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Introduction: Methotrexate exhibits poor cutaneous bioavailability and systemic side effects on
topical administration, so there is an unmet need for a novel carrier and its optimized therapy.
Methotrexate-loaded nanostructured lipid carriers (MTXNLCs) were formulated and characterized
to determine in vitro drug release and evaluate the role of MTXNLC gel in the topical treatment of
psoriasis.

Methods: A solvent diffusion technique was employed to prepare MTXNLCs, which was
optimized using 3” full factorial designs. The mean diameter and surface morphology of
MTXNLCs was evaluated. The crystallinity of lyophilized MTXNLCs was characterized by
differential scanning calorimetry (DSC) and powder X-ray diffraction (XRD). MTXNLCs were
integrated in 1% w/w Carbopol 934 P gel base, and in vitro skin deposition studies in human
cadaver skin (HCS) were carried out.

Results: The optimized MTXNLCs were rod-shaped, with an average particle size of 253 +
8.65 nm, a zeta potential of —26.4+0.86 mV, and EE of 54.00+1.49%. DSC and XRD data
confirmed the formation of NLCs. Significantly higher deposition of MTX was found in HCS
from MTXNLC gel (71.52 £1.13%) as compared to MTX plain gel (38.48+0.96%). In vivo
studies demonstrated significant improvement in therapeutic response and reduction in local
side effects with MTXNLCs-loaded gel in the topical treatment of psoriasis. Anti-psoriatic
efficacy of MTXNLCs 100 ug/cm® compared with plain MTX gel was evaluated using
imiquimod (IMQ)-induced psoriasis in BALB/c mice. The topical application of MTXNLCs
to the mouse ear resulted in a significant reduction of psoriatic area and severity index,
oxidative stress, inflammatory cytokines like TNF-o0, IL-1B, and IL-6 and IMQ-induced
histopathological alterations in mouse ear samples.

Conclusion: Developed formulation of MTXNLC gel demonstrated better anti-psoriatic
activity and also displayed prolonged and sustained release effect, which shows that it can be
a promising alternative to existing MTX formulation for the treatment of psoriasis.
Keywords: methotrexate, nanostructured lipid carriers, Capmul MCM, Compritol 888,
psoriasis, IMQ

Introduction
Psoriasis is considered as chronic inflammatory skin disease and is clinically
characterized by erythematous, sharply demarcated papules and rounded plaques
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covered by silvery micaceous scale, epidermal hyperproli-
feration overlying immune-mediated dermal inflammation,
leading to profound adverse effects on patients’ physical,
social, and mental well-being (affecting millions of people
worldwide).! Management of psoriasis can be done based
on the symptoms and major factors affecting the disease
like occurrence, causative factors, the behavior of the
disease in different individuals, aggravating factors, the
efficacy of the available drugs, cost of different therapies
on a long-term basis, etc.”> Topical therapies currently
available for the treatment of psoriasis include tar, meth-
oxsalen (psoralen) with ultraviolet A radiation (PUVA),
calcipotriene, corticosteroids, calcineurin inhibitors, tacro-
limus, pimecrolimus, tazarotene, vitamin D analogs, and
salicylic acid. Moreover, systemic treatment of psoriasis
includes drugs like acitretin, cyclosporine, methotrexate,
infliximab, ixekizumab, secukinumab, anthralin photother-
apy with ultraviolet B radiation (UVB), and apremilast,
also the biologics such as TNF-alpha blockers (etanercept,
infliximab, adalimumab), IL-17 blockers (secukinumab,
IL-23
risankizumab)** Nevertheless, none of them are entirely

ixekizumab), and blockers  (guselkumab,
secure and effective to treat the disease without compro-
mising patient compliance.” Topical treatments suppress
the body’s immune system (eg, topical steroids) when used
for a prolonged period of time, whereas systemic drugs
impair liver and kidney functioning and decrease red blood
cell (RBC), white blood cell (WBC) and platelet counts.

Nanostructured lipid carriers (NLCs), a new generation
of drug carrier, consist of a lipid matrix with a special
nanostructure. They are the second generation of solid
lipid nanoparticles (SLN). Unlike SLNs (a highly ordered
structure due to involvement of solid lipids or blends of
solid lipids), NLCs present a lipid matrix with great imper-
fections in the crystal lattice, having enough space to
accommodate drug molecules, leading to improved drug
loading capacity, preventing its leakage, and giving more
flexibility for modulation of drug release.*”’

This may be due to the incorporation of liquid lipids
into solid lipids, which leads to massive disturbances in
their crystal order. Due to their biocompatibility and cap-
ability of incorporating both hydrophilic and lipophilic
drugs, NLCs have been widely investigated in topical
delivery systems and cosmetic products. Their small par-
ticle size ensures close contact with the stratum corneum
and the lipid provides selective drug delivery to skin
layers.® "' NLCs possess a solid matrix, which has the
potential to modulate the drug release over a prolonged

period with a reduced rate of systemic absorption.''
Another benefit of NLCs for topical delivery of active
compounds is the short time required to market these
products.'* 4

Methotrexate (MTX) is a folic acid antagonist with anti-
neoplastic activity. It is effective for the treatment of psor-
iasis when administered by the oral or parenteral route over
long periods of time. However, the systemic use of MTX is
associated with side effects such as hepatotoxicity.'
Topical administration of MTX has shown promise for
improvement of therapy with reduced side effects, which
is evidenced from many clinical studies'®. However, major
drawbacks associated with the drug for topical use include
its poor penetration across the skin due to its hydro solubi-
lity and high molecular weight (454.56 g/mol).'® Therefore,
there is a need to develop new delivery systems to solve this
problem and improve the local bioavailability of methotrex-
ate. One of the possibilities includes the development of
NLCs to increase the penetration of MTX across the skin.
Hence, the present work aimed to explore the potential
benefits of NLCs in improving the topical delivery of
MTX for the treatment of psoriasis.

Imiquimod is a synthetic nucleoside analog of the
imidazoquinoline family.'” It was discovered by com-
pound screens for anti-herpes virus activity.'® Topical
application of the compound is currently approved for
the treatment of genital and anal wart.

Topical application of IMQ on the skin and ears of
mice leads to psoriasis-like dermatitis with many hall-
marks of human psoriasis including skin thickening,
hyperkeratosis, acanthosis, scaling, and erythema.

Materials and Methods

Materials

Methotrexate was obtained as a gift from Zydus Cadila,
Ahmadabad, India. Compritol 888 was obtained as a gift
sample from Gattefosse, Saint-Priest, France. Capmul
MCM C8 was received as a gift sample from Abitex
limited, India. A dialysis bag (molecular weight cutoff of
14 kDa) was purchased from Hi-media Pvt. Ltd, Mumbai,
India. Trehalose dehydrate was purchased from Sigma
Chemicals Co., USA. Carbopol 934P (Noveon, USP)
was obtained from BF Goodrich (Cleveland OH, USA),
propylene glycol, and glycerol were purchased from
Qualigens, Mumbai, India. HCS (forearm region of the
dead bodies) was obtained from All India Institute of
Medical Sciences Hospital, Delhi, India (no ethical
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approval required for using HCS). All other chemicals
used were of analytical grade or spectroscopic grade.

Preparation of MTX Loaded NLC
Drug-loaded NLCs were prepared by the solvent diffusion

method in an aqueous system.'® Briefly, Capmul MCM
and MTX (5%) were added to the melted Compritol 888,
4 mL of acidified isopropyl alcohol (IPA) was added and
the resultant organic phase was heated to 65-70°C in
a water bath till the entire lipid was dissolved in solvent.
This phase was then added dropwise into 25 mL of dis-
tilled water under mechanical agitation using a high-speed
(IKA Labortechnik, Staufen,
Germany) at 1000 rpm for 10 min. The obtained pre-

homogenizer, Eurostar
emulsion was transferred to a round bottom flask and
subjected to Rota evaporation at 70°C to remove the
residual solvent under reduced pressure. After complete
removal of organic solvent, the dispersion was cooled
under stirring at room temperature, yielding drug-loaded
NLCs. After the pH value of the obtained NLC suspen-
sions were adjusted to 1.20 by the addition of 0.1
M hydrochloric acid, the nanoparticles were aggregated
and centrifuged at 25,000 rpm for 30 min (3K30, Sigma,
Germany). The NLC pellet was re-dispersed in distilled
water and the resultant dispersion was kept in a deep-
freezer (Sanyo Ultra Low Temperature Freezer MDF-
192, Moriguchi, Japan) at —75°C for 5 h. The sample
was then subjected to freeze-drying (Freezone 2.5 L,
Labconco, Kansas City, MO, USA) using trehalose as
a cryoprotectant in the weight ratio of 1:1 with the total
solid content (samples). A similar procedure was followed
for the preparation of blank (without using the drug) NLC
dispersion.

Experimental Design

Optimization of MTX loaded NLCs was carried out by 3°
factorial design to determine the effect of the two inde-
pendent variables, amount of Compritol 888 (solid lipid),
and amount of Capmul MCM (liquid lipid) on mean par-
ticle size (MPS) and entrapment efficiency (EE) (response
variables). Each factor was tested at three levels desig-
nated as —1, 0, and +1. The values of the factors were
transformed to allow easy calculation of coefficient in the
polynomial equation. Interactive multiple regression ana-
lysis and F statistics were utilized to evaluate the response
and the regression equation for the two responses were
calculated using the following formulae:

Response : Y1 (MPS)
= bo+bi X +byXo+b1 2 X +b2 2 X0 +b1n X Xa

(1

Response : Y2(EE>:b0+b1X1 +b2X2+b12X11

2
1+, X2 +b 1 X1 X,

Where, Y1 and Y2 are dependent variables viz. MPS and
EE, respectively, indicating the quantitative effect of the
formulation components, while by is the intercept and by,
b, represent the regression coefficients for the second-
order polynomial equations. The amount of solid lipid
(X1) and liquid lipid (X,) represents the level of indepen-
dent variables. X12 Xi1), X22 (X3) and XX, stands for
the quadratic effects of the variables. XX, indicates the
interactions between two factors. Multiple regression was
applied using Microsoft Excel in order to deduce the
factors having a significant effect on the responses. The
variables having p-value <0.05 in the model were consid-
ered to have a significant effect on the formulations.?

Contour Plots and Surface Response Curves
Contour plots and surface response curves represent the
values of the response and help in explaining the relationship
between independent and dependent variables. The full
models were used to plot both the contour plots and surface
response curves using Microsoft Excel and STATISTICA®
students’ version 1998 at the values of X; and X, between
—1 and +1 at predetermined values of particle size and EE.?'
Full model equations for MPS and EE were developed as per
equations 1 and 2, respectively.

Characterization of MTX Loaded NLCs
MPS, Poly-Dispersity Index, and Zeta Potential

The MPS, poly-dispersity index (PI) and zeta potential of
blank and MTXNLCs were determined by laser light dif-
fractometry using Zetasizer nanoseries, SM 2000K (Malvern
Instruments Inc., Malvern, UK). Samples were prepared by
dispersing MTXNLCs in a sufficient amount of water (pH 7)
to achieve obscuration between 10% and 20%.

Entrapment Efficiency (EE)

The free drug (unentrapped) in the NLC dispersion was
sedimented by controlled centrifugation at 2000 rpm, 4°C
for 30 min (Sigma centrifuge, 3K30, Sigma, Germany) and
the NLC dispersion was decanted without disturbing the
sedimented drug pellet. NLC dispersion was used for the
estimation of the entrapped drug, whereas the amount of
unentrapped drug was determined from the MTX pellet.
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A fixed volume of NLC dispersion and MTX pellet was
dissolved in acidified methanol: chloroform (MeOH: CHCl;
in a ratio of 1:2) and phosphate buffer pH 7.4 and analyzed
for entrapped and unentrapped drug, respectively, using UV
spectroscopy at 303 nm (Shimadzu 1601, Kyoto, Japan). EE
was calculated using equation 3.

Entrapped Drug

Entrapped Drug + Free Drug

_ Actual amount of drug entrapped in NLCs <100 (3)
" Theorotical amount of drug entrapped in NLCs

EE =

x 100%EE

Surface Morphology by Cryo-Transmission Electron
Microscopy

The morphological observation of MTX loaded NLCs was
performed to analyze the size, size distribution, and shape
of the NLC particles by Cryo-Transmission Electron
Microscopy (TEM) (CEM902a, Zeiss, D-Oberkochen,
Philips CM120, NLEindhoven) after sufficient dilution.*?

Differential Scanning Calorimetry

DSC studies of pure MTX, Compritol 888, physical mix-
ture of MTX and Compritol 888 (at a ratio equivalent to
that in the formulation) and the lyophilized MTXNLC
powder were carried out. Accurately weighed samples
were carefully placed in DSC boats and heating curves
were recorded in the temperature range of 25-250°C at
a heating rate of 10°C/min under an inert atmosphere (N,
8 mL/min). The study was carried out using a differential
scanning calorimeter (DSC, Mettler Toledo €822, Japan).

X-Ray Diffraction Study

An XRD study was carried out to judge the crystalline or
amorphous nature of the MTX loaded NLCs. X-ray pow-
der diffraction studies of pure MTX, Compritol 888, phy-
sical mixture of MTX and Compritol 888 (at a ratio
equivalent to that in the formulation) and lyophilized
MTXNLCs were done using Bruker AXS D8 Advance
X-ray diffractometer from 2° to 80° on 2 6 scales.

In vitro Release Study

The in vitro drug release profile of the MTXNLCs was
determined by dispersing 20 mg of the lyophilized
MTXNLCs in 25 mL of phosphate buffer saline (PBS,
pH 7.4), placing it into the dialysis bag (cutoff 14 kDa)
and stirring on a magnetic stirrer at 100 rpm at 37+1°C.
One mL of the dispersion was withdrawn from the med-
ium and replaced with the same amount of medium at
a definite time interval. It was filtered using a 0.4 um filter
(EMD Millipore, Billerica, MA, USA) and drug release

was analyzed by UV-visible spectroscopy at 303 nm.
Similarly, the in vitro drug release profile of the MTX
suspension was determined by suspending 2.5 mg of
MTX in 25 mL of PBS (pH 7.4). The experiments were
run in triplicate and the average results are reported.

Preparation of MTX Loaded NLCs Gel
Carbopol 934 P was used to prepare MTXNLCs gel. In brief,
Carbopol 934 P (1%) was dispersed in distilled water and
allowed to hydrate for 4 to 5 h. Propylene glycol (10%) and
glycerol (30%) were added subsequently to the aqueous dis-
persion, and 0.5 mL of triethanolamine was added under
gentle stirring to avoid the inclusion of air.*® Lyophilized
MTXNLC powder equivalent to 600 mg of the drug was
incorporated into the gel under gentle stirring. The dispersion
was neutralized with 1% w/v NaOH to pH 6.0, and water
(58.4%) was added to make up the final weight of gel up
to 100%.

In vitro Skin Deposition Study

HCS was washed thoroughly with hot distilled water to
remove subcutaneous fat. Full thickness HCS membrane
was prepared by shaving the skin, punching out a disc of
approximately 2.5 cm? areas, and slicing it to 500 mm thick-
ness using a Davis Dermatome-7 (Anthony Products,
Indianapolis, IN, USA). These slices were hydrated with
PBS for 24 h at room temperature prior to use.”* Thereafter,
0.1 g of gel was weighed, spread over the skin, and allowed to
stand for 36 h at room temperature. The amount of drug
remaining on the skin surface was determined by washing
the skin surface thrice with PBS and measuring the absor-
bance of the drug in PBS at 303 nm. The residual washing
solvent on the skin was carefully wiped off with a cotton
swab, the skin was digested overnight in PBS containing 3%
w/v sodium lauryl sulfate (SLS) at 40°C to allow the escape
of drug from the skin and the drug escaped from the skin was
quantified by a UV-visible spectrophotometer at 303 nm to
determine drug deposited in the skin.

In vivo Study

Animals (Ethics Statement)

Balb/c mice (7-8 weeks old) were procured from the
laboratory animal facility of our institute. They were housed
in standard temperature (22°C)/relative humidity (65%)
conditions and the environment with a 12 h photocycle.
All animals were provided a standard pellet diet and water
ad libitum. The animals were maintained in conformity with
the regulations laid down by the Committee for the Purpose
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of Control and Supervision of the Experiments on Animals
(CPCSEA) constituted under the Prevention of Cruelty to
Animals Act, 1960, Ministry of Environment and Forests,
Government of India. The experimental protocols were
approved by the TAEC of R. C. Patel Institute of
Pharmaceutical Education and Research, Shirpur, Dist-
Dhule, Maharashtra, India.

Imiquimod-Induced Psoriasis in Mice
Balb/c mice (7-8 weeks old) were used for in vivo evalua-
tion of the anti-psoriatic activity of methotrexate-loaded
nanostructured lipid carriers (MTXNLCs).>>*® Psoriasis
was induced in mice by topical application of IMQ on
ear. Daily, 3.5 mg of IMQ mixed with soft paraffin was
applied on the right ear of each mouse from all the groups
except the vehicle control group (receives soft paraffin
only). This application continued for 6 days. The left ear
of each mouse and both ears of the vehicle control group
were applied with soft paraffin as a vehicle for 6 days.

Treatment Groups
Mice were randomly divided into four groups (n = 6).

Group I: Vehicle control; applied with soft paraffin on
both ears.

Group II: IMQ treated; right ear applied with 3.5 mg of
IMQ/per day and left ear with soft paraffin.

Groups III: Methotrexate carbopol gel (MTXC) trea-
ted; right ear applied with 3.5 mg IMQ/per day and left ear
with soft paraffin. Topically, MTXC (100 pg/cm?) was
applied after an hour of IMQ application for 6 days.

Groups IV: Methotrexate-loaded nanostructured lipid
carriers (MTXNLCs) treated; right ear applied with
3.5 mg IMQ/per day and left ear with soft paraffin.
Topically, MTXNLCs (100 pg/cm?) was applied after
an hour of IMQ application for 6 days.

Pharmacological Evaluation

Measurement of Ear Thickness

The ear thickness was measured using a Vernier caliper
(Digimatic Caliper, Mitutoyo Products) at 0, 2, 4, 6 days.
The increase in ear thickness was used to indicate the
extent of inflammation.?’

PASI Score

PASI scoring of the mice was done to examine the severity
of psoriasis in the IMQ-induced mice by evaluating the
degree of erythema, swelling, and scaling on the affected
skin surface, an objective scoring system was developed

based on the clinical Psoriasis Area and Severity Index
(PASI). PASI score was measured on a scale of 0 to 4,
from none to maximum. O-none; 1-slight; 2-moderate;
3-marked; 4-very marked. The cumulative score (0-12)
of erythema, swelling, and scaling indicated the severity

of inflammation.?®

Ear Weight

At the end of the study, mice were sacrificed, and using
a biopsy punch (4 mm) ear tissue was collected from both
the ears. The difference in IMQ-treated ear and control ear
was calculated in percentage increase in weight.

Weight of Lymph Node, Spleen, and
Thymus

Auricle lymph node, spleen, and thymus were isolated
after 24 h of the final application of IMQ. The lymph
node of both ears was collected also spleen and thymus
isolated. The weight of these organs was taken immedi-
ately after the isolation.

Tissue Homogenization

After completion of treatments, animals were bled under
anesthesia and then sacrificed. Ear samples were collected
and kept in liquid nitrogen and they were homogenized in
phosphate buffer saline (pH 7.4) and stored at —20°C for
further assays.

Estimation of Oxidative Stress

Estimation of GSH

The GSH content in ear homogenates was determined by
treating the homogenates with the DTNB method.*’ Briefly,
20 pL of tissue homogenate was treated with 180 pL of
1 mM DTNB solution at room temperature. The optical
density of the resulting yellow color was measured at
412 nm using a microplate spectrophotometer and final
concentration was determined by using standard calibration
curve (Powerwave XS, BioTek Instruments Inc., Winooski,
VT, USA).

Determination of the Catalase Activity

As reported,” the ear homogenate (20 pL) was added to
1 mL of 10 mM H,O, solution in the quartz cuvette. The
reduction in optical density of this mixture was monitored
using a microplate spectrophotometer in UV mode at 240
nm. Rate of decrease in the optical density across 3 min
from the addition of the liver homogenate was taken as an
indicator of the catalase activity present in the homogenate
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and the final concentration was determined by using
a standard calibration curve.

Estimation of SOD Activity

The ear homogenate (20 uL) was added to a mixture of 20
pL of 500 mM of Na,CO;, 2 mL of 0.3% Triton X-100, 20
puL of 1.0 mM of EDTA, 5 mL of 10 mM of hydroxyla-
mine and 178 mL of distilled water. To this mixture, 20 uL
of 240 uM of NBT was added. The optical density of this
mixture was measured at 560 nm in kinetic mode for 3
min at 1| min intervals. The rate increase in the optical
density was determined as an indicator of the SOD activ-
ity. The final concentration of SOD was determined by
using a standard calibration curve.

The Extent of Lipid Peroxidation

The ear homogenate samples were treated with 3.0 mL of
1% phosphoric acid solution and 1.0 mL of an aqueous
solution of 0.6% thiobarbituric acid. The reaction mixtures
were heated at 80°C for 45 min, cooled in an ice bath, and
extracted with 4.0 mL of N-butanol. The n-butanol layer
was separated and the absorbance of the pink complex
formed was estimated at 532 nm as an indicator of the
extent of lipid peroxidation and the final concentration was
determined by using a standard calibration curve.

Determination of Pro-Inflammatory Cytokines

The concentrations of TNF-a, IL-6, and IL-1p in ear
homogenates were determined by sandwich ELISA
according to the manufacturer’s protocols using ELISA
kits. A 100 pg protein sample was used for the determina-
tion of cytokine level and optical density was taken at 570
nm by using a microplate reader. Concentrations of cyto-
kine were calculated in pg/mg of protein.

Histopathological Examination

At the end of the experiment, tissue was collected and
stored in formalin up to further process. Tissues were
processed into paraffin tissue blocks using routine meth-
ods, sectioned, or serially sectioned to obtain consecutive
levels. The sections were stained with hematoxylin and
eosin (H&E). The grading of various histological para-
meters was done with reference to the identification of
the characteristics of IMQ-induced psoriasis, eg, minimal,
mild, moderate, marked, and severe infiltrates observed
within the dermis. At least 5-6 fields were analyzed for

each slide for proper interpretation.®!

Statistics

Data were analyzed mean + standard error mean by one-
way ANOVA followed by Bonferroni’s multiple compar-
ison, repeated measure ANOVA followed by Friedman
nonparametric test.

Results and Discussion

Factorial Design

Nine batches of MTXNLCs were prepared by the solvent
diffusion method utilizing 3> statistical factorial design
experiments. Table 1 provides the real values and the
transformed values for different batches of MTXNLCs
along with their MPS and EE. The results of the regression
output and response of the full model of MTXNLCs are
presented in Table 2. The mean particle size (dependent
variable) of MTXNLCs obtained at various levels of the
two independent variables (X; and X,) was subjected to
multiple regression analysis which resulted in a full
model second-order polynomial equation. The MPS values
showed a wide variation ranging from 175+20.1 to 269
+10.28 nm, while EE values varied from 34+1.44% to 54
+1.49%. Highest EE was achieved (54+1.49%) at a high
level (+1) of X; (100 mg) and medium level (0) of X,
(30 mg) in batch FAS8. The following equations (4 and 5)
are the quantitative effect of the formulation components
on independent variables X; and X,. These equations were
derived by the best-fit method to describe the relationship
between the particle sizes (Y1), the concentration of solid
lipid (X1), and the amount of liquid lipid (X2). Similarly,
it also describes the relationship between the entrapment
efficiency (Y2) and the variables X1 and X2.

Y, (MPS)= 233 + 18X, —28.3333X,+2X; @
—TX2—4.75X,X,
Y,(EE)= 52 + 4.5X;—1.5X,-2.5X;;-7.5Xy,

5
+1.75X1 X, ©)

The significance of each coefficient of equations 4 and 5
was determined on the basis of p-values as listed in Table
2. The smaller the p-value, the more significant is the
corresponding coefficient, implying that the amount of
solid lipid and liquid lipid is significant. From Table 2, it
is clear that the main effects of the independent variables
(X and X,) were significant factors for prediction of both
MPS and EE as their p-values are below 0.05 (p<0.05),
whereas the interaction term X;X, had little predictive
value as their p-values were found to be above 0.05
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Table | Formulation of Methotrexate-Loaded NLCs by 3*Factorial Design: Factors, Their Levels and Transformed Values, Response:

MPS and EE
Batch No. Compritol 888 Capmul MCM X1 X2 X1 X22 XI1X2 MPS t SD* EE * SD*
(mg) (mg) (nm) (%)
Al 60 20 =1 =1 | | | 240+ 15.9 42 £ 0.86
A2 60 30 =1 0 | 0 0 222+ 15.02 44 £ 1.25
A3 60 40 -1 | | | =1 175 + 20.1 34+ 1.44
A4 80 20 0 =1 0 | 0 258 + 12.2 44 £+ 1.62
A5 80 30 0 0 0 0 0 228+ 14.5 53 £ 1.04
A6 80 40 0 | 0 | 0 199 + 20.44 44 £ 1.16
A7 100 20 | =1 | | =1 269 + 10.28 47 £ 0.66
A8 100 30 | 0 | 0 0 253 + 8.65 54 + 1.49
A9 100 40 | | | | | 223 + 12.32 46 = 1.66

Note: *Data are represented as mean = SD (n=3).

Table 2 Response of Full Model for Methotrexate-Loaded-
NLCs

Response | Mean Particle Size %Entrapment
(MPS) Efficiency (%EE)
X p-value X p-value
Coeff. Coeff.
XI 18 0.161377 4.5 0.008793
X2 —28.333 [ 0.003319 ) 0.134292
X12 2 0.000876 -2.5 0.144688
X22 -7 0.620082 7.5 0.009798
X1X2 4.75 0.149443 1.75 0.147502
Intercept 233 *9.76 E-06 52 3.8 E-05
(significant) (significant)

Note: *Statistically significant (p<0.05)

(p>0.05).* Model F values for MPS and EE were 52.78
and 16.78, respectively, while their corresponding Fi,,
values were 3.68 and 3.14, respectively, which implies
that the models are highly significant (p-value<0.05).
However, when the coefficients of the two independent
variables in equation 4 were compared, the value for X,
(b, = —28.33) was found to be maximum and hence it was
considered to be a major contributing factor affecting the
particle size of the MTX loaded NLCs. Here, the negative
sign indicates the increase in the level of one variable
causing a decrease in the response parameter, while
a positive sign indicates the increase in the level of one
variable causing an increase in the respective response
parameter. It was found that the change in the ratio of
Compritol 888 and Capmul MCM had a significant effect
on the particle size. Similarly, the value for X; (b; = 4.5)
as shown in equation 5 was also highest the between two

independent variables, indicating a major contributory

factor as a variable for EE. However, a quadratic term of
X, (X5,) was found to be maximum (—7.5), pointing to
a negative influence on the EE due to interaction between
X,. The goodness of fit of the model was checked by the
determination coefficient (R?).

The values of R? for MPS (0.9887) and EE (0.965) for
the full model indicated that over 98% of the total varia-
tions were explained by the model. The values of adjusted
determination coefficients (adj R*) were also very high
(0.97 for MPS and 0.91 for EE) for the full model, indicat-
ing the significance of the model because R? value near to
1 signifies an excellent correlation between the indepen-
dent variables. Thus, all the above considerations indicate
that the model was highly significant and can explain 99%
variations around the mean value.

