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ABSTRACT

Background: The goal of this work was to develop, optimise and characterise nanostructured
lipid carriers containing methotrexate for the treatment of Rheumatoid Arthritis (RA). As materials
and process parameters, solid lipid, surfactant and stirring time were originally tested. The best
alternative was chosen, and additional optimisation was performed using Taguchi orthogonal
(L9) array design. Materials and Methods: Several batches of NLCs have been generated using
the microemulsion process using liquid lipid (castor oil, almond oil and canola oil), solid lipid
(cetyl alcohol) and surfactant. The dependent variables for optimisation were particle size, zeta
potential, Entrapment Efficiency (EE) and in vitro release. The gel formulation was developed by
combining NLCs with carbopol 940 (1% w/v) and was tested for stability, skin permeability (via
goat-knee skin), skin irritation and antiarthritic properties. Results: The optimised NLCs (NLC9)
had average particle sizes, zeta potentials and EE values of 136.2+5.4, -25.0 mV and 89.47+6.8%.
Skin penetration studies revealed that NLCs may successfully penetrate the skin. The gel did not
irritate the rabbits' skin, according to the Draize test (PDI=0.00). A conventional formulation was
compared to a gel containing NLCs. The in vitro research found that NLCs gel (about 27%) and
conventional tablets (about 18%) might reduce arthritic inflammation caused by intra-articular
carrageenan injection. Conclusion: The study's findings supported NLCs gel-based formulation's
promise as a stable, skin-permeable, non-irritant and patient-compliant rheumatoid arthritis
administration approach.
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Gel, Intra-articular carrageenan injection.

INTRODUCTION

Colloidal drug delivery systems have several advantages,
including the ability to improve the bioavailability of
water-insoluble drugs, enhance efficacy, promote controlled
drug release, provide photo-protection and target a wide range
of active substances, resulting in increased trust in these drug
delivery systems.'? The new generations of lipidic nanoparticles,
such as Solid Lipid Nanoparticles (SLNs) and Nanostructured
Lipid Carriers (NLCs), are attracting substantial attention as
revolutionary colloidal drug carrier systems for oral, transdermal
and parenteral drug delivery.*® In contrast to well-ordered SLNs
made from solid lipids, the crystal order is much disrupted upon
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the addition of liquid lipids to solid lipids in NLCs, allowing
them to accommodate a greater quantity of drugs and exhibit
higher stability. NLCs have higher defects in the crystal lattice
and a bigger space to retain more pharmacological molecules,
resulting in enhanced drug loading, less drug expulsion and
better flexibility in adjusting drug release.”'® NLCs are composed
of biodegradable and physiological lipids that have minimal or no
toxicity. The nano-sized particles form an intimate bond with the
stratum corneum, allowing more active substances to penetrate
the skin. Due to their occlusive nature, lipidic nanoparticles can
also increase skin moisture.'"""* Many studies are being conducted
on the topical and transdermal applications of lipid nanoparticles
and their properties have been identified as potentially relevant
for the topical administration of drugs and cosmetics."

Rheumatoid Arthritis (RA) is a severe, autoimmune systemic
inflammatory disease that can damage multiple organs, such
as the heart, lungs, blood vessels, skin, muscles and tissues.
However, it primarily attacks the joints, causing inflammatory
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and non-supportive proliferative synovitis that commonly
progresses to articular cartilage obliteration, resulting in joint
ankylosis. Although the cause of RA is unknown, autoimmunity,
inherited predisposition and environmental factors all play a role
in the disorder's growth and development. Rheumatoid arthritis
affects around 1% of the world's population, with females being
affected 3-5 times more commonly than males.”*"” Furthermore,
rheumatoid arthritis and osteoarthritis are major medical
challenges in the United States, with over 20 million individuals
experiencing considerable difficulties at work on a regular
basis. Some investigations have offered the first-ever national
evaluation of arthritis prevalence for Pacific Islanders/Asian
Americans (8%) and Alaska Natives/American Indians (25%),
noting changes in everyday activities, work limitations and
severe pain.'®" Intra-articular, parenteral and oral drugs have
been used to treat irreversible joint injury. Despite a few potential
drawbacks, administering a drug directly to a sick joint may result
in increased drug concentrations at the site of action and reduced
systemic toxicity.”” Drug delivery via the dermal method has the
potential to reduce the likelihood of drug-related gastrointestinal
and systemic adverse effects. Because of the barrier qualities of
the stratum corneum, drug delivery via the dermal route is often
limited. Because of their controlled release capabilities, reduced
size, biocompatibility and ability to incorporate both hydrophilic
and lipophilic drugs, SLNs and NLCs have gained increased
interest as dermatological preparations for drug administration.?'

Methotrexate (MTX), a dihydrofolate reductase inhibitor, is an
immunosuppressant family of Disease-Modifying Antirheumatic
Drugs (DMARD:s) used to treat RA due to its anti-inflammatory
and immunosuppressive characteristics. Systemic administration
of this drug (Trexall’, Rheumatrex® and others) causes a variety
of side effects, including mouth sores (ulcerative stomatitis), lung
infections (Pneumocystis jiroveci pneumonia), lung difficulties
and diarrhea. The most serious is hepatic toxicity. The most
common MTX side effects include hepatic enzyme increase and
gastrointestinal intolerance. As a result, cutaneous administration
of MTX may be advantageous in reducing unpleasant responses.
However, inadequate percutaneous absorption of the drug is a
significant disadvantage of this method.'®'$22%

