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5. Introduction

LCNPs formulations have become popular in topical drug delivery. The LCNPs formulation
exhibits properties of adhesiveness, biocompatibility, biodegradability, thermodynamic
stability. LCNPs can encapsulate drugs with hydrophilic and hydrophobic nature, and they can
accommodate a high amount of the drug molecule in its complex structure. The LCNPs
formulation exhibits high surface area, and the structure of the formulation resembles
intercellular lipids of the skin. The similarity of the LCNPs with skin lipids augments the
interaction and permeation of the nanoparticle. The increased permeation enhances the efficacy
of the formulation. The nanosize of the formulation forms a thin layer over the skin and imparts
the occlusive nature. The occlusive film formed over the skin reduces the TEWL leading to the
skin's hydration and increase the gaps between corneocytes. The interaction between the skin
lipid and the nanoparticle lipid increases skin retention. The complex structure of LCNPs
favors the controlled release of the drug from the formulation. The present work aimed to
develop the Apremilast loaded LCNPs by quality by design approach and evaluate skin
retention and dermatokinetic profile on topical application. The main objective of the work was
to prepare the LCNPs formulation with a size less than 200 nm and increase the permeation
and skin retention of the formulation to enhance the efficacy. The LCNPs were prepared by
emulsification followed by high shear homogenization, which favors easy scale-up of the

formulation [1-3].

5.1. Materials

HPLC grade methanol, acetonitrile, orthophosphoric acid, methylparaben, propylparaben, and
potassium dihydrogen phosphate were procured from Merck, Mumbai, India. Glyceryl
monooleate (GMO) was received as a gift sample from Mohini Organics Pvt. Ltd., India. PEG

200 was obtained from CDH fine chemicals (New Delhi, India). Antibiotic-antimycotic
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solution and Dulbecco’s modified Eagle’s medium were obtained from Thermofisher Scientific
(India). Fetal bovine serum was purchased from Himedia (Mumbai, India). Carbopol® 974 P
NF was received as a gift sample from Lubrizol (Belgium). Lutrol® F 127 (Poloxamer 407)
and were received as gift samples from BASF (India). Cellophane tape was purchased from

Scotch 3 M, USA. All other solvents, reagents, and chemicals used were of analytical grade.

5.2. Methods

5.2.1. Drug excipient compatibility study

The formulation excipients glyceryl monooleate and poloxