of the COX
enzyme along with leukotriene and neutrophil activation. ETO, a preferential COX-2 inhibitor, is chemically
designed in such a manner that it proves to outweigh other NSAIDs including diclofenac, ibuprofen, aspirin,
and acetaminophen because of its recognized efficacy and safety profile'°.

NSAIDs administered via the oral route of administration possess some serious adverse effects like gas-
trointestinal (GIT) ulcers, GIT haemorrhage, gastric and duodenal irritation, along with risks of myocardial
infarction and strokes. Orally administered ETO is thus poorly tolerated due to its appropriate disadvantages.
The restricted dissolving rate of ETO is presumably because to its limited solubility, in addition to this, the drug
also experiences first-pass hepatic metabolism that contributes to its poor absorption. Also, the terminal half-life
is 7 h demanding frequent dosing. To overcome the consequential difficulties, alternative approaches to drug
administration such as the buccal, topical and nasal route, so forth can be exploited®!!2

Of late, topical route is commonly preferred due to its high degree of effectiveness and safety. Despite the
numerous advantages over traditional oral drug administration, such as the avoidance of first-pass metabolism,
ease of administration and prevention of systemic adverse effects or organ dysfunction, the inadequate delivery
of drugs remains a significant obstacle.

In light of these shortcomings, it makes logical sense to investigate the potential of innovative drug delivery
formulation techniques, such as lipoidal carrier systems, to improve delivery. These innovative delivery systems
are expected to carry drug molecules to the therapeutically important site of action, namely the pain receptors,
without interfering with the surrounding healthy tissues and further permitting deep permeation inside the hard,
horny layers of skin, primarily stratum corneum"¢,

Besides, conventional topical formulations possess poor penetration to skin barriers, therefore previous
literature reported the application of novel drug delivery systems to potentiate safety and efficacy of topical
formulations of etodolac. These systems comprise blend of lipids, permeation enhancers and edge activators,
which propagate the permeation, such as Liposomes'’, Solid lipid nanoparticles (SLNs)*¥, Nano lipoidal car-
riers (NLCs)'?, Cubosomes®, Film-forming spray®!, Ethosomes??, Transferosomes*, Nanosponges hydrogel*,
Niosomes', Transethosomes®®, Nanosuspension?® and Hydrophilic gel'. The inclusion of the edge activators,
i.e., tween 20, tween 80, tween 60, span 60 and sodium deoxycholate (SDC) etc., have been found to improve the
deformation ability of lipid-based systems after topical application. In a previous study the inclusion of sodium
cholate or SDC as edge activators incorporated into liposomes resulted in increased transdermal absorption vis-
a-vis Tween 80. Hence, SDC was observed to improve the fluidity of vesicles to spontaneously squeeze though
channels in the SC and prevents vesicle rupture when crossing through the different skin layers, eventually
increase the deformability of the system*~%°.

The objective of this research is to investigate the topical delivery of ETO using SDC-decorated deformable-
emulsomes (DE), a versatile vesicular system. The focus is on evaluating the permeation, drug deposition, and
dermatokinetics profile of this system in order to enhance its therapeutic efficacy for pain and inflammatory
conditions like osteoarthritis and rheumatoid arthritis. The developed DE was further evaluated for assessing
several aspects including micromeritics, morphology, drug content, and stability tests. The DE containing ETO
was subsequently subjected to various evaluations, including skin safety, skin depth profiling, and in vitro cell
culture investigations. The efficacy assessment studies were conducted using a xylene-induced ear edema model
and a CFA-induced arthritis paradigm on Wistar rats.

Materials and method

Etodolac (ETO) and Phospholipon 90G (PL90G) were obtained as gift samples from M/s Ipca Laboratories,
India and M/s Lipoid GmbH, Germany, respectively. Carbopol 980 (CP980; M/s The Lubrizol Corporation,
Ohio, USA), Cholesterol (Chol; M/s Avanti Polar Lipids, Alabaster, USA), Capmul MCM C10 (Cap MCM C10;
Abitec Corporation, Janesville, WI, USA), Cremophor A25 (Cr A25; BASF SE, Ludwigshafen, Germany), Sodium
deoxycholate (SDC; M/s Loba Chemicals Pvt. Ltd., India), Ethanol, absolute (ETH; M/s Hong Yang Chemical
Corporation, China) and Butylated Hydroxy Toluene (BHT; M/s S.D. Fine Chemicals Ltd., India) purchased
from the respective concerns. Analytical grade chemicals and ultrapurified water were employed in the study.

Fabrication of ETO loaded deformable-emulsomes

The selection of the excipients was performed based on the periviuos studies of the lab (Phospholipid 90G,
ETH™) and solubility of ETO in the excipient (Cap MCM C10 381.96 mg/mL). The other excipients were selected
based on the literature review?®**3!. Deformable-emulsomes (DE) were formulated employing altered ethanol
injection mixing method. In the first step, accurately weighed amount of drug (2% w/w; 20 mg/g of gel), PL90G
(2% w/w) and Cap MCM C10 (1.5% w/w) and BHT (0.1% w/w) were dissolved in weighed amount of ETH (15%
w/w) in a 100 mL beaker with continuous stirring on magnetic stirrer at 1000 rpm after complete mixing to form
organic phase. In second step, edge activators viz. Cr A25 (0.8% w/w) and SDC (0.2% w/w) were added to the
water medium (30% w/w) to form aqueous phase. In third step, the aqueous phase was added to organic mixture
in a streamline manner under continuous high shear mixing under mechanical stirrer. Further, the prepared
suspension was sonicated for 15 min, resulting in a clear homogeneous suspension of DE. The resultant concen-
trated suspension was preserved in refrigerated conditions in tightly-capped storage vials for future studies®*-*. In
fourth step, the DE contained 2% w/w ETO was subsequently integrated into a secondary vehicle i.e., Carbopol’
980 gel 1.2% w/w (disperse 12 gm carbopol 980 in 45.4% w/w of water) and further neutralize the final gelled
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STEP 1

Organic Phase

Phospholipid (2% w/w) +Drug (2% W/w) s
+BHT (0.1% w/w)+Capmul MCM(C10) s

formulation with triethanolamine (1.8% w/w) in order to improve its suitability for topical administration®. The
diagrammatic presentation of the method has been portrayed in Fig. 1.

Characterization of ETO loaded DE

Micromeritics studies

The three most important parameters of micromeritics i.e., size of the vesicles, polydispersity index and zeta
potential were measured with laser diffraction (measure hydrodynamic diameter) method, using Malvern
Nanoseries manufactured by Malvern Instruments Ltd, UK. An aliquot of 1 mL of DE suspension was diluted
100 times with distilled water followed by the measurement of vesicle size and PDI. The sample was bath soni-
cated for 1 min using a bath sonicator at 25 °C. The zeta potential was measured of the undiluted sample at 25 °C
(23.2 V/cm electric filed strength) and reported as an average value of three measurements*.

Drug entrapment efficiency and drug content

The drug entrapment was determined using centrifugation technique (Remi, RM-12C, Mumbai, India). A 2 mL
microcentrifuge tube containing ETO loaded DE vesicular suspension was subjected to centrifugation at a speed
0f 20,000 rpm (266,866 g) for approximately 0.5 h. The clear supernatant obtained was subsequently subjected
to analysis for the presence of unentrapped drug using HPLC. The quantification of the entrapped drug was
achieved by subtracting the amount of unentrapped drug from the total quantity of drug that was initially added.
The same procedure was carried out for emulsomes prepared without any drug (blank) to rule out interference
by any other excipients. Percent drug entrapment (PDE) determined as described in Eq. (1)*. Similarly, the %
drug content from DE-gel was determined using sonication assisted extraction with acetonitrile. Accurately
weighed (proximately 0.5 gm) of DE gel was placed in a 100 mL volumetric flask. Approximately 30 mL of
acetonitrile was introduced into the flask, followed by sonication and agitation for a duration of 30 min. The
sonicated solution should be cooled and subsequently diluted up to the mark with acetonitrile. The sample was
filtered through a 0.45 m membrane filter and analyzed using HPLC after suitable dilutions. The % drug content
calculated using Eq. (2)*.

Entrapped drug in (mg)

% D Ent t=
% Drug Entrapmen Total drug added (mg)

x 100 (1)

Measured amount drug in DE-gel

% Drug content =

100
Theoretical amount of drug in DE-gel * @

Aqueous phase
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Figure 1. Preparation method of ETO-loaded deformable-emulsomes (DE).
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Vesicle count

A 10-time dilution of ETO loaded DE was prepared in distilled water and kept on Haemocytometer grid (Neu-
bauer, Fein-Optik, Germany). The vesicle density per volume was determined using microscope. The number
of vesicles in 144 small squares were counted and Eq. (3) was further used to calculate the number density*.

. . No. of vesicles in small squares x Dilution factor x 4000
No. of vesicles per cubic mm = . (3)
Total no. of small squares counted

Deformability index

Deformability index of ETO-loaded DE was measured employing vesicle-extruder (Eastern Sci. Inc., USA). A
vesicle extruder was used to pass the vesicular suspension through polycarbonate membrane filter with a size of
50 nm. The size of vesicles was measured initially and then after the extrusion process using Malvern Zeta Sizer
Nanoseries. The deformability index was calculated using Eq. (4)**°.

. (PE-PA)
Percent Deformation = TX 100 (4)

PE is particle size measured before any extrusion (n=3) and PA is average particle size measured after the
process of extrusion (n=3).

Morphological evaluation

The topographical and morphological traits of DE were assessed using Field Emission-Scanning Electron Micro-
scope (FESEM; Hitachi SU8010, Japan). A drop of DE suspension was placed on a carbon coated copper grid for
15-30 min for drying which were further coated with gold. All samples were examined at an accelerated voltage
of 5.0 kV and magnification of 220xand 20,000x%%%.

Calorimetric studies

Differential scanning calorimetry (DSC) curves of ETO, PL90G, Cap MCM C10, Cr A25), SDC and DE for-
mulation were noted using DSC Q20 TA (M/s PerkinElmer Inc. USA). 5 mg of the sample was weighed into a
hermetically sealed pan made of aluminium and further heated at 10 °C/min over 20°C and 280°C temperature
range. The flow of nitrogen was maintained at 22 mL/min. Each sample was measured for three runs. The DSC
curves were further studied using DSC software(s) (i.e., Star® and Universal) and scans were recorded®.

Infra-red spectroscopy

Infrared spectra of ETO, PL90G, Cap MCM C10, ETH, Cr A25), SDC and DE formulation were deter-
mined employing (Spectrum Two™ M/s PerkinElmer Inc., USA) at temperature of 25 °C and wave number
3500 cm™'-500 cm™!. Potassium bromide (KBr) was mixed with the sample in the ratio of 2:98 to prepare a
pellet*’. FTIR measurements were carried out using potassium bromide (KBr) technique where small amount
of the each samples were dispersed with KBr to form a pellet followed by spectra acquisition in transmission
mode**,

Ethics approval and consent to participate
Confirm that all the experiments were performed in accordance with Institutional Animal Ethics Committee,
Panjab University, Chandigarh, INDIA (Ref. letter No. PU/45/99/CPCSEA/IAEC/2020/469 in 2020).

Evaluation of ETO loaded-DE gel formulation

pH measurement

pH of prepared DE-gel was investigated using pH meter (Cyber Scan, Eutech Instruments Pte Ltd., Singapore).
The assessments were carried out three times and the average numbers were premeditated®.

Rheological studies

The rheological study of DE-gel formulation was done using cone and plate type rheometer (Rheolab QC, Anton
Paar GmbH, Vienna, Austria). The rheology measurement was carried out at a varying shear rate increased from
0 to 100 s™! at temperature of 30 °C*. The relationship between shear stress (1) and shear rate (y) was analysed
using Herschel-Bulkey Model as represented in Eq. (5)*.

T =10+ ky" (5)

In the given equation, k represents the consistency index, T, denotes the yield stress, and n signifies the power
law-exponent.

Texture analysis

To determine other rheological features, i.e., consistency, firmness, cohesiveness (stickiness) and viscosity index
of the formulations texture profile analysis of DE gel was performed by employing TTC spreadability rig fitted
on Texture Analyzer™ (M/s Stable Micro Systems Ltd., UK)*>4S.
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Ex vivo permeation studies on mouse skin

The permeation experiments were performed employing using a diffusion assembly prepared in-house. The
apparatus is composed of two reservoirs including donor and receiver compartment along with the port where
sampling is done. The skin tissue was clamped on the hollow tube end exposed to the receptor phase lying
underneath. The skin from a single rat was used for six diffusion cell assembles to avoid variations in the data.
Weighed quantity (~ 0.5 g) of DE-gel and conventional gel, containing ETO equivalent to 2% w/w were intro-
duced uniformly into the donor compartment. The cross-sectional mean surface area available for diffusion was
3.15 cm? and receptor volume was 40 mL. The receiver media with a composition of phosphate buffer saline (pH
7.4) and ETH (80:20, %v/v) was stirred at 200 rpm. ETH was incorporated in the diffusion medium to maintain
the sink condition®’. The temperature of the receptor medium was maintained at 32 +0.5 °C by warm water in the
outer jacket (i.e., glass beaker) of the cells employing a thermostatically controlled magnetic stirrer to equilibrate
the system. 1 mL volume of samples were removed at suitable intervals for a period of 24 h and replaced with
fresh media to maintain the receptor volume. The collected samples were subsequently diluted and subjected to
quantitative analysis utilizing HPLC*.

Drug deposition studies in skin

After 24 h of skin permeation studies, the mounted tissue was carefully separated from the diffusion cell assembly.
Then skin tissue was washed three times with triple-distilled water and further dried with cotton swab. Later,
the tissue was then cut in to small fragments and mixed with 5 mL ACN and shaken for 12 h at 32+1 °C to
completely extract ETO. After 12 h supernatant was removed and filtered and subjected to drug content analysis
(in triplicate) by using HPLC*.

Skin depth profiling using confocal microscopy

The dye loaded formulation was prepared by method as adopted in Sect. “Fabrication of ETO loaded deforma-
ble-emulsomes” except drug is replaced with coumarin-6 at a concentration of 0.15 pumol/mL. Dye loaded DE
formulation and coumarin-6 dye alone were applied for 6 h to the rat skin followed by rinsing the skin with
phosphate buffer (pH 7.0) and the fixed slides were prepared. Fluorescence in different skin layers was visualized
with Laser Scanning Microscopy (CLSM; Nikon Eclipse Ti M/s Nikon Instruments Inc., Melville, USA)*>%.

Dermal kinetic studies
Dermatokinetic analysis of developed DE-gel formulations was carried out on excised skin tissue from Wistar
rats in comparison with conventional gel. The tissue was mounted on diffusion cell assembly (in house assem-
bly). Weighed quantity (0.5 g) of DE-gel, was introduced uniformly into the donor chamber. The receptor
compartment had similar composition as previously explained in ex vivo permeation studies. The assembly was
continuously stirred for 12 h so that sink conditions are maintained. The mounted skin was collected from each
diffusion cell at subsequent time intervals and removed skin was washed three times to remove any formula-
tion residue. Then removed skin was dipped in hot water (60-80 °C) for 3-5 s, to detached epidermis from
dermis. The detached skin layers are further cut in to fragments and mixed with 5 mL ACN and kept for 12 h at
32+1 °C to completely extract ETO. Drug content was evaluated (as discussed earlier) in both epidermis and
dermis layers*>*°,

Data obtained from above was fitted in one-compartment model according to equation below Eq. (6):
K .CSkin
Ctin = ﬁ(e Kot gmety, (6)

In equation, Cgjy, is the drug concentration present in skin at time t, K, is the permeation constant, CSkinis the
maximum drug concentration reached in skin, K, is the skin drug elimination constant. These dermatokinetic
parameters K, CSkin Skin (time required to achieve CSK") are computed using excel sheet software and for area

under the curve (AUC,_;,,)°*°".

In vitro cell culture analysis

The aim of conducting in vitro cell culture analysis in topical formulations is to assess the potential effects of the
formulation on cultured cells, providing insights into its compatibility, safety, and potential efficacy. This analysis
helps in understanding cellular responses, absorption rates, and possible cytotoxicity, aiding in the evaluation
and refinement of the formulation’s characteristics for effective and safe application.

Cell culture and growth conditions

Cell line studies were carried out using human epidermal keratinocyte cell lines (HaCaT) obtained from NCCS,
Pune, India. HaCaT cell line were grown in the keratinocyte serum free (KSF) medium and further it was placed
in incubator at 37 °C containing 5% CO, gas in the environment. The cultured growth cells were again washed
with phosphate buffer pH 7.4 solution free from any calcium/magnesium ions. The cell layers were further sepa-
rated by the addition of 2.0 mL of 0.53 mM EDTA solution with 0.05% w/v of trypsin. The separated cells were
diffused smoothly by pipetting into the fresh KSF medium with 10% fetal bovine serum. Further, suspension
containing cells was subjected to centrifugation at 125 g and 4 °C for 5 min. The sedimented cells were further
suspended into fresh KSF medium at a density of 10,000 cells per well in 96-well plates and 50,000 cells per well
in 6-well culture plate and incubated in the CO, incubator.
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MTT assay

The investigation focused on the examination of cell proliferation using a modified MTT (3-(4,5,-dimethylthi-
azole-2-yl)-2,5-diphenyltetrazolium bromide) assay. The HaCaT cells, namely the 1x104 cells, were cultured in
KFS medium within 96-well plates. The cell suspension was subjected to treatment with a pure drug solution
(consisting of a hydro-alcoholic solution) as well as a suspension of DE (made in KSF medium). The control
cells were administered exclusively with inert substances, namely a hydro-alcoholic solution and a blank DE
suspension. Following the application of the solution treatment, the cells were subjected to incubation within
a controlled incubator environment at a temperature of 37 °C for a duration of 48 h. The cells were undergoing
washing step using a phosphate buffer. Following that, a measured portion of 150uL of a sterile MTT solution
(2.5 mg/mL in phosphate buffer saline) was introduced into every well. The culture plates were subjected to stir-
ring for a duration of 2 h at a temperature of 37 °C using a plate-shaker. Following this, the plates were placed
in a CO, incubator for incubation. The plates underwent centrifugation at a force of 1200 g the acceleration due
to gravity for a duration of 15 min. The liquid portion was discarded, while the MTT formazan crystals were
solubilized in 200uL of dimethyl sulfoxide (DMSO). Additionally, a stirring process was conducted for a duration

of 20 min, during which the optical density (OD) was assessed at a wavelength of 570 nm*>*3.

Determination of cellular uptake

For determination of cellular uptake of coumarin-6 dye loaded DE suspension by HaCaT cell lines, 1x104 cells
were seeded on a 12-well cell culture plate in keratinocyte growth medium (Gibco). The cell culture medium
was substituted with mixture of media and the dye loaded DE suspension (20 pg/mL) incubated for 3 h at 37 °C.
Before imaging, cells were washed 3 times with 1 mL of PBS. Hereafter, the cells were fixed with 4% paraformal-
dehyde solution and were viewed under florescence microscope (EVOS) under GFP and blue filter®.

Stability studies

Chemical stability

The final formulation is a gel, henceforth only the final formulation was placed for the stability studies. The
stability of the developed DE-gel was performed according to ICH guidelines at controlled temperatures i.e.,
25°C+2°C/60% +5% RH and at 40 °C+2 °C/75% + 5% RH for 6 months to examine the shelf-life and storage
condition of the prepared formulation®.

Physical stability

The physical stability of DE-gel was examined in order to study potential changes in organoleptic characteristics
after storage. The DE-gel formulations were placed at controlled room temperature of 25 °C+2 °C/60% + 5% RH
and at 40 °C +2 °C/75% + 5% RH storage conditions for 6 months to examine the physical change (like discolora-
tion), odour change, crystal formation, consistency of gel, phase separation and change in pH**.

Efficacy assessment on animal model
Animal ethical compliance
All the experimental related protocols were duly approved by Institutional Animal Ethics Committee, Panjab
University, Chandigarh with wide Ref. letter No. PU/45/99/CPCSEA/IAEC/2020/469 in 2020.

Confirm that all the experiments were performed in accordance with Institutional Animal Ethics Committee,
Panjab University, Chandigarh, India.

Confirms that the authors complied with the ARRIVE guidelines.

Skin compliance studies

Female Balb/c mice were used to determine the patient skin-friendly properties of the DE-gel vis-d-vis conven-
tional product using Modified Draize patch test. To avoid any probability of scepticism, female BALB/c mice
were categorised into three groups, with 4 animals in respective groups (n=4). Group A dermal application of
normal saline which served as untreated group; Group B dermal application of conventional gel formulation
and Group C dermal application of DE-gel formulation.

To initiate the procedure, firstly hairs were plucked off aiding a 0.15 mm animal hair clipper, faced on the skin
dorsal side. Around 0.5 g of both the gel formulations were applied uniformly on the clipped oft area of mice
skin. Furthermore, the tissue was evaluated on the basis of physical examination as well as the histopathological
assessment. In the former any visual changes like redness was observed for a period of 7 days after its application
measuring the average erythemal grades ranging from 0 to 4 recorded in accordance with the severity of erythema
viz. 0=erythema absence, 1= Slight observation of erythema (light pink), 2=Moderate erythema (dark pink),
3 =Moderate to severe erythema (light red), 4 = Severe erythema (dark red)**.

Anti-inflammatory assessment

Xylene-induced ear edema model

The activity was carried out on male BALB/c mice to study the effect of xylene-induced ear edema model. The
procedure initiates by inducing cutaneous inflammation using xylene in conscious male BALB/c mice via topical
route. Prior to the application of the irritant, the gel formulations were administered 30 min in advance during
the testing process. The animals were categorized into three discrete groups (n =4 per group). Group A: dermal
application of normal saline (control); Group B: dermal application of conventional gel and Group C dermal
application of DE-gel formulation®®’.
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Results

The irritant was injected with a micropipette (50 pL/ear) to the interior of the right ear and the left ear
represented as control. After 30 min of Xylene application, the mice were immolated by cervical dislocation
and the two of the ears (left and right) were expunged instantaneously, by creating parallel cuts throughout the
surface of the ear in a hollow pattern. After excision, both the ears were measured and swelling percentage was
computed as in Eq. (7):

, B—A
% Swelling = (T) * 100, 7)
where, A as weight of left ear and B as weight of right ear.

Anti-arthritic activity: CFA induced Arthritis in Wistar rats

To assess the anti-arthritic activity, CFA induced arthritis model in female Wistar rats is the generally adopted
method. The procedure initiates by division of rats into four groups (n=4 per group). Group A: dermal appli-
cation of normal saline (untreated); Group B: served as diseased control. Group C: dermal application of con-
ventional gel and Group D: dermal application of DE-gel formulation. Here the animals were anesthetized
using diethyl ether and 100 pl of CFA was injected via into the right hind foot pad Wistar female rat on day 1
intradermally. Hereafter, the animals were observed for arthritis each day. The CFA holds 1 mg of heat killed
bacterium in each mL along with 0.85 mL paraffin oil and 0.15 mL mannide mono-oleate. The therapeutic course
of medication begins on the 8% day after the complete introduction of arthritis and further it was sustained for
two weeks. Both the novel DE-gel and conventional were applied once daily on knee joints and paws of respec-
tive group of animals®**%,

% Arthritis swelling reduction
At various time intervals, thickness of paw was measured for each animal®®*. Evaluation of each paw for inflam-
mation and arthritis-swelling reduction was measured as given in Eq. (8):

(Paw thickness each day-Paw thickness control)

% Arthritis swelling reduction= x 100 (8)

Paw thickness control

Histopathological studies

In order to document any modifications in the skin and paw joint of an arthritic rat model injected with CFA
and treated with drug formulations, histopathological investigations were conducted. Following the sacrifice of
the animals, skin samples were collected, processed accordingly, and stained with haematoxylin and eosin. The
processed skin samples were then examined under a microscope to identify any histopathological alterations®>*.

Statistical analysis
A two-way analysis of variance (ANOVA) is used on the data, and then Tukey’s multiple 16 comparison test is
performed. Statistical significance had been selected to apply when the p <0.05, unless otherwise noted.

Results and discussion

Characterization of the DE formulation

Micromeritics

The size of vesicles is a crucial factor that significantly influences the ability of vesicular systems to penetrate the
skin. Fig. 2A illustrates the vesicle size distribution of the DE formulation. The mean vesicle size of the DE was
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Figure 2. (A) Depicting vesicles size distribution and PDI; (B) Zeta potential of deformable-emulsomes.
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found to be 102.4+ 8.9 nm. The PDI of the vesicles was found to be 0.319+0.016 (less than 1), promising con-
stricted distribution of the polydispersed phase. The zeta potential is a critical factor in assessing the stability of
formulations and the capacity of drug delivery systems to adhere to the biological surfaces. The zeta potential of
the prepared DE formulation was determined to be 5.05+£2.15 mV, as illustrated in Fig. 2B. The present formula-
tion is comprised on non-ionic surfactants and such systems are not stabilized by electrostatic repulsions as in
the cases with the dispersion with zetapotential > +25 mV. Such systems are also stable owing to steric repulsion.
However, the final formulation was a gel, therefore this zetapotential was sufficient enough for the stable nano
dispersion gelled in a carbomer-based hydrogel®-%°.

Drug entrapment efficiency and drug content

The percentage drug entrapment from the DE vesicular suspension was found to be 81.87% and the drug con-
tent of the DE-gel was found to be 100.04%. This high drug entrapment might be plausible due to the presence
of ethanol and cap MCM C10 that would have resulted in better solubilization for the drug and its localization
within the interiors of the vesicles.

Vesicle count

To find the population of vesicles in prepared formulation is important parameter for drug entrapment. It was
found that the density of un-sonicated DE vesicular population was found to be 242,500 vesicles/mL. The find-
ings confirmed that the sufficient vesicles were formed to enclose the active drug compound.

Deformability index

The deformability index value of DE formulation was found to be 0.91. The optimized DE formulation was found
to cross a pore around 2-times smaller to the intact sizes. This property ratified the selection of right edge activa-
tor i.e., SDC and ETH in the concentrations to obtain biologically permeable vesicles. The DE of 102.4 nm size
has quite sufficient flexibility (i.e., ~ 2 times) to cross the skin barrier pores. The ideal size of the vesicular carriers
to cross the skin barriers is around 80-120 nm®. Henceforth, the developed system can cross the skin barriers
without compromising on shape/losing drug load. Due to inherent deformability of the vesicles, selection can
be justified for efficient epicutaneous delivery of ETO. The drug entrapment after extrusion was also determined
and the values were non-significantly different than the non-extruded system.

Morphological evaluation

The study employed field emission scanning electron microscopy (FESEM) to investigate the morphology and
aggregation of DE, as well as its surface structure and morphological characteristics. The DE suspension was
observed using a three-dimensional visualization technique, which revealed that the particles had a spherical
shape, demonstrated polydispersity, and did not exhibit any evidence of aggregation, as shown in Fig. 3A (at
magnification of 220 x) and Fig. 3B (at magnification of 20,000 x).

Calorimetric studies

The fusion characteristics of crystalline materials were examined using the differential scanning calorimetry
(DSC). The drug (ETO) displayed a sharpened endothermic peak at a temperature of 153.11 °C, which closely
corresponds to the published melting point of the drug (i.e., 145-143 °C). The observed melting behaviour
indicates that the drug is in a crystalline state rather than an amorphous state. The other excipients like PL 90G,
Cap MCM C10, Cr A25 and SDC exhibited respective endothermic peaks at 62.32 °C, 29.97 °C, 55.84 °C and
74.55 °C corresponding to their reported melting point***>-%’. Likewise, the developed DE formulation displayed
an endothermic peak at 99.89 °C and the disappearance of drug peak may be ascribed to the encapsulation of
drug in the interiors of the developed system. The respective DSC thermograms of are depicted in Fig. 4
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Figure 3. FESEM photomicrographs of DE formulation at (A) 220 x and (B) 20,000x.
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Figure 4. DSC thermogram of etodolac (ETO), Phospholipon 90G (PL 90G), Capmul MCM C10 (Cap MCM
C10), Cremophor A25 (Cr A25), Sodium deoxycholate (SDC) and Deformable-emulsomes (DE).

Infra-red spectroscopy (FT-IR)

The drug (ETO) and compatible excipients like PL 90G, Cap MCM C10, Cr A25, SDC, ETH and DE formula-
tion spectra have been depicted in Fig. 5. The major peaks of ETO alone were recorded at 3344 cm™, 1744 cm™,
1618 cm™, 1461 cm™, 1262 cm™ and 1033 cm™ which confirms the identity of drug specimen as per recognized
standards. The primary peaks of PL 90G were detected at 3397 cm™, 2926 cm™ and 2855 cm™, 1738 cm™,
1654 cm™, 1463 cm™'. Cap MCM C10 peaks were observed at 3323 cm™, 2926 cm™, 1737 cm™, 1463 cm™,
1180 cm ™. The peaks of Cr A25 were reported at 3385 cm™, 2932 cm™, 1566 cm™!, 1449 cm ™. SDC peaks were
measured at 3394 cm™!, 2932 cm ™, 1566 cm ™, 1449 cm™, 1047 cm™'. The ETH spectra were recorded at 3398,
2974,2923,1386. In the IR spectra of the DE, the major peaks of ETO were masked because of overlapping of the
drug peaks with excipient ones. The formulation showed majority characteristic peaks with no shift and reduced
intensity. This corroborates there is no interaction between drug and excipients.

Evaluation of ETO loaded-DE gel formulation

pH measurement

The pH of developed DE gel was found to be 6.2, which is close to skin i.e., 4.5-6.4 as per literature. As pH of
the formulation is neutral or closer to the pH of the skin, the formulation can be considered as safe or may not
cause any skin irritation on application.

Rheological studies

The micro-mechanical properties of gels can be assessed by viscometric analysis. The flow properties of DE-gel
were recorded by using cone and plate viscometer and the values of parameters were computed using Herschel-
Bulkley model. The value of flow index (n=0.252), obtained from the slope (Fig. 6A), is less than 1 which
indicates DE-gel formulation observed a pseudoplastic (shear-thinning) behavior, thus, reflecting decreased
formulation viscosity with increase in shear rate (Fig. 6B). The appearance of pseudoplastic behaviour can be
attributed to the underlying colloidal network structure, which exhibits deformation and adjustment in response
to the direction of flow. The flow behaviour observed in this context might be associated with the existence of
microstructures within a three-dimensional lattice network. The consistency index K (Pa.s”) and yield value
were found to be 109.18 Pa and 120.55 respectively, which could be due to gel structure rigidity within the
hydrogel which required more force to initiate its flow. However, the intrinsic viscosity of DE-gel was found to
be 106.7 Pa.s. Attaining a specific phase and viscosity is a crucial prerequisite in the formulation of DE-gel to
facilitate their convenient transportation and storage at an optimal temperature.

Texture analysis

Figure 6C and Table 1 both represent the textural curve along with the various values of textural parameters
such as firmness, consistency, cohesiveness, and index of viscosity that were acquired from texture analysis of
the developed DE-gel formulation. The visual illustration of the DE-gel formulation shows better gel strength,
suggesting greater capability to hold the gel at the topical site for a longer period of time, exhibiting smooth
extrudability, and ensuring that the gel is easy to spread.

Scientific Reports |

(2023) 13:21681 |

https://doi.org/10.1038/s41598-023-46119-7 nature portfolio



www.nature.com/scientificreports/

1262.57 q065.51
1178.84

/ \
[ rersa7 |
f | \ v
3s | \n“ 2879 72 1 1481.00| |
| |/ 1201.07
oo l 2934.12 \[ \/ 1362.58
2971.70

| 1e1z.67 1107.56

15 ! |

‘ 1055.24
10 s34s.08 U ETO
5

o
4000 3500 3000 2500 2000 1750 1500

w

1320 41

1250 1000 750 500 400
9z3.73
s5 1377.06

579,33
500.88

s21.68
1654 11
723.61
o690 62
40 3397 33
3010.44/
1463.93 Jr7e-e3,

285574 1092 34
25

1735.08 124b.23 PL 90G
y VES 202h.00

1
4000 3500 3000 2500 2000 1750 1500

1250 1000 750 500450

43 87

72214

991.35

25 332318 1385 89
1463 as

1253 72

Zeoze | Cap MCM(C10)

1051.14
1250 1000 750 500450

51 292637 1737.79

o
4000 3500 3000 2500 2000 1750 1500

55 —

a5 ) 7\/
%T 40

— 1046.97
1405.43

3385.61 2866.27

20

156670 Cr A25

2032 95

144062
104

‘4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500450
64

60 .

55 \

s0 \ / 633.07

\ \ | \ |
a5 /N \ J
40 \ / “ | \ | \ 1047.06
\ \ o/ \ |
as] \ \/ e SbC
3304.33 \| 2ses0s \/ 1440.60
30 Y
1s66.20
2032 88
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500450
77 -
753 - - . — S _—
\ X e S & an Y / \/ s67.11
7o N\ / reanre \\ T\ /N |
as| sse1e7 \\ [ 17357 F00 [ O I L
N / |

N e ||
55

s0 2923.97 \j
s 2074 51 1081.61 ETH
o
4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500450
60 N . — J— . —
E ~—— - //
o / 123847 »
591 / 108b.54 -
40 \ / 677.34
251 \ b
30 \ /
25 1637 .63
20 \ -
1s \_ DE formulation
10
|
O - 1
\ 4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500 49

>
Cm?1!

Figure 5. FT-IR spectra of etodolac (ETO), Phospholipon 90G (PL90G), Capmul MCM C10 (Cap MCM C10),
Cremophor A25 (Cr A25), Sodium deoxycholate (SDC), Ethanol (ETH) and Deformable-emulsomes (DE).

Ex vivo permeation and drug deposition studies on mouse skin

The final DE-gel was finally studied for desired attributes with regard to permeation of ETO across skin vis-d-vis
the conventional gel of equivalent strength. The data presented in Fig. 7 demonstrates the permeation profiles of
two formulations. It is evident that the developed DE-gel formulation exhibiting 31.33% drug permeation across
of the rodent skin, exhibited superior transport properties compared to the conventional gel formulation (10.34%
ETO permeation). This study provides evidence for the better transport properties of the newly developed
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Figure 6. (A) Graph of the Herschel-Bulkey model showing the relationship between the natural logarithm
of shear stress and the natural logarithm of shear rate; (B) Plot of shear rate vs viscosity and shear stress for the
DE-gel formulation; (C) The texture analysis of the developed DE-gel formulation.