The primary benefit of NLCs is that they are made up of
biodegradable and physiological lipids that are less harmful. NLCs
can potentially increase the perceived solubility of implanted
drug particles, resulting in a greater concentration gradient on
the skin and aiding drug penetration. Their nanosize also allows
for tighter contact with the stratum corneum, resulting in a
greater amount of drug entering the skin in a more regulated
manner. Furthermore, NLC elements like lipids and surfactants
can operate as penetration enhancers by fluidizing or loosening
the lipidic bilayers of the stratum corneum.**

Due to the numerous significant independent (solid lipid-liquid
lipid ratio, drug-lipid ratio, type of liquid lipid and surfactant
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concentration) and dependent (particle size, entrapment efficiency
and drug release) variables to consider, conducting several
experiments and analyses would have been time-consuming and
resource-intensive. The Taguchi Design of Experiment (DOE)
strategy was therefore employed as a powerful tool to optimize
the formulation and improve product quality with minimal
testing.

The current study aimed to develop, optimize and characterize
NLCs containing MTX in a gel formulation, resulting in a stable,
non-irritant and patient-compliant delivery method for the
treatment of RA.

MATERIALS AND METHODS

Materials

PR. Pharma Source Pvt. Ltd., (Mumbai, India) supplied the
methotrexate. S. D. Fine Chem Limited (Mumbai, India) provided
the cetyl alcohol, castor oil, canola oil, almond oil, carbopol 940,
propylene glycol and tween 80. The remaining solvents and
reagents were of analytical grade.

Screening study
Screening of Solid Lipid

The highest amount of the drug solubilized in each lipid
(compritol 888ATO, cetyl alcohol and glyceryl monostearate)
was used to screen solid lipids (compritol 888ATO, cetyl alcohol
and glyceryl monostearate). The maximum lipid solubilization
capability for the drug was determined by dissolving the drug in
small quantities in a known quantity of melted solid lipids (kept
at 5°C above their respective m.p.). The drug was added, and the
mixture was stirred until, based on visual examination, no more
drug could be dissolved. This process was carried out 3 times.*

Screening of surfactants

Surfactants (span 20, tween 20 and tween 80) were chosen based
on the drug's saturation solubility in a combination of lipids and
surfactants. Excess drug was placed in stoppered vials (5 mL)
with oils (2 mL) containing a specific surfactant, which were
stirred for 72 hr using a rotary flask shaker to achieve equilibrium
at room temperature. The mixture was then centrifuged at 37°C
for 30 min at 5000 rpm, followed by supernatant collection,
methanol dissolution and spectrophotometric analysis at 259.5
nm (UV-1700 PharmaSpec, Shimadzu). The studies were done 3
times, and the data was summarised as mean standard deviation.”

Optimization of stirring time

To achieve the optimal timing, the stirring times for developing
NLCs were changed to 2 hr, 3 hr and 4 hr. These NLCs were
evaluated for particle size and drug EE to optimise the stirring
duration.”
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Formulation: Taguchi Design

Based on the pre-optimization investigation, the Minitab software
(Version 17) and Taguchi orthogonal (L9) array design was used
to optimise the formulation on chosen parameters (drug-lipid
ratio, solid lipid-liquid lipid ratio, type of liquid lipid, surfactant
concentration) (Table 1).® The L9 array design formulation
studies were formed and characterised for their responses (such
as particle size, zeta potential, drug entrapment and in vitro drug
release). The statistical optimisation method using ANOVA
to determine significance was used to investigate the effects of
critical elements on responses, with the benefit of constructing
the fewest number of formulations. A graph of Signal-to-Noise
ratios (S/N ratios) vs each level may be used to analyse responses
(the main effects plot displays the impact of each component
on responses). Each dependent variable's optimal level was
established to construct the final optimised formulation. The
resultant optimised formulation was validated by developing
and characterising it for responses and evaluating the Taguchi
design's dependability, appropriateness and robustness.?’

Preparation of Nanostructured Lipid Carriers
containing MTX

At 80°C, cetyl alcohol was melted and a liquid lipid (castor oil,
canola oil, or almond oil) was added. MTX was added to the lipid

mixture, mixed for 5 min and sonicated for 60 sec at 120 W. Tween
80 was added to this mixture and it was stirred for another 2 min.
The aqueous phase, which contained a co-surfactant (propylene
glycol), was kept at 80°C before being added to the melted lipid
phase. Stirring at 80°C for 15 min was followed by 5 min of
sonication to create the o/w microemulsion. The microemulsion
was mixed again and allowed to cool to 40°C. The heated
microemulsion was dispersed for 3 hr in a cold combination (2°C
to 4°C) of propylene glycol and distilled water (2:8) at a constant
ratio of 1:5 (microemulsion: dispersing medium). To separate
the free drug from the NLCs, the suspension was centrifuged at
8000 rpm for 30 min. The NLCs suspension was kept at 4°C until
further analysis.*

Characterization of NLCs containing MTX
Morphology of NLCs
Scanning Electron Microscope (SEM) (FEI, Quanta 200F, Japan)

BHU Varanasi, was used to examine the surface and shape
morphology of the NLCs suspension.

Particle size, Polydispersity Index (PDI) and Zeta
Potential

Malvern ZetaSizer Ver. 2.0, at CSIR-CDRI Lucknow, was used
to characterise the optimised NLCs for average particle size and
PDI. The surface charge of NLCs is measured as zeta potential by

Table 1: Taguchi Design to optimize the formulation variables.