Contour Plots and Surface Response

Curves

The contour plot shows predicted MPS values at different
levels of Compritol 888 and Capmul MCM (Figure 1). It can
be seen that an increase in the amount of Compritol 888
increased MPS, while increasing the Capmul MCM amount
led to a decrease in the MPS. The surface response curve
also shows increased particle size with an increasing amount
of solid lipid. The size of lipid nanoparticles is highly
dependent on lipid concentration, which can be explained
in terms of the tendency of lipid to coalesce at high lipid
concentration. According to Stoke’s law, this behavior can
be explained by the difference in density between the inter-
nal and external phases.’” In contrast, an increase in the
amount of liquid lipid showed a reduction in particle size.
The slight curvature in the surface response curve points
towards the insignificance of quadratic effects. (X57).
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of Compritol 888 and Capmul MCM.

However, we have not studied the effect of Capmul MCM
below 18 mg and hence it would be difficult to conclusively
predict the significance of the quadratic effects. Figure 1
reveals an increase in EE when the amount of Compritol 888
was increased up to 105 mg, with a fixed amount of Capmul
MCM (30 mg), whereas the particle size was found to be
increased beyond 100 mg. Similarly, EE was found to be
increased when the amount of Capmul MCM (liquid lipid)
was increased up to 30 mg, while decreased entrapment was
observed beyond 30 mg of liquid lipid. This may be due to
lipid precipitation during particle formation. After homoge-
nization, the mixture of drug and lipid in each droplet is
cooled, which leads to precipitation of the lipid earlier than
the drug; this ultimately results in a drug-free core or at least
a core with reduced drug content.*® Thus, an increase in the
lipid load beyond a certain extent (as optimized) causes the

drug to be present in the outer shell or remain outside
the NLC in the external aqueous phase leading to poor
entrapment efficiency. This can be seen by the presence of
curvature in the surface response curve for EE indicating the
significance of quadratic terms (X,* and X,%) (Figure 1).
Thus, it can be concluded that optimum responses (mini-
mum possible PS and maximum possible EE) can be
attained when the amount of Compritol 888 and Capmul
MCM was 60—100 mg and 2040 mg, respectively.

Characterization of NLCs

Morphology

Results of the TEM analysis of NLCs indicated rod-shaped
NLCs (Figure 4) with narrow size distribution and were
non-aggregated. The diameters of the particles observed in
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the micrographs are in good agreement with the data
obtained from the Malvern particle size analyzer (Table 1).

Differential Scanning Calorimetry

DSC gives information regarding the crystalline or amor-
phous nature of the samples. Figure 2 shows DSC curves of
pure MTX, Compritol 888, physical mixture, and lyophi-
lized MTXNLCs. Thermograms of bulk and Compritol 888
exhibited endothermic peaks at 136.54°C and 72.81°C,
respectively, corresponding to their melting temperatures
(Figure 2A and B). The peak for MTX was completely
absent in lyophilized MTXNLCs (Figure 2D), while it was
clearly evident in the physical mixture of MTX (136.54°C)
and Compritol 888 (71.24°C) as shown in Figure 6C. It has
been reported that when the drug does not show its endother-
mic peak in the nanoparticulate formulations, it is in the
amorphous state.>*** Hence, it could be concluded that the
drug was present in the amorphous phase and may have been
homogeneously dispersed in the NLCs.

X-Ray Diffraction

The XRD data of pure MTX clearly exhibited its highly
crystalline nature with a principal peak at 20 value of
27.304, whereas Compritol 888 showed a principal peak
at 20 value of 21.226 (Figure 3A and C). In the physical
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mixture of MTX and Compritol 888, the crystalline peak
for Compritol 888 was clearly evident at 26 value of 21.27
(Figure 3D), whereas no peak for MTX (at 20 value of
27.304) was observed in the NLC formulation, indicating
its presence in an amorphous or molecularly dispersed
state. The XRD of lyophilized MTXNLCs showed some
crystalline modification in Compritol 888, indicating dis-
orderliness of the crystalline structure of solid lipid due to
liquid lipid. Moreover, XRD of the cryoprotectant (treha-
lose dehydrate) (Figure 3B) alone confirmed that the peak
at 20 value of 20 in the NLC may be due to trehalose
dehydrate.*”

Evaluation of MTX Loaded NLCs

In vitro Release Studies

The cumulative percentage release of methotrexate from
MTX suspension (MTX-S) and MTXNLCs was investi-
gated over a period of 5 and 30 h respectively. Each
sample was analyzed in triplicate and release curves are
shown in Figure 4. It was observed that MTX-S released
82.15+4.69% of the drug at the end of 5 h, while
MTXNLCs showed a 30.05+0.50% drug release at 10 h.
Furthermore, MTXNLCs showed 61.91+2.22% of MTX
release with sustained and steady release over the entire

DSC
B mW
1.00!
0.00 ’
\/// Peak  72.81C
1.00 | onset 7051C
Endset 74.67C
Heat -42.41mJ
-2.00! -28.27JIg
50.00 60.00 70.00 80.00 90.00
Temp [C]
DScC
mw
Peak 71.55C
0.00 .
\ Onset 66.66 C
\ Endset  77.47C
g Heat 1.06J
} N -531.14J/g
50.00 N T
| AN
™~
f N
ly M
-100.00 N
~
N
~ ~\
100.00 200.00 300.00
Temp [-C]

Figure 2 DSC thermograms of (A) methotrexate; (B) Compritol 888; (C) physical mixture of methotrexate and Compritol 888; (D) MTXNLC formulation.
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Figure 3 XRD of (A) methotrexate; (B) Compritol 888; (C) physical mixture of Compritol 888 and methotrexate; and (D) lyophilized MTXNLC formulation.

period of study (30 h). Relatively slow and sustained drug
release was observed from the MTXNLC formulation,
which can be attributed to the penetration of the aqueous
diffusion medium into the hydrophobic lipid followed by
slow dissolution and diffusion of the drug from the NLCs.
The drug released from the lipid matrix by zero-order
diffusion. This kind of drug release pattern is of interest
in dermal application, as sustained release provides the
drug over a prolonged period of time with improved pene-
tration into the deeper layer of the skin. In comparison to
the drug release from MTX suspension showing more than
80% drug release within 5 h, MTXNLCs present a better
delivery system for MTX.