Formulation Firmness (g) | Consistency (g.sec) | Cohesiveness (g) | Index of viscosity (g.sec)

DE-gel formulation | 1176.25 1680.46 - 608.97 - 141833

Table 1. Shows the data for the various parameters obtained from the texture analysis of the developed DE-gel
formulation.
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Figure 7. Ex vivo permeation profile of DE-gel and conventional gel formulations. Each bar indicates + SD
(n=3). Inset figure depicting bar diagram for the amount of drug deposited by the skin for DE-gel and
conventional formulations. Each cross bar indicates + SD. (n=3).
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carrier-based formulation in comparison to the conventional formulation. The enhanced penetration of ETO
from the DE-gel formulation can be attributed to the phospholipid’s compatibility with the skin, which is in turn
attributable to the effective drug movement properties of the vesicular carriers. Similar findings with phospho-
lipids have been frequently reported and these make the phospholipids are one of the important constituents
of the topical formulations®. Figure 7 Inset depicts the results of drug deposition in skin reveal that the DE-gel
formulation exhibits 648.68 pg/cm? (i.e., 33.13%) and conventional gel exhibits 304.08 pg/cm? (i.e., 14.71%).
DE-gel formulation is 2.25 times significantly higher drug deposition than that of conventional gel (p<0.01).
This suggested DE-gel effectively makes the drug more readily available within the different dermal layers, also
depositing them within target sites by means of closely integration of phospholipids to the lipids of the skin.

Skin depth profiling using confocal microscopy

The CLSM technique was used to determine the extent and pattern of DE formulation penetration into the skin
layers. The efficacy of a coumarin-6 dye loaded-DE formulation was assessed via topical administration on rat
skin for a duration of 6 h. The Fig. 8A depicts the skin treated with coumarin-6 dye alone and Fig. 8B depicts
transdermal penetration of coumarin-6 dye loaded-DE formulation across the skin barrier. The confocal images
demonstrated that the carrier containing the dye was evenly dispersed throughout the stratum corneum, epi-
dermis, and dermis, exhibiting a significantly higher fluorescent intensity. The findings are consistent with prior
literature indicating that the utilization of a flexible vesicular system is significant in enhancing drug solubility
and optimizing the distribution of the drug molecule into skin tissue®.

Dermal kinetic studies
Dermatokinetic investigations were conducted to assess the dermal pharmacokinetics therapeutic efficacy of
the newly formulated DE-gel in comparison to the conventional gel in distinct skin compartments, specifically
the epidermis and dermis. Figure 8C and D demonstrate a difference in the permeation of ETO concentration
between the epidermal and dermal skin layers following a single application of conventional gel and DE-gel.
This observation indicates that the drug concentration over time followed the principles of a one-compartment
open body model (1CBM) through the use of dermatokinetic modelling. The administration of DE-gel loaded
with ETO exhibited a statistically significant increase (p <0.05) in the transdermal delivery when compared to
the conventional gel.

Table 2 displays the values of the following parameters like AUC,_,,, (ug/ cm?), C3ki(ug/cm?), TSKin(h) and

max max

K, (h™). It is evocative from the results that the duration of stay of the drug was strongly augmented by the
developed DE-gel formulation in deep skin layers and T55"(h) decreased markedly. The lower T, by developed
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Figure 8. (A) CLSM of coumarin-6 dye alone; (B) coumarin-6 dye loaded-DE formulation in the deeper layer
of the skin; (C) ETO concentration time profile in epidermis and dermis of Wistar rats after single application of
Conventional gel formulation; (D) ETO concentration time profile in epidermis and dermis of Wistar rats after
single application of DE-gel formulation. Each cross bar indicates + SD (n=4).
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Conventional gel DE-gel formulation
formulation (Mean +SD) (Mean +SD)
Parameters Epidermis | Dermis Epidermis Dermis
AUC ,;, (ng/cm?) | 623.13+9.3 |365.41+18.1 |1758.17 £42.9 |1206.11 +89
CSkin(ug/em?) 96.64+1.61 | 48.54+21 | 275.66+13.12 | 138.25+10.11
TSkin(h) 42£034 |  6.1£0.26 361039 4.8+0.41
Kp (h7h 0.42 £0.06 0.32 £0.04 0.61 £0.09 0.45+0.11

Table 2. Various dermatokinetic parameters (Mean + SD) of ETO topical formulations in epidermis and
dermis.

formulation vis-a-vis control signifies better penetration and assures faster onset of action. Apart from this C3i"
in both the layers i.e., dermal and epidermal and AUC in dermis increased significantly. Therefore, the data rati-
fied that the DE-gel formulation has prospective outcome in regard to enhanced delivery of ETO across the skin

in comparison to the conventional formulation.
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Figure 9. (A) Cell viability assay results after 48 h of treatment of pure drug ETO, ETO-DE, blank DE. The
results are expressed as % cell viability, taking the viability of control as 100%. Each cross bar indicates + SD
(n=4;"""*p <0.0001; ns-non significant); (B) Images depict HaCaT cells subjected to treatment with coumarin-6
alone at 40 x; and (C) Coumarin-6 loaded DE at 40 x objective, respectively, as observed through fluorescent

microscopy.
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In vitro cell culture analysis

MTT assay

The cell viability assay results using MTT dye are depicted in Fig. 9A. HaCaT cells were used to study the cyto-
toxic possibility of the formulations. The % viability of untreated cells which served as the control was consid-
ered to be 100%. The developed formulation i.e., DE and comparative blank DE without ETO did not show any
toxicity till 100 pg/mL after 48 h treatment with almost 91.99% and 93.88% viability. In contrast, the pure drug,
namely ETO, demonstrated notable toxicity, resulting in less than 21.5% viability in comparison to the control.
The findings confirmed that the formulations developed in-house exhibit no cytotoxic effects on HaCaT cells.
Although there was no statistically significant variance in the percentage of cell viability comparing the control
group and the created formulations, there was a statistically significant variance between the control group and
the pure medication (p <0.05). The observed phenomenon may be attributed to the biocompatible properties
inherent in phospholipids.

Determination of cellular uptake

The findings of the investigations on cellular uptake portray the internalization of Coumarin-6 loaded DE for-
mulation by HaCaT cells. As demonstrated in Fig. 9C, the cellular uptake assay of Coumarin-6 DE revealed the
proficient internalization of the formulation within the cytosol of HaCaT cells within a time frame of 3 h. The
test formulations were observed to induce a distinct green fluorescence in the nuclei of cells, as evidenced by the
visualization of coumarin-6. Similarly, coumarin-6 dye labelling alone demonstrated the efficient assimilation of
the developed formulations by keratinocytes, as illustrated by the green fluorescence in Fig. 9B.

Stability studies

Chemical stability

Results of stability testing of the developed formulations indicated all the formulations were stable. As discerned
from the results given in Fig. 10, the ETO loaded DE-gel formulation is stable at all the studied storage conditions
for 6 months. The effect of temperature on the drug migration from one phase to other was not substantial and
was suited for topical products.

Effect of temperature on the drug content was found to be insignificant at high temperature conditions
(40 °C+2 °C/75% + 5% RH) which can be ascribed to the bilayer packing alteration of vesicles at high tempera-
tures. Similarly, the DE-gel formulation stored at controlled room temperature (25 °C+2 °C/60% + 5% RH)
conditions also showed better stability for the studied period.

Physical stability

The observations for a period of 6 months were recorded for various physical parameters are enlisted in
Table 3. The DE formulation showed macroscopic stability on the studied parameters for 6 months at
25°C+2°C/60% +5% RH and 40 °C+2 °C/75% + 5% RH storage conditions. The DE-gel formulation was
devoid of notable discoloration and change in odour. The gel consistency also remained good with absence of
drug crystals and phase separation. The particle size alteration was below 13%, indicating acceptable variation.
However, the present study is limited in scope w.r.t. the changes in the lamellae and viscosity.
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Figure 10. Figure depicting the % drug assay of DE-gel at different storage conditions and time intervals.
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Physical appearance No discolouration No discolouration
Odour No change No change
Formation of drug crystals | Nil Nil

Gel consistency No change No change

Phase separation Nil Nil

pH 6.34£0.16 6.21 £0.11

Table 3. Physical stability assessment studies on DE gel formulation.
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Figure 11. Shows the animals and histology at the end of seven days (A) untreated animal (B) conventional gel
formulation (C) DE-gel formulation.
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Mean erythemal score (Days)
Group 1 2 3 4 5 6 7
Untreated 0 0 0 0 0 0 0
Conventional gel 0 0 1 1 2 3 4
DE-gel 0 0 0 0 0 1 1

Table 4. Mean erythemal scores observed for group, (A) untreated, (B) conventional gel formulation, and
(C) DE-gel formulation for 7 days. SCORING: 0=No erythema, 1 = Slight erythema (light pink), 2=Moderate
erythema (dark pink), 3 =Moderate to severe erythema (light red), 4=Severe erythema (dark red).

Efficacy assessment on animal models

Skin compliance studies

The developed DE-gel formulation was evaluated for any irritating effect on the skin. The erythemal grading
(ranging from 0 to 4) were recorded for 7 days. Absence of erythema on skin was observed in case of DE-gel
formulation, whereas moderate to severe erythema (light red) scores were observed in case of conventional
product as shown in Fig. 11 and the scoring is tabulated in Table 4.