Independent Variables Levels
Low (1) Medium (2) High (3)
A: Solid lipid-liquid lipid ratio (SL:LL) 65:35 70:30 75:25
B: Drug-lipid ratio (D:L) 1:5 1:7 1:10
C: Type of liquid lipid (LL) Almond oil Castor oil Canola oil
D: Surfactant concentration 8 10 12
Dependent variables Goal
(Y1): Particle size (nm) Minimize
(Y2): Entrapment Efficiency (%) Maximize
(Y3): Drug Release Maximize
L9 (3*) Standard orthogonal array
RUN Factor A SL:LL Factor B D:L Factor CLL Factor D Surf. Conc.
NLC1 75:25 1:10 Castor 8
NLC2 75:25 1:7 Almond 12
NLC3 65:35 1:7 Castor 10
NLC4 65:35 IES Almond 8
NLC5 65:35 1:10 Canola 12
NLC6 70:30 1:10 Almond 10
NLC7 75:25 1:5 Canola 10
NLC8 70:30 1:7 Canola 8
NLC9 70:30 1:5 Castor 12
S510 Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 2 (Suppl), Apr-Jun, 2025
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(A) B)

©)

Figure 1: (A) Skin before application of gel (B) Skin after application of gel (gel containing optimized formulation NLC9) (C) Skin after 24 hr of application of
gel (D) Skin after 7 days of application of gel.

utilising a zetasizer to determine the electrophoretic mobility of
NLCs in a U-type tube at 25°C.

Entrapment efficiency

A volume of NLCs suspension containing 10 mg of MTX was
centrifuged at 12000 rpm for 10 min at 10°C in a cold centrifuge
(SIGMA 3-18K, Sartorius). A spectrophotometer was used to
compare the supernatant to a reagent blank at 259.5 nm. To
calculate the percentage of drug entrapment, apply the following
equation:

__ Quantity of drug in supernatent

Entrapment Efficiency = x 100

Eq. (1)

Quantity of drug incorporated

In vitro drug release

In vitro drug dissolution experiments were carried out in a
Keshary-Chien (K-C) cell with a capacity of 25 mL and an egg
membrane in Phosphate-Buffered Saline (PBS), pH 6.8. In the
donor compartment, 2 mL of NLCs were poured. A flowing water
bath was used to keep the receptor compartment at 37+0.5°C. At
regular intervals, samples (1 mL) were taken and an equivalent
volume of PBS pH 6.8 was supplied to maintain sink conditions.
Filtered samples were diluted with 0.1 M sodium hydroxide and
spectrophotometrically analysed at 259.5 nm against a reagent
blank. Fitting the release data into several kinetic models such
as Korsmeyer-Peppas, Higuchi plots, zero-order plots and
first-order plots determined the drug release mechanism. The
model with a correlation coefficient approaching 1 was deemed
to be the best-fit model. The data was deemed to be the best
appropriate model.”!

Formulation of gel containing NLCs

Using Carbopol 940, the gel containing NLCs was produced using
the optimised NLC formulation. Carbopol 940 (1% w/w) was
accurately weighed and diffused in distilled water overnight.*?
The dispersion was infused with an NLCs solution containing
10 mg of MTX. The pH for gel formation was adjusted by gently
stirring in triethanolamine. The gel was left overnight to release
the trapped air.**** The prepared gel was further evaluated for
pH, drug content, viscosity, spreadability, extrudability, ex vivo
permeation, skin irritation and an antiarthritic study.

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 2 (Suppl), Apr-Jun, 2025

Characterization of NLCS Based Gel of Optimized
Formulation

pH determination

The pH of the gel was measured using a digital pH metre
(Systronics, 361-micro pH metre). A sample of gel (1 g) was
solubilized in distilled water (25 mL) and then the electrode was
immersed in the gel preparation for half an hour until a constant
value was obtained.”

Drug content

In 10 mL of ethanol, 100 mg of optimised gel preparation were
dissolved. 1 mL of this mixture was diluted to 10 mL and used
as a control, while another 1 mL was mixed with 10 mL of 0.1 M
sodium hydroxide, sonicated for 2 min and centrifuged at 6000
rpm. The supernatant was collected and spectrophotometrically
analysed for drug concentration at 259.5 nm.

Viscosity

It is an important metric to consider when analysing gels since it
effects drug release, extrudability and spreadability. The viscosity
(cps) of the gel formulation was determined using a Brookfield
digital viscometer with spindle no. 7 operated at 10-100 rpm.

Spreadability

The gel spreadability was determined using slightly modified
equipment proposed by Mutimer et al. The device is made from a
wooden block with a pulley at one end. A rectangular glass slide
was mounted on the wooden block. An excess of gel (about 2 g)
was placed on the ground glass slide under examination, over
which another glass slide with equal dimensions to the ground
glass slide was placed and fastened with a hook.*® For 5 min, a
300 g weight was placed on the upper slide to eliminate air and
establish a homogenous gel coating between the slides. The extra
gel was scraped away from the margins. The top slide was then
subjected to a 30 g weight pull-off via a line attached to the hook
and the time (in sec) required for the upper slide to move across
a 10cm distance was recorded.*® The spreadability was calculated
using the following formula:
s=mxl/ g4
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Table 2: Effect of formulation variables on particle size, zeta potential, drug entrapment and release characteristics according to Taguchi design.