The drug release data from the MTXNLCs were fitted
into the Korsemeyers Peppas model to find the release
mechanism. The release exponent “n” of MTXNLCs was
0.53, showing a combination of dissolution and diffusion
mechanism (anomalous diffusion - 0.5 < n < 1) with R?
value of 0.992; this may indicate that the drug release is
controlled by matrix diffusion-based kinetics.*®

In vitro Skin Deposition Studies

In vitro skin deposition of plain MTX gel and MTXNLC
gel was investigated using HCS and the results are com-
pared in Figure 4C. The study revealed a significantly
higher deposition of MTX from MTXNLCs gel in the
skin (71.52+1.13%) than the plain MTX gel (38.48
+0.96%). The results of these studies supported the

hypothesis that the incorporation of MTX into NLC
enhances the drug deposition into HCS. The results are
also in agreement with the reports that SLN and NLCs
improve the dermal localization of several topical thera-
peutic agents.>’>® One of the reasons to employ the NLC
approach for topical delivery of MTX was to improve its
dermal localization for reducing its systemic toxicity and
enhancing the localized treatment of psoriasis.

Effect of MTX Loaded NLCs in IMQ-Induced
Psoriasis

The effect of the MTXNLC gel in the attenuation of psor-
iasis symptoms was evaluated using IMQ-induced psoriasis
in a mouse model. IMQ-induced psoriasis is a widely used
animal model for the study of the efficacy of various drugs
and formulations in experimental psoriasis.®* The MTXNLC
gel exhibited significant anti-psoriasis activity as compared
to the control and plain MTX-gel formulation.

Effect of MTXNLCs on Ear Thickness

The topical application of IMQ to the mice ear resulted in
the increased thickening of dorsal skin lesions from day 0
to day 6. Ear thickness in mice was assessed as an index of
skin inflammation. Ear thickness of the mice was mea-
sured as an independent parameter of skin inflammation.>
The IMQ plus MTXNLC treated group showed signifi-
cantly lower thickness values as compared to the IMQ-
treated group. However, the MTX plain gel inhibited the
thickening of mice skin, but the results are less prominent
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and NLCs.

as compared to the inhibition of ear thickness by
MTXNLC formulation, as shown in Figure 5.

Effect of MTXNLCs on Morphological Features in
IMQ-Induced Psoriasis in Mice

To assess the effect of MTXNLCs on morphological fea-
tures of IMQ-induced psoriasis we used a PASI scoring
system. The PASI scores include skin thickness, erythema,
and scaling. IMQ application resulted in increased PASI
scores due to increased thickness, erythema, and scaling.
As compared to the normal animal, a significant increase
in the PASI score was noted in the IMQ-treated group.
PASI score was significantly (p<0.001) attenuated in
MTXNLCs and plain MTX gel-treated groups (Figure 6).
The effect of MTXNLCs (100 pg/cm?) was found to be
comparatively effective with the plain MTX gel. The
effect was pronounced due to the better release of MTX

from MTXNLCs and increases in bioavailability.

0.307 -~ Normal -« IMQ+MTX Corbopol Gel (100)
T = IMQ -+ IMQ+MTXNLCs (100)
E
o 0.25-

74
[}
c
= *kk
(%]
".::: 0.20+
©
w
0.15 T T T T
0 Day 2 Day 4 Day 6 Day
Treatment (Days)

Figure 5 Effect of MTXNLCs on ear thickness in IMQ-induced psoriasis. Data are
analysed by two way ANOVA and represented as mean+SEM.Post-test-Bonferroni
posthoc test. p<0.05 is con- sidered statistically significant. ***p<0.001 is compared
with the IMQ control group and ###p<0.001 is compared with normal.

Effect of MTXNLCs on Organ Weights
IMQ application in the mice resulted in the enlargement of
the spleen and increased spleen weight. The spleen weight
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Figure 6 Effect of MTXNLCs on morphological features in IMQ-induced psoriasis in mice. (A) Erythema score; (B) thickness score; (C) PASI score; (D) scaling
score. Post-test-Kruskal-Wallis test. p<0.05 was considered statistically significant.

was significantly reduced in the animals receiving the
topical application of MTXNLCs at the dosage of 100
ug/cm2 and as compared to the animals treated with only
IMQ. Reduction of spleen weight following treatment with
MTXNLCs in IMQ-induced psoriasis in mice indicates the
diminution of humoral immune responses.*’ Similarly, we
observed significant (p<0.001) decreases in the weight of
thymus and lymph node in MTXNLC-treated animals as
compared to IMQ-treated mice (Table 3).

Effect of MTXNLCs on SOD, GSH, CAT, and MDA
Levels

We measured the SOD, GSH, CAT, and MDA levels in
mouse skin samples by respective assay kits. We noted
a significant reduction of CAT, GSH, and SOD levels as
well as increased levels of MDA in IMQ-treated animals

as compared to the normal animals. The topical applica-
tion of MTXNLCs at the dosage of 100 pg/cm® and
MTX plain gel (100 pg/cm?) resulted in the significant
(»<0.001 and p<0.01, respectively) elevation of GSH,
CAT, and SOD activities. Moreover, the treatment of
mice with MTX loaded NLCs or with plain MTX gel
showed suppression of MDA levels in mouse skin sam-
ples (Table 4). These results imply that MTXNLCs were
able to maintain the balance between oxidative and anti-
oxidative systems in an experimental model of IMQ-
induced psoriasis. Oxidative stress has an important role
in the development and progression of various skin dis-
eases including psoriasis.*' Reactive oxygen species can
stimulate various inflammatory pathways including
MAPKs and NF-xB which lead to inflammatory
pathology.*> The MTXNLCs showed better protection as