In conformity with the histopathology, the skin section of various animal groups treated with DE-gel formu-
lation and conventional gel formulation were stained with eosin-hematoxylin and evaluated for the histological
changes occurred during the period of exposure. Figure 11A showed the photograph of untreated skin, which
was normal. Figure 11B showed epidermal thickening and inflammation in the dermis layer on the skin treated
with conventional gel. Therefore, the microscopic examination directed that the viable formulation had com-
promised the normal healthy skin. Furthermore, the skin section treated with DE-gel formulation was found
to be healthy with no inflammation in the dermis tissue. It revealed DE-gel did not damage the normal healthy
skin Fig. 11C. The study’s findings demonstrated the safety and effectiveness of biocompatible phospholipid in
the DE-gel system. These positive outcomes can be due to phospholipids interaction with skin components and
their ability to establish a skin-depot. The study reported here align with prior literature, which suggests that
lipid-based formulations are both safer and more compatible with the skin®*,

Anti-inflammatory assessment

Xylene-induced ear edema model. Figure 12A showed DE-gel formulation exhibited remarkably advanced
anti-inflammatory activity versus conventional formulation. The % swelling of treated ear was reduced by 2.99
times (DE-gel formulation) and 1.33 times (conventional gel formulation) with respect to untreated ear. Thus,
the efficacy of the formulated DE-gel was significantly 2.2-folds higher than that of conventional (p<0.01). The
outcomes of the animal study conducted exposed the edge of the vesicular delivery systems as compared to the
conventional systems. This accredited to their better interaction with the skin and skin-depot forming potential.
As per the histopathological studies, there was division into three groups viz. disease control causing swell-
ing, epidermis stretching and detachment of epidermis from dermis as seen in Fig. 12B. The histopathology of
untreated ear as shown in Fig. 12C was normal whereas Fig. 12E displayed DE-gel group with healing of ear with
intact epidermal and dermal layers and no edema formation. In contrast, Fig. 12D was the group treated with
conventional gel formulation reporting incomplete recovery which was manifested from histopathology where
disordered articular cartilage with greater number of inflammatory cells was experienced.

Anti-arthritic activity: CFA induced arthritis in wistar rats. To understand the anti-arthritic activity in dis-
eased rats after topical application of DE-gel formulation, the most vital parameter that is % arthritis swelling
reduction was calculated. A significant rise in swelling was measured for CFA rats which didn’t receive any treat-
ment. In the conventional gel, a slight reduction in % swelling was detected (i.e., 27.27%), however in the DE-gel
formulation, a significant decrease in swelling was noted (i.e., 3.89%), as depicted in Fig. 13A. Thus, efficacy
of the DE-gel formulation was sevenfold higher than that of group treated with conventional gel formulation
(p<0.01). This shows the superior activity of ETO loaded DE-gel over conventional gel in arthritis and indicated
better penetration of drug to the site of action.

The histological examination of paw joint and paw skin of animals suffering from arthritis treated with dif-
ferent ETO formulations was executed to evaluate the level of inflammation and morphological behaviour in
the internal structure of the paw joint and paw skin.

Figure 13C represents paw joint of CFA (untreated) induced arthritic rat experienced accretion of synovial
fluid, lymphocytes in synovium, tissues granulation along with formation of pannus adding up to the high level
of inflammation extended into joint synovium recorded as compared to the normal joint (Fig. 13B). Figure 13D
presents a little lower inflammation with the joint space surrounded by inflammatory cells with moderate pannus
formation and accretion of synovial fluid in the case of paw joints treated with conventional gel formulation.
Almost no signs of inflammation were observed in the paw joint treated with DE-gel formulation attaining
improved joint bone health to its normal structure as seen in Fig. 13E.

Similar results were recorded for the infected paw skin in Fig. 14 further divided into 4 groups i.e., control,
untreated, conventional gel, DE-gel treated rat. Figure 14B showed acute inflammation, augmented thickness of
the layers, disrupted layers with separation and hyperkeratosis in the untreated rat paw skin. The normal paw
skin was observed to be intact having the natural anatomy of skin (Fig. 14A). In comparison to the rat paw skin

Scientific Reports |

(2023) 13:21681 | https://doi.org/10.1038/s41598-023-46119-7 nature portfolio



www.nature.com/scientificreports/

% Swelling
-]
o
'

160 -

140 !

120 A

100 -

60

40 +

20 +

0 Rl I
Control | Conventional gel I TE-gel formulation |

0% Swelling 127.98 [ 95.15 | 42.75 |

# Inflammation
Ruptured layers
. <

[ Oedema

Figure 12. (A) Comparison of present ear swelling after application of conventional gel and DE-gel
formulations. Each cross bar indicates + SD (n=4;***p =0.001; ***p <0.0001); (B) Histopathology of disease
control ear; (C) histopathology of normal ear; (D) histopathology of conventional gel formulation treated ear;
(E) histopathology of DE-gel formulation treated ear.

treated with conventional gel which showed moderate inflammation with slightly higher thickness of the skin
layers, edema and hyperkeratosis in Fig. 14C vis-a-vis negligible level of inflammation was detected in case of
DE-gel treated rat skin as shown in Fig. 14D.

The severity degree for treated groups is described as a score of inflammation and arthritis from 0 to+ + + + (0
indicates normal &+ + + +indicates severe). The severity of inflammations for paw skin was observed in the
following order: CFA (untreated > conventional gel formulation > DE-gel formulation = control (normal rat).

Conclusions

The current research endeavor was undertaken to enhance the topical administration attributes of etodolac by
investigating the potential of deformable-emulsomes formulated with sodium deoxycholate (SDC). The selec-
tion of SDC as the novel excipient was based on its biocompatibility and the flexibility enhancement potential
that can translate into enhanced permeability of bioactive substances across the skin. The system that was
developed exhibited superior characteristics in terms of ex vivo permeation profile, drug retention, and in vivo
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Figure 13. (A) Comparison of % arthritis swelling after application of DE-gel formulation and conventional gel
formulations. Each cross bar indicates + SD (n=4); (B) Histopathology of normal paw joint; (C) Disease control
paw joint; (D) conventional gel formulation treated paw joint; (E) DE-gel formulation treated paw joint.

anti-inflammatory activity. This can be attributed to the enhanced deformability of the developed vesicles com-
pared to the conventional formulations. As a result, these vesicles were able to effectively penetrate deeper layers
of the skin. FESEM, CLSM and dermatokinetic investigations revealed that the flexible vesicles generated were
spherical, homogenous and fairly dispersed the drug across the subcutaneous, epidermis, and dermis.

In conclusion, the current research confirmed that the formulation of deformable emulsomes alone and it’s
gel both can effectively promote the localization of the drug at the site of action in the desired amounts. The
methodology that has been implemented has facilitated the development of an effective and regulatory compli-
ant formulation of etodolac for topical usage. The outcomes from this investigation are highly promising and
indicate that these biocompatible carriers have the potential to be utilized as a therapeutic approach for managing
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Figure 14. (A) Histopathology of normal paw; (B) Disease control paw; (C) conventional gel formulation
treated paw; (D) DE-gel formulation treated paw.

localized inflammatory disorders such as arthritis. Furthermore, it is anticipated that the findings from this
research can be extended to pre-clinical studies in the near future.

Data availability
All data generated or analysed during this study are included in this published article.

Scientific Reports|  (2023) 13:21681 | https://doi.org/10.1038/s41598-023-46119-7 nature portfolio



www.nature.com/scientificreports/

Received: 17 June 2023; Accepted: 27 October 2023
Published online: 07 December 2023

References

1. Crofford, L. J. Use of NSAIDs in treating patients with arthritis. Arthritis Res. Ther. 15(Suppl 3), 1-10 (2013).

2. Manjanna, K. M., Shivakumar, B. & Pramod Kumar, T. M. Microencapsulation: An acclaimed novel drug-delivery system for
NSAIDs in arthritis. Crit. Rev. Ther. Drug Carrier Syst. 27, 509-545 (2010).

3. Glaser, K. B. Cyclooxygenase selectivity and NSAIDs: Cyclooxygenase-2 selectivity of etodolac (LODINE). Inflammopharmacology
3, 335-345 (1995).

4. Tachibana, M. et al. Anti-inflammatory effect and low ulcerogenic activity of etodolac, a cyclooxygenase-2 selective non-steroidal
anti-inflammatory drug, on adjuvant-induced arthritis in rats. Pharmacology 68, 96-104 (2003).

5. Argoft, C. E. & Gloth, F. M. Topical nonsteroidal anti-inflammatory drugs for management of osteoarthritis in long-term care
patients. Ther. Clin. Risk Manag. 7, 393-399 (2011).

6. Bellamy, N. Etodolac in the management of pain: A clinical review of a multipurpose analgesic. Inflammopharmacology 5, 139-152
(1997).