Formulations Parameters Particle Size
A B c p (mm
NLC1 3 3 2 1 197.3+£0.5
NLC2 3 2 1 3 207.9+5.1
NLC3 1 2 2 2 199.6+3.4
NLC4 1 1 1 1 135.5+4.6
NLC5 1 3 3 3 139.8+7.4
NLC6 2 3 1 2 178.8+2.5
NLC7 3 1 3 2 187.9+5.6
NLC8 2 2 3 1 154.7+4.1
NLC9 2 1 2 3 136.2+£5.4

Where S denotes spreadability, | is the length in cm of the glass
slide, m is the weight in grams attached to the upper slide and t is
the time taken in sec.

Extrudability

A collapsible tube was used to estimate the amount of gel released
from the tube when a constant weight was applied to measure
gel extrudability. A steady weight was used to apply pressure to
the crimped end of the collapsible tube containing 1 g of gel.
When the cap was removed, the gel extruded until the pressure
was released. The extruded gel was measured and collected.
Extrudability is assessed in gram/force applied (Newton) per
minute.

Ex vivo Skin Permeation Study through Goat Knee
Skin

Drug penetration through the skin was investigated using a
Keshary-Chein cell with a capacity of 25 mL in PBS pH 6.8 over
excised goat knee skin (obtained from a nearby abattoir). The
donor compartment was filled with NLCs gel (equal to 5 mg of
drug), while the receptor compartment was filled with PBS pH
6.8 and kept at 37+0.5°C. At predetermined intervals, samples (1
mL) were extracted and replaced with an equivalent volume of
PBS pH 6.8 to maintain the sink condition. Filtered samples were
diluted with 0.1 M sodium hydroxide and spectrophotometrically
analysed at 259.5 nm (UV-1700 PharmaSpec, Shimadzu) against
a reagent blank.

Skin irritation test

For skin irritation studies, three healthy New Zealand white
male rabbits weighing 2.5-3.0 kg were used. They were fed a
standard diet and water ad libitum and kept under standard
laboratory conditions. The in vitro investigations were carried
out following the protocol authorised by the Pinnacle Biomedical
Research Institute's Institutional Animal Ethical Committee

S$512

Zeta Potential Drug In-vitro drug

(mV) entrapment (%) release (%)
-15.60 70.83£0.2 75.37£1.3
-21.30 79.97+7.2 78.26+1.2
-22.98 83.87+4.9 76.38+1.3
-28.70 77.60+6.4 82.17+1.4
-27.50 78.13+2.4 84.19+0.5
-27.10 86.2315.0 85.64+2.3
-26.80 83.1345.4 64.86+0.8
-23.60 86.23+7.8 69.42+0.7
-25.00 89.47+6.8 88.04%1.6

(PBRI/IAEC/PN-16044). The animals were treated by applying
a 0.5 g gel formulation to a 9 cm? region of the rabbit's abdomen
skin. For the next 7 days, the rabbits were visually inspected
for criteria such as sensitization (allergic response), excessive
redness and oedema in both test and control animals (Figure
1). In comparison to the irritation index categories, the main
Dermal-Irritation index (PDI) was determined using the
following formula. For the report, the appropriate response type
was specified.

_ Combined index for 1, 24, 48 and 72 hours

PDI 2 Eq. (3)

Antiarthritic study

To develop arthritis, 10 mg of carrageenan diluted in 1 mL of
saline was administered intra-articularly (on days 0, 7 and 14) in
the left knee of New Zealand white rabbits (weighing 2.5-3 kg) for
three weeks. Arthritic inflammation was measured by measuring
the diameter of the femorotibial joint using Vernier Callipers. The
evaluation was performed on day 0 (before to each intra-articular
injection) as well as on days 7, 14, 21, 28, 35 and 45. The treatment
of the test and standard began on the 15" day, when the highest
score of arthritic inflammation was detected. The MTX NLCs gel
was applied topically in a weekly split dosage of 7.5 mg, while
the equal amount of the commercial formulation was given once
a week. Using Tukey's multiple comparison tests, the data was
statistically assessed to see if there was a significant difference
between groups.

Stability

According to ICH recommendations, the optimised preparations
of MTX NLCs gel were stored at 5+1°C (refrigerator) and 25+1°C
(room temperature) for 90 days. Every 15 days, the samples were
analysed for physical properties such as appearance, precipitate
formation, dispersibility and so on, as well as residual drug
concentration.

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 2 (Suppl), Apr-Jun, 2025



Arya, et al.: NLCs Gel Containing Methotrexate for Arthritis

RESULTS

Screening study

The drug MTX was most soluble in cetyl alcohol and Tween 80. A
3 hr stirring period resulted in NLCs with reduced particle sizes
and maximal drug entrapment.

Formulation of MTX loaded NLCs

As shown in Table 2, formulation parameters such as drug-lipid
ratio, solid lipid-liquid lipid ratio, type of liquid lipid and
surfactant concentration were optimised based on particle size,
zeta potential, drug entrapment and in vitro drug release.

Optimization and Response analysis

All the trials that were carried out according to plan yielded
positive findings for particle size, EE and drug release. For
each trial, the S/N for the dependent responses Y1, Y2 and Y3
was computed and analysed to determine the relevance of each
element to select the optimum formulation.

Response analysis: Particle Size and Zeta Potential
Measurements

The particle size and zeta potential were calculated using a
zeta-sizer. PDI was used to determine the size distribution of the
nanoparticles. As seen in Figure 2(I), the S/N ratio for particle
size falls as the concentration of solid lipids increases. As the
quantity of lipids increases, the S/N ratio decreases drastically,
then modestly, showing that the lowest particle size is at the
lowest level of the drug lipid ratio. However, when the kind of
liquid lipid was altered, the S/N ratio of particle size did not
vary considerably. As the surfactant concentration increases, the
S/N ratio decreases at the intermediate level and subsequently
increases at the higher level. Table 3 shows the ANOVA results
for the S/N ratio for particle size. This trend can be attributed
to the complex interplay between surfactant concentration and
its effects on the physicochemical properties of the nanoparticles.
At intermediate surfactant levels, the increased concentration
may lead to factors like increased membrane permeability, drug
leakage and changes in the packing of the lipid bilayer, which
can contribute to the decrease in S/N ratio. However, at higher

Table 3: ANOVA calculations of the S/N ratio for particle size, entrapment efficiency and drug release.

Particle Size

SIl. No. Factors Degree of freedom Sum of Squares Variance F-Ratio Pure Sum Percent P (%)
(f) (S) (V) (F) ()

1 SILILIL 2 8.54 4.27 - 8.54 45.75

2 Drug: Lipid 2 4.79 2.39 - 4.79 25.67

3 Liquid lipid 2 1.045 0.52 - 1.05 5.62

4 Surfactant 2 4.29 2.14 - 4.29 22.97

concentration
Total 8 18.66 100.00
Entrapment efficiency

SI. No. Factors Degree of freedom Sum of Squares Variance F- Ratio Pure Sum Percent P(%)
(f) (S) (V) (F) (S)

1 SL:LL 2 1.51 0.754 - 1.51 53.15

2 Drug :Lipid 2 0.53 0.264 - 0.53 18.60

3 Liquid lipid 2 0.05 0.024 - 0.048 1.70

4 Surfactant conc. 2 0.75 0.374 - 0.75 26.40

Total 8 2.84 100.00

Drug release

SI. No. Factors Degree of freedom Sum of Squares Variance F- Ratio Pure Sum Percent P(%)
(f) (S) () (F) ()

1 SL:LL 2 1.75 0.87 - 1.75 27.84

2 Drug:Lipid 2 0.89 0.44 - 0.889 14.14

3 Liquid lipid 2 1.97 0.98 - 1.97 31.36

4 Surfactant 2 1.68 0.84 - 1.68 26.66

concentration
Total 8 100.00
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(&) B)

(©) D)

(A) B)

) (D)
(A) (B)
(©) D)
Figure 2: |: Smaller is best main effects plot for particle size (A) Solid lipid: Liquid Lipid (SL:LL), (B) Drug:Lipid (C) Concentration of
liquid lipid and (D) Concentration of surfactant. Il: Higher is best main effects plot for entrapment efficiency (A) Solid lipid: Liquid

Lipid (SL:LL), (B) Drug: Lipid (C) Liquid lipid concentration and (D) Surfactant Concentration. lll: Higher is best main effects plot for
drug release (A) Solid lipid: Liquid Lipid (SL:LL), (B) Drug:Lipid (C) Concentration of liquid lipid and (D) Concentration of surfactant.
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surfactant concentrations, the increased charge and reduced
aggregation of the nanoparticles can enhance the stability and
entrapment efficiency, leading to an increase in the S/N ratio.

As the quantity of lipids increases, the S/N ratio decreases
drastically at first and then more modestly. This trend can be
explained by the relationship between lipid concentration and
nanoparticle size. Higher lipid concentrations generally result in
the formation of larger nanoparticles, which can lead to decreased
drug entrapment efliciency and increased drug leakage, causing
a decrease in the S/N ratio. However, the rate of decrease in S/N
ratio slows down at higher lipid levels, as the nanoparticle size
reaches an optimal range for drug entrapment and stability.

Response analysis: Drug Entrapment Efficiency

The percent drug entrapment ranged from 70.83+2.2 to
89.47+6.8% for different NLC formulations (Figure 2(II)). Table

10

3 displays the results of the ANOVA used to compute the S/N
ratio for entrapment efficiency.

Response analysis: in vitro drug release study in PBS
pH 6.8

Figure 2(IIT) main effect graphs show how different formulation
factors impact nanoparticle dispersion. The S/N ratio showed
that formulations including canola oil (NLC5, NLC7 and NLC8)
had lower drug release. Liquid lipids (almond oil and castor oil)
had comparable impacts on drug release. Figure 3 displays the in
vitro release profile. Table 5 shows the ANOVA results for the S/N
ratio for drug release.

Selection of optimized formulation

The optimised formulation was NLC 9, which had the smallest
particle size (136.2 nm), the best entrapment effectiveness
(89.47+6.8%) and the highest drug release (88.04%). It has an

T

Time (Hrs) 15 20 25

Figure 3: /n vitro drug release of Methotrexate loaded NLCs, values mentioned in mean+SD, n=3.

Table 4: Compilation of observed primary skin irritation scores of MTX NLCs gel.
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Z 40
E
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10
o
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Animal no.
Day 1
Erythema Oedema
1 0 0
2 0 0
Total 0 0
Mean 0.00 0.00
Combined index 0.00
PDI 0.00 (Zero)
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Time Period after gel application

Day 2 Day 7
Erythema Oedema Erythema Oedema
0 0 0 0
0 0 0 0
0 0 0 0
0.00 0.00 0.00 0.00
0.00 0.00
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intermediate SL:LL ratio (70:30), a lower drug:lipid ratio (1:5),

castor oil as a liquid lipid and a greater surfactant content (12%).