Table 3 Effect of MTXNLCs on Organ Weight in IMQ-Induced Psoriasis

Group Organ Weight (mg)

Ear Weight Lymph Node Spleen Thymus
Normal 3.3+0.48 24+3.9 64+14 50+6.6
IMQ 5.0£0.4 % 30£2.0%# 166107 60£4.77%
IMQ+MTX Carbopol gel (100) 3.31£0.48%+* 24+ | 5FwE |59+ | 2%+ 48+3.7%F*
IMQ+MTXNLCs (100) 3.04£0.4 | #¥* 18+ .9+ 108+ | OF+* 3714.6%F*

Notes: Data were represented as mean+SEM. Post-test Bonferroni post hoc test. ¥¥p<0.001 as compared with the IMQ and *#$<0.001 is compared with normal.
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Table 4 Effect of MTXNLCs on Lipid Peroxidation, Gluththione and Antioxidant Enzymes

Group MDA GSH CAT SOD

(ng/mg of Protein) (ng/mg of Protein) (U/mg of Protein) (U/mg of Protein)
Normal 39+4.6 40+1.4 34+3.8 28+1.8
IMQ 1124259 9.8+ .8 32,2 15+3.4
IMQ+MTX Carbopol gel (100) 52+ | 3¥k* | 72 5%%* 2345 4% 20+4.7%%%
IMQ+MTXNLCs (100) 3788k 37+5.5% 31£3.6%% 26| 5%

Notes: Data were represented as meanSEM. Post-test- Bonferroni post hoc test. **p< 0.001 as compared with the IMQ and *#p<0.001 as compared with normal.

compared to MTX plain gel. The NLC formulation
increases bioavailabilit and hence showed better activity
as compared to MTX plain gel.

Effect of MTXNLCs on Cytokine Levels

Inflammatory cytokines including TNF-o, IL-1B, and IL-6
were measured in the skin samples of normal, IMQ-applied,
IMQ + MTX plain gel treated and IMQ + MTX loaded NLC
formulation treated mice by ELISA assay. The expression of
TNF-a, IL-1B, and IL-6 was found to be significantly
increased in skin samples of IMQ-applied mice as compared
to the normal mice. Meanwhile, a significant decrease in the
expression of all three measured cytokines (TNF-a, IL-1f, and
IL-6) was noted following the application of MTXNLCs at
100 pg/cm?. The treatment of mice with plain MTX gel also
resulted in a decrease in cytokine levels (Figure 7). A marked
decrease in the cytokine levels by the MTXNLCs implies the
protective effect of tested MTXNLCs against IMQ-induced
inflammatory lesions in mice.

Effect of MTXNLCs on Histopathological Alterations
IMQ-induced histopathological alterations in the mice ear
samples were observed using hematoxylin and eosin stain.
Inflammatory cell infiltration and increased epithelial

thickness were observed in the IMQ-treated group as
compared to normal animals. The hematoxylin and eosin
staining of the ear samples revealed increased parakerato-
sis, acanthosis, and inflammatory cell infiltration. The
treatment of animals with MTXNLCs showed significant
attenuation of histological alterations. The effect observed
in the MTXNLC group was better than the effect observed
in the plain MTX-gel group (Figure 8).*

Conclusion

The formulation of MTXNLCs was optimized using a 3°
factorial experimental design, selecting the solid lipid
and liquid lipid contents for achieving optimum particle
size and maximum entrapment efficiency. The resultant
NLCs were smooth as seen under TEM. DSC and XRD
study indicated an amorphous or molecularly dispersed
state of MTXNLCs. The in vitro release study of
MTXNLC showed sustained release of drug for 30 h.
In vitro skin deposition studies showed significantly
higher (p<0.05) deposition of MTX from MTXNLCs
gel in the skin than plain MTX gel. The findings of
this investigation conclusively demonstrate the promis-
ing role of MTXNLC gel in the treatment of psoriasis.
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Figure 7 Effect of MTXNLCs on the release of cytokines in IMQ-induced psoriasis in mice. (A) TNF-q; (B) IL-6; (C) IL-1p. Data are represented as mean * SEM. Post-test-
Bonferroni post hoc test. *¥p< 0.001 as compared with the IMQ and *#p<0.001 is compared with normal.

International Journal of Nanomedicine 2020:15

submit your manuscript

4775

Dove


http://www.dovepress.com
http://www.dovepress.com

Agrawal et al

Dove

IMQ+MTX Carbopol gel (100)

IMQ+MTXNLCs (100)

Figure 8 Effect of MTXNLCs on histopathological alterations in IMQ-induced psoriasis in mice.

Apart from improving the therapeutic response, NLC
based MTX gel also caused a reduction in adverse
effects, fostering better patient compliance.

The evaluation of MTX loaded NLCs in the IMQ-
induced psoriasis model displayed significant anti-
psoriasis activity. The developed MTXNLCs decrease
the PASI score, oxidative stress, inflammatory cyto-
kines, organ weights, and protected the animals from
IMQ-induced histopathological alterations in mouse
skin. The MTXNLCs showed more promising effects,
as compared to the plain MTX-gel formulation which
might be due to an increase in the bioavailability and
contact time of the drug. Thus, MTXNLC gel may be
considered as an alternative to existing therapy of
psoriasis using available formulations in the market.
However, the role of NLC-based gel formulations
may only be established after clinical evaluation of
a large number of patients, with a special focus on
the adverse symptoms of therapy with extensive tox-
icological studies.
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