7. Schnitzer, T. J. & Constantine, G. Etodolac (Lodine) in the treatment of osteoarthritis: Recent studies. J. Rheumatol. Suppl. 47,
23-31 (1997).

8. IPC. Etodolac. The Indian Pharmacopoeia Commission 2, 1318-1319, (2010).

9. BP. British Pharmacopoeia British Pharmacopoeia Commission I, 864-866, (2008).

10. Humber, L. G. Etodolac: The chemistry, pharmacology, metabolic disposition, and clinical profile of a novel anti-inflammatory
pyranocarboxylic acid. Med. Res. Rev. 7, 1-28 (1987).

11. Emery, P. et al. Celecoxib versus diclofenac in long-term management of rheumatoid arthritis: Randomised double-blind com-
parison. Lancet 354, 2106-2111 (1999).

12. Moore, N, Pollack, C. & Butkerait, P. Adverse drug reactions and drug-drug interactions with over-the-counter NSAIDs. Ther.
Clin. Risk Manag. 11, 1061-1075 (2015).

13. Tas, C., Ozkan, Y., Okyar, A. & Savaser, A. In vitro and ex vivo permeation studies of etodolac from hydrophilic gels and effect of
terpenes as enhancers. Drug Deliv. 14, 453-459 (2007).

14. Shilakari Asthana, G., Asthana, A., Singh, D. & Sharma, P. K. Etodolac containing topical niosomal gel: Formulation development
and evaluation. J. Drug Deliv. 2016, 9324567 (2016).

15. David, A. O. & Anton, H. A. Topical Drug Delivery Formulations., 1 (Marcel Dekker, 1990).

16. Jeong, W. Y., Kwon, M., Choi, H. E. & Kim, K. S. Recent advances in transdermal drug delivery systems: A review. Biomater. Res.
25,24 (2021).

17. Madhavi, N., Sudhakar, B., Suresh Reddy, K. V. N. & Vijaya Ratna, J. Pharmacokinetic and pharmacodynamic studies of etodolac
loaded vesicular gels on rats by transdermal delivery. Daru J. Pharm. Sci. 26, 43-56 (2018).

18. Patel, D. K., Kesharwani, R. & Kumar, V. Etodolac loaded solid lipid nanoparticle based topical gel for enhanced skin delivery.
Biocataly. Agric. Biotechnol. 29, 101810 (2020).

19. Czajkowska-Kosnik, A., Szymarska, E. & Winnicka, K. Nanostructured lipid carriers (NLC)-based gel formulations as Etodolac
delivery: From gel preparation to permeation study. Molecules (Basel, Switzerland) 28, 235 (2022).

20. Salah, S., Mahmoud, A. A. & Kamel, A. O. Etodolac transdermal cubosomes for the treatment of rheumatoid arthritis: Ex vivo
permeation and in vivo pharmacokinetic studies. Drug Deliv. 24, 846-856 (2017).

21. Sadeq, Z. A., Ghazy, E. & Salim, Z. Etodolac topical spray films, development, characterization and in-vitro evaluation. Int. J.
Pharm. Res. 12, 926-931 (2020).

22. Madhavi, N., Sudhakar, B., Reddy, K. & Ratna, J. V. Design by optimization and comparative evaluation of vesicular gels of etodolac
for transdermal delivery. Drug Dev. Ind. Pharm. 45, 611-628 (2019).

23. Kollapali, R., Akondi, V. & Beeravelli, S. Statistical Optimization of Etodolac Loaded Transfersomes for Effective Pain Relief through
Skin. (2013).

24. Maysam, M. A. & Nawal, A. R. Preparation and characterization of etodolac as a topical nanosponges hydrogel. Iraqi J. Pharm.
Sci. 28, 64-74 (2019).

25. Gondkar, S. B., Patil, N. & Saudagar, R. Formulation development and characterization of etodolac loaded transethosomes for
transdermal delivery. Res. J. Pharm. Technol. 10, 3049-3057 (2017).

26. Karakucuk, A., Tort, S., Han, S., Oktay, A. N. & Celebi, N. Etodolac nanosuspension based gel for enhanced dermal delivery:
In vitro and in vivo evaluation. J. Microencapsul. 38, 218-232 (2021).

27. Xie, J., Lee, K., Park, H., Jung, H. & Oh, J. M. Enhanced emulsifying ability of deoxycholate through dynamic interaction with
layered double hydroxide. Nanomaterials (Basel, Switzerland) 13, 567 (2023).

28. Song, H. et al. Enhanced transdermal permeability and drug deposition of rheumatoid arthritis via sinomenine hydrochloride-
loaded antioxidant surface transethosome. Int. J. Nanomed. 14, 3177-3188 (2019).

29. Molinaro, R. et al. Development and in vivo evaluation of multidrug ultradeformable vesicles for the treatment of skin inflamma-
tion. Pharmaceutics 11, 644 (2019).

30. Raza, K., Katare, O. P. & Singh, B. QbD and Product Performance Focus Group Newsletter 6-11 (AAPS, 2014).

31. Natsheh, H. & Touitou, E. Phospholipid vesicles for dermal/transdermal and nasal administration of active molecules: The effect
of surfactants and alcohols on the fluidity of their lipid bilayers and penetration enhancement properties. Molecules (Basel, Swit-
zerland) 25,2959 (2020).

32. Jaafar-Maalej, C., Diab, R., Andrieu, V., Elaissari, A. & Fessi, H. Ethanol injection method for hydrophilic and lipophilic drug-
loaded liposome preparation. J. Liposome Res. 20, 228-243 (2010).

33. Maitani, Y., Soeda, H., Junping, W. & Takayama, K. Modified ethanol injection method for liposomes containing beta-sitosterol
beta-D-glucoside. J. Liposome Res. 11, 115-125 (2001).

34. Gouda, A., Sakr, O. S., Nasr, M. & Sammour, O. Ethanol injection technique for liposomes formulation: An insight into develop-
ment, influencing factors, challenges and applications. J. Drug Deliv. Sci. Technol. 61, 102174 (2021).

35. Sharma, G., Goyal, H., Thakur, K., Raza, K. & Katare, O. P. Novel elastic membrane vesicles (EMVs) and ethosomes-mediated
effective topical delivery of aceclofenac: A new therapeutic approach for pain and inflammation. Drug Deliv. 10, 1-11 (2016).

36. Nirbhavane, P. et al. Triamcinolone acetonide loaded-cationic nano-lipoidal formulation for uveitis: Evidences of improved biop-
harmaceutical performance and anti-inflammatory activity. Colloids Surf. B Biointerfaces 190, 110902 (2020).

37. Kim, A. R. et al. Preparation, physical characterization, and in vitro skin permeation of deformable liposomes loaded with taxifolin
and taxifolin tetraoctanoate. Eur. J. Lipid Sci. Tech. 121, 1800501 (2019).

38. Yang, Y., Li, Y., Goh, K., Tan, C. H. & Wang, R. Liposomes-assisted fabrication of high performance thin film composite nanofiltra-
tion membrane. . Membr. Sci. 620, 118833 (2021).

39. Chaudhury, A. et al. Lyophilization of cholesterol-free PEGylated liposomes and its impact on drug loading by passive equilibra-
tion. Int. J. Pharm. 430, 167-175 (2012).

40. Sharma, G., Devi, N., Thakur, K., Jain, A. & Katare, O. P. Lanolin-based organogel of salicylic acid: Evidences of better dermatoki-
netic profile in imiquimod-induced keratolytic therapy in BALB/c mice model. Drug Deliv. Transl. Res. 8, 398-413 (2018).

Scientific Reports|  (2023) 13:21681 | https://doi.org/10.1038/541598-023-46119-7 nature portfolio



www.nature.com/scientificreports/

41. Yap, K. L., Liu, X., Thenmozhiyal, J. C. & Ho, P. C. Characterization of the 13-cis-retinoic acid/cyclodextrin inclusion complexes
by phase solubility, photostability, physicochemical and computational analysis. Eur. . Pharm. Sci. 25, 49-56 (2005).

42. Sharma, M. et al. Holistic development of coal tar lotion by embedding design of experiments (DoE) technique: Preclinical inves-
tigations. Expert Opin. Drug Deliv. 17, 255-273 (2020).

43. Sharma, G. et al. Co-delivery of isotretinoin and clindamycin by phospholipid-based mixed micellar system confers synergistic
effect for treatment of acne vulgaris. Expert Opin. Drug Deliv. 18, 1291-1308 (2021).

44. Bhatia, A, Raza, K,, Singh, B. & Katare, O. P. Phospholipid-based formulation with improved attributes of coal tar. J. Cosmet.
Dermatol. 8, 282-288 (2009).

45. Negi, P, Singh, B, Sharma, G. & Katare, O. P. Enhanced topical delivery of lidocaine via ethosomes-based hydrogel: Ex-vivo and
in-vivo evaluation. J. Nanopharm. Drug Deliv. 2, 1-10 (2014).