Release kinetics

The release kinetics of the optimised batch NLC9 matched the
Higuchi model, as the figure with the best linearity (R*=0.942)
demonstrated. To investigate the diffusion mechanism, the data
were fitted into the Korsmeyer-Peppas equation. The optimised

batch's Korsmeyer-Peppas release exponent 'n' was 0.987.

Surface morphology

SEM micrographs revealed that the MTX-NLCs particles were

spherical with smooth surfaces (Figure 4).

pH
It was found to be 6.8 for the gel-containing optimized batch
NLCO.

Drug content

The drug content was found to be 83+0.43% for the optimized gel
formulation.

Viscosity measurement

The viscosity of the gel preparation was evaluated using a
Brookfield viscometer and reported to be 29800 cps.
Spreadability

The spreadability of the gel formulation was estimated utilizing
modified apparatus and was found to be 4.347+0.39 g.cm/sec.

120 -
100 -
80 -
60
20 -

Ex-vivo permeation of NLCs from gel

/{,

% Cumulative release

10

20
Time (hrs.)
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Figure 4: (A): SEM image of optimized formulation NLC9 and (B): Ex vivo permeation of NLCs from
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gel.
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Figure 5: I: (A) and (B) shows knees after inflammation and (C) and (D) shows knees after treatment. II: Bar graph indicating
inflammatory responses of various animal groups w.r.t. negative control, values mentioned in mean=SD, n=3.
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Extrudability

The extrudability of optimized MTX-NLC gel was found to be
7.05 g/cm? on applying a weight of 100 g.

Ex vivo Skin Permeation Study through Goat Knee
Skin
Ex vivo skin permeation study of gel formulation was performed

for 24 hr and release was found sustained, as displayed in Figure
4(B).

Skin irritation test

The individual skin scores and the Primary Dermal Irritation
(PDI) index of the MTX NLCs gel formulations were as
mentioned in Table 4.

Antiarthritic study

Maximum inflammation was found at day 15, as indicated in
Figure 5(I) (A) and (B) for various rabbits. The maximum arthritic
score was seen in all groups between the second and third weeks.
The formulation application for the test and standard groups
began on the 15" day. The diameter of the joint was observed to
be reduced after the formulation was applied, as shown in Table 5
and Figure 5(I) (C) and (D). Non-treated animals (control group)
continued almost as intensely till the end of the research. Figure
5(IT) shows the % knee diameter of the control and treatment
groups in relation to the negative control group at various time
intervals. After the formulations were applied (15" day), the knee
diameter of the treated groups was significantly decreased. In the
test group, Rabbit 1 showed a reduction in the inflamed diameter
from 7.6 mm to 5.7 mm, Rabbit 2 showed a reduction from 6.9
mm to 5.3 mm and Rabbit 3 showed a reduction from 7.2 mm to
5.3 mm, all towards the normal diameter (Table 5). The reduction
in knee diameter was greater in the test group than in the control
group. The positive control group, on the other hand, showed no
significant decrease in knee diameter.

Stability

Under all test situations, the physical features of the delivery

mechanism remain unchanged. Furthermore, stability
experiments demonstrated that MTX-NLCs were stable at
540.5°C and room temperature for 90 days, with no significant
variations in the formulation's residual drug content or particle

size.

DISCUSSION

Drug solubility in lipids must be high for increased drug
entrapment effectiveness, necessitating research into drug
solubility in diverse lipids. The drug MTX dissolved completely
in cetyl alcohol, forming a homogeneous liquid that did not
divide into layers upon cold and congealing. Surfactant screening
is critical for topical distribution since certain surfactants can
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induce skin irritation and enhance bacterial translocation. Tween
80 (HLB value 15), a non-ionic surfactant, demonstrated the
greatest MTX solubility and was thus chosen as the surfactant.
It also gives the delivery mechanism steric stability, resulting
in electrostatic repulsion between nanoparticles. Optimising
stirring time is also critical since it influences particle size, drug
entrapment and production time.”” The microemulsion process
was used to create the MTX-NLCs, which were then optimised
using the Taguchi design.

DoE is a powerful statistical technique used to screen and
optimize formulations by systematically varying multiple factors
and analyzing their effects on desired responses. The Taguchi
orthogonal array design, specifically used in this study, is a type
of DoE that allows for the investigation of critical factors with
a minimal number of experiments. In this study, the Taguchi
L9 orthogonal array design was employed to get an optimized
formulation of methotrexate MTX loaded NLCs. The main
effects of each factor on the responses were analyzed using S/N
ratios. The S/N ratio measures the variability in the response
due to uncontrolled factors, with a higher S/N ratio indicating
a more robust formulation. The optimal levels of each factor
were determined based on the highest S/N ratios for the desired
responses. ANOVA was used to determine the significance of
each factor on the responses. The ANOVA results provided
information on the percentage contribution of each factor to the
overall variability in the responses.

By using DoE, the researchers identified the critical factors
affecting the performance of the MTX-NLCs and optimized
the formulation with a minimal number of experiments. This
approach is more efficient and cost-effective compared to the
traditional one-factor-at-a-time method, where only one factor is
varied while others are kept constant. All-in-all, DoE is a valuable
tool for formulation screening and optimization as it allows
for the systematic investigation of multiple factors and their
interactions, leading to the development of robust and reliable
pharmaceutical products.

Even though all the studies carried out as planned showed good
results for particle size, EE and drug release, the optimised
batch was discovered using statistical techniques. Therefore,
the S/N for the dependent responses Y1, Y2 and Y3 for each
trial was computed and analysed to determine the relevance
of each element to select the optimum formulation. The S/N
ratio measures the dependability of data derived from the
effect of certain independent variables or factors on dependent
answers. The S/N ratio is an appropriate analytical criterion for
determining the optimal level for each experimental condition.
The sort of S/N ratio used is determined by the desired attribute.
The "main effects plots” were also generated by plotting the S/N
ratio for each component on the y-axis and the levels on the
x-axis. These graphics illustrate how various variables influence
S/N ratios over a variety of responses. The optimum compromise
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Table 5: Arthritic inflammation of joint after carrageenan injection, (diameter in mm), values mentioned in mean+SD, n=3.

Test group was treated by Rabbit Day 0 Day 1 Day 2 Day 7 Day 15 Day30 Day 45
prepared NLCs based gel of 1 5.6 5.6 5.7 6.8 7.6 6.1 5.7
MTX from day 15 to day 45.

2 5.1 5.1 5.1 6.1 6.9 6.2 53

3 5.3 53 53 6.6 7.2 5.9 53
Mean=SD, n=3 5.3+0.2 5.3+0.2 5.4+0.2 6.5+0.3 72%0.2 6.1+0.3 5.4£0.2
Standard group was treated by Rabbit Day 0 Day 1 Day 2 Day 7 Day 15 Day30 Day 45
standard preparation of MTX 1 52 57 5.1 6.2 73 6.9 6.0
from day 15 to day 45.

2 55 5.5 5.7 6.8 7.6 6.9 6.2

3 5.2 5.2 5.2 6.6 7.8 6.6 6.2
Mean+SD, n=3 5.320.1 5.3+0.1 5.3+0.2 6.5£0.2 7.6£0.2 6.840.1 6.1+0.1
Positive Control group (disease  Rabbit  Day 0 Day 1 Day 2 Day 7 Day 15 Day30 Day 45
induced, no treatment given). 1 59 59 53 6.0 73 73 73

2 5.5 5.5 5.5 6.3 7.6 7.6 7.5

3 5.5 5.5 5.6 6.5 7.7 7.7 7.7
Mean+SD, n=3 5.4%0.1 5.4+0.1 5.5+0.1 6.3+£0.2 7.5£0.2 7.5%£0.2 7.5%0.1
Negative Control group (treated Rabbit Day0 Day 1 Day 2 Day 7 Day 15 Day30 Day 45
with normal saline only). 1 5.0 5.0 5.0 5.0 5.0 5.0 5.0

2 53 53 53 53 53 53 53

3 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Mean+SD, n=3 5.320.2 5.3+0.2 5.3+0.2 5.3+0.2 5.320.2 5.3%0.2 5.3+0.2

between three replies (Y1, Y2 and Y3) was obtained based on the
plots to find the level for the best factor combinations (X1, X2 and
X3) as an optimised formulation.

The motion of the particles in the dynamically dispersed laser
light is used to calculate particle size and zeta potential.’”**
The dynamic laser particle size analyzer provides the bulk
population's average diameter and the PDI value to examine the
distribution range of 0.0 to 0.5. When applied to the skin, lipid
nanoparticles are said to have occlusion, adhesiveness and skin
hydration effects. When the size of the nanoparticles was less
than 200 nm, they displayed an adhesive effect by forming a film
over the skin. Because of the lipidic nature of this monolayer film,
it had an occlusive effect on the skin and retarded moisture loss,
resulting in evaporation inhibition and loosening of corneocyte
packing and opening of inter-corneocyte gaps, allowing for
deeper penetration of the drug into the skin.***

As seen in Figure 2(I), the S/N ratio for particle size falls as the
concentration of solid lipids increases. The increase in particle
size with the increase in solid lipid content was caused by an
increase in dispersion viscosity, which causes a stronger resistance
to emulsification when introduced to the external phase and
results in the generation of bigger particles. Furthermore, higher
viscosity inhibits the dispersion of the lipid phase in water from
getting finer during mechanical stirring. The S/N ratio is greatest
at high surfactant concentrations, suggesting a favourable
reaction. This demonstrates that the lowest particle size was at the
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greatest surfactant level because it promoted particle coating and
stabilisation.” Charged particles with high zeta potentials (-20 mV
to -50 mV) are less likely to aggregate due to electric repulsion.
This is consistent with the broader literature, which states that
increasing zeta potential leads to improved physical stability.
Aggregation is facilitated by lower zeta potential. The impact plot
(Figure 2(II)) shows that the highest levels of entrapment were
seen at medium levels of surfactant concentration and SL:LL ratio
(high S/N ratio at intermediate levels of SL:LL signals increased
entrapment). However, the drug-to-lipid ratio and the kind of
liquid lipid have no discernable effect on drug entrapment.