46. Negi, P. et al. Phospholipid microemulsion-based hydrogel for enhanced topical delivery of lidocaine and prilocaine: QbD-based
development and evaluation. Drug Deliv. 21, 1-17 (2015).

47. Wadhwa, S., Singh, B., Sharma, G., Raza, K. & Katare, O. P. Liposomal fusidic acid as a potential delivery system: A new paradigm
in the treatment of chronic plaque psoriasis. Drug Deliv. 23, 1204-1213 (2016).

48. Chhibber, T., Wadhwa, S., Chadha, P, Sharma, G. & Katare, O. P. Phospholipid structured microemulsion as effective carrier system
with potential in methicillin sensitive Staphylococcus aureus (MSSA) involved burn wound infection. J. Drug Target. 23, 943-952
(2015).

49. Giirbiiz, A., Ozhan, G., Giingor, S. & Erdal, M. S. Colloidal carriers of isotretinoin for topical acne treatment: Skin uptake, ATR-
FTIR and in vitro cytotoxicity studies. Arch. Dermatol. Res. 307, 607-615 (2015).

50. Thotakura, N., Kumar, P., Wadhwa, S., Raza, K. & Katare, P. Dermatokinetics as an important tool to assess the bioavailability of
drugs by topical nanocarriers. Curr. Drug Metab. 18, 404-411 (2017).

51. Sharma, G., Dhankar, G., Thakur, K., Raza, K. & Katare, O. Benzyl benzoate-loaded microemulsion for topical applications:
enhanced dermatokinetic profile and better delivery promises. AAPS PharmSciTech, 1-11, (2015).

52. van Meerloo, J., Kaspers, G. J. L. & Cloos, J. In: IA. Cree (eds) Cancer Cell Culture: Methods and Protocols. (Humana Press, 2011).
237-245.

53. Weyenberg, W. et al. Cytotoxicity of submicron emulsions and solid lipid nanoparticles for dermal application. Int. J. Pharm. 337,
291-298 (2007).

54. ICH. ICH Guidance on Analytical Method Validation. Proceedings of the international Conference of Harmonization. (1996).

55. Raza, K. et al. Lipid-based capsaicin-loaded nano-colloidal biocompatible topical carriers with enhanced analgesic potential and
decreased dermal irritation. J. Liposome Res. 24, 290-296 (2014).

56. Sharma, G. et al. Aceclofenac cocrystal nanoliposomes for rheumatoid arthritis with better dermatokinetic attributes: A preclinical
study. Nanomedicine (London, England) 12, 615-638 (2017).

57. Singsai, K. et al. Antilipoxygenase and anti-inflammatory activities of streblus asper leaf extract on xylene-induced ear edema in
mice. Adv. Pharmacol. Pharm. Sci. 2020, 3176391 (2020).

58. Mahdi, H. J,, Khan, N. A. K., Asmawi, M. Z. B., Mahmud, R. & A/L Murugaiyah, V. In vivo anti-arthritic and anti-nociceptive
effects of ethanol extract of Moringa oleifera leaves on complete Freund’s adjuvant (CFA)-induced arthritis in rats. Integr. Med.
Res. 7, 85-94 (2018).

59. Shen, X. FE et al. The anti-arthritic activity of total glycosides from Pterocephalus hookeri, a traditional Tibetan herbal medicine.
Pharm. Biol. 55, 560-570 (2017).

60. Shen, T. et al. Trichloroethylene induced cutaneous irritation in BALB/c hairless mice: Histopathological changes and oxidative
damage. Toxicology 248, 113-120 (2008).

61. Raza, K. et al. Novel dithranol phospholipid microemulsion for topical application: Development, characterization and percutane-
ous absorption studies. J. Microencapsul. 28, 190-199 (2011).

62. Kovacevic, A., Savic, S., Vuleta, G., Miiller, R. H. & Keck, C. M. Polyhydroxy surfactants for the formulation of lipid nanoparticles
(SLN and NLC): Effects on size, physical stability and particle matrix structure. Int. J. Pharm. 406, 163-172 (2011).

63. Zirak, M. B. & Pezeshki, A. Effect of surfactant concentration on the particle size, stability and potential zeta of beta carotene nano
lipid carrier. Int. J. Curr. Microbiol. App. Sci. 4, 924-932 (2015).

64. Kuznetsova, D. A. et al. Enhancement of the transdermal delivery of nonsteroidal anti-inflammatory drugs using liposomes
containing cationic surfactants. ACS Omega 7, 25741-25750 (2022).

65. Subedi, R. K., Kang, K. W. & Choi, H.-K. Preparation and characterization of solid lipid nanoparticles loaded with doxorubicin.
Eur. J. Pharm. Sci. 37, 508-513 (2009).

66. Albash, R., Abdelbary, A. A., Refai, H. & El-Nabarawi, M. A. Use of transethosomes for enhancing the transdermal delivery of
olmesartan medoxomil: In vitro, ex vivo, and in vivo evaluation. Int. J. Nanomed. 14, 1953-1968 (2019).

67. Ghanbarzadeh, S. et al. Dramatic improvement in dissolution rate of albendazole by a simple, one-step, industrially scalable
technique. Res. Pharm. Sci. 11, 435-444 (2017).

68. Katare, O. P, Raza, K., Singh, B. & Dogra, S. Novel drug delivery systems in topical treatment of psoriasis: Rigors and vigors. Indian
J. Dermatol. Venereol. Leprol. 76, 612621 (2010).

69. Alsarra, I. A., Bosela, A. A., Ahmed, S. M. & Mahrous, G. M. Proniosomes as a drug carrier for transdermal delivery of ketorolac.
Eur. J. Pharm. Biopharm. 59, 485-490 (2005).

Acknowledgements

The first author, Gajanand Sharma acknowledges Idian Council of Medical Research (ICMR), New Delhi, India,
for financial assistance as ICMR-RA (ICMR ID: 3/1/2(5)CD/2021-NCD-II). The authors acknowledge IPCA
Laboratotris Ltd., Mumbai, India and M/s Phospholipid GmbH, (Germany) for generous gift samples of drug
molceule and phospholipids.

Author contributions

G.S.: Conceptualization, Data curation, Methodology, Validation, Visualization, Writing-original draft. A.M.:
Methodology, Validation, Methodology. K.T.: Methodology, Investigation, Writing-review & editing. G.K.: Meth-
odology, Formal analysis. V.G.G. and M.V.K.: Validation, Formal Analysis. R.P.B. and G.S.: Formal Analysis. B.S.
and O.PK.: Conceptualization, Investigation, Project administration, Supervision, Visualization.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.S. or O.P.X.

Scientific Reports |

(2023) 13:21681 | https://doi.org/10.1038/s41598-023-46119-7 nature portfolio



www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:21681 | https://doi.org/10.1038/s41598-023-46119-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Exploring the therapeutic potential of sodium deoxycholate tailored deformable-emulsomes of etodolac for effective management of arthritis
	Materials and method
	Fabrication of ETO loaded deformable-emulsomes
	Characterization of ETO loaded DE
	Micromeritics studies
	Drug entrapment efficiency and drug content
	Vesicle count
	Deformability index

	Morphological evaluation
	Calorimetric studies
	Infra-red spectroscopy
	Ethics approval and consent to participate

	Evaluation of ETO loaded-DE gel formulation
	pH measurement
	Rheological studies
	Texture analysis
	Ex vivo permeation studies on mouse skin
	Drug deposition studies in skin
	Skin depth profiling using confocal microscopy
	Dermal kinetic studies
	In vitro cell culture analysis
	Cell culture and growth conditions
	MTT assay
	Determination of cellular uptake


	Stability studies
	Chemical stability
	Physical stability

	Efficacy assessment on animal model
	Animal ethical compliance
	Skin compliance studies
	Anti-inflammatory assessment
	Xylene-induced ear edema model
	Anti-arthritic activity: CFA induced Arthritis in Wistar rats
	% Arthritis swelling reduction
	Histopathological studies

	Statistical analysis

	Results and discussion
	Characterization of the DE formulation
	Micromeritics
	Drug entrapment efficiency and drug content
	Vesicle count
	Deformability index

	Morphological evaluation
	Calorimetric studies
	Infra-red spectroscopy (FT-IR)

	Evaluation of ETO loaded-DE gel formulation
	pH measurement
	Rheological studies
	Texture analysis
	Ex vivo permeation and drug deposition studies on mouse skin
	Skin depth profiling using confocal microscopy
	Dermal kinetic studies
	In vitro cell culture analysis
	MTT assay
	Determination of cellular uptake

	Stability studies
	Chemical stability
	Physical stability

	Efficacy assessment on animal models
	Skin compliance studies
	Anti-inflammatory assessment
	Xylene-induced ear edema model. 
	Anti-arthritic activity: CFA induced arthritis in wistar rats. 



	Conclusions
	References
	Acknowledgements