The results revealed that as the Solid Lipid (SL) concentration
increased, it led to a higher viscosity of the nanoparticle
dispersion, which in turn delayed the drug release. This effect
was more pronounced as the solid lipid concentration was
raised. Furthermore, the data showed that greater drug release
was observed at lower and intermediate SL:LL (liquid lipid)
ratios. Additionally, higher drug:lipid ratios (resulting in higher
S/N ratios) and higher surfactant concentrations (also leading
to higher S/N ratios) were found to enhance the drug release
from the nanoparticle formulations. These findings suggest that
the balance between the solid and liquid lipid components, as
well as the optimization of the druglipid ratio and surfactant
concentration, are critical factors in modulating the drug release
kinetics from the nanoparticle systems. However, whereas
formulations including canola oil (NLC5, NLC7 and NLC8)
indicated lower drug release as measured by the S/N ratio, liquid
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lipids (almond oil and castor oil) had similar effects. The S/N ratio
was used to evaluate and statistically analyse the responses to the
Taguchi L9 array design formulation experiments. S/N ratios were
submitted to an ANOVA analysis to establish the significance of
each factor's effect on individual responses. The drug:lipid ratio
and surfactant concentration were the next two most important
parameters for particle size after the SL:LL, according to the S/N
ratio and degree of variation (Table 3). The SL:LL ratio is the most
critical factor in drug entrapment, followed by particle size and
surfactant concentration. This is because the liquid lipid lowers
the index of crystallinity of the mixture's solid lipids, resulting
in vacuum areas where more drugs can be trapped. However,
surfactant concentration and liquid lipid type had equivalent
impacts on drug release in SL:LL. To create an optimised batch,
the ideal levels of each element must be determined once their
relevance has been established. It was done by looking at "main
effect plots" of the S/N ratio of all the components at each level
and doing an ANOVA on the variance of each factor.

The optimised batch NLC9 release kinetics followed the Higuchi
model, indicating a diffusion-controlled mechanism. Following
the Korsmeyer-Peppas, which indicates non-fickian (anomalous)
diffusion, drug release includes more than one mechanism,
namely diffusion and swelling-determined release.

The Carbopol microgels' rheological behaviour did not alter
significantly in the pH range of 5.0-8.0, which is within the
permissible range for dermatological preparations. As a result,
these gels can be used as excellent dermatological basis for
cutaneous applications.

Viscosity measurement has played an important role in the
creation of controlled-release preparations, particularly cutaneous
preparations. The goal is to determine the flowability, viscosity
and elastic properties of the produced dosage form. Viscosity
was measured at various shear rates and it was discovered that
when shear rate increased from 10 to 100 rpm, viscosity reduced
continuously. The shear-thinning behaviour of the MTX-NLC
gel is shown here, demonstrating pseudoplastic nature. The
gel's viscosity was suitable for a dermal preparation.*>* This
characteristic is caused by the colloidal network in the polymeric
matrix, which aligns itself when shear is applied, resulting in
a decrease in viscosity as the rate of shear increases. It may be
deduced that the created NLC gel will require a significant
amount of force to be withdrawn from the tube. Spreadability is
another crucial feature needed for spreading gel uniformly to the
skin and making the product appealing, which improves patient
compliance. Using adapted apparatus, the spreadability of the
gel formulation was assessed, revealing optimal spreadability for
cutaneous application. The force required to evacuate the gel from
the tube is measured using this approach. When some weight
is introduced to a gel formulation, maximum extrudability is
required for easy removal from the tube. The extrudability result
indicated that the gel may be easily removed with minimum
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force.””?* Ex vivo skin permeation study of gel formulation was
found sustained for 24 hr. The natural skin surface pH is typically
in the range of 4.1-5.8, with some variations across different
body sites. However, the use of a pH 6.8 buffer in the receptor
compartment of the ex vivo skin permeation study was still found
physiologically relevant, as it helps maintain the appropriate pH
gradient across the skin barrier. The pH 6.8 buffer was used in
the receptor compartment to maintain sink conditions for the
drug being studied. Maintaining sink conditions is crucial to
accurately determining the steady-state flux and permeability
coefficients across the skin.**

In some cases, the pH 6.8 buffers may have been chosen to better
mimic the physiological pH conditions that the drug would
encounter in vivo after topical application.

The MTX NLCs gel was "non-irritant” (PDI=0.00) to rabbit
skin, suggesting that the animals were healthy and active. Aside
from skin discomfort, there were no symptoms of aberrant
behaviour, unfavourable pharmacologic effects, or gross toxicity.
Arthritis has been produced in all animals and is visible at
the end of the first week as a result of frequent intra-articular
carrageenan injections. After the research was completed (on
the 45" day), the data was statistically analysed using Tukey's
multiple comparison tests for statistical significance. There was a
significant difference (p<0.05) between the treated and untreated
groups, demonstrating that the administered formulation had a
genuine impact. In addition, there was a significant difference
(p<0.05) in knee diameter between the test and control groups.
Nonetheless, there was no significant difference (p>0.05) between
the test and the negative control group. The stability investigations
demonstrated that excellent dispersibility was found without the
formation of any precipitate over the period of the experiment.
The greater physical stability of the dosage form may be due to
the smaller size of NLCs, stronger zeta potential and steric action
of Tween 80. There were no significant changes in the appearance,
pH, or residual drug content of the MTX-NLC gel. MTX-NLC
gel also showed no grittiness, precipitate formation, or phase
separation during the research. As a result, it is advised that the
created formulations be stored at room temperature or at room
temperature for a longer shelf life.

CONCLUSION

Finally, using the microemulsion process, an optimised batch of
methotrexate-loaded nanostructured lipid carriers with smaller
particle sizes and long-term physical stability was successfully
created. The Taguchi design was discovered to be a potential
approach for attaining the best conditions while simultaneously
minimising the number of experimental sets. The NLC gel
provided satisfactory characterization findings. When compared
to the usual formulation, the NLC gel was found to be much
more eflicient in progressively lowering the symptoms of
carrageenan-induced arthritis. The optimised NLCs formulation
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gel is expected to keep the drug at the location and might be
useful for delivering pharmaceuticals to a specific place through
the skin. Thus, based on the research, it can be concluded that
NLC formulations have the potential to be used as promising
delivery methods for the topical application of methotrexate for
the treatment of arthritis rather than conventional dose forms.
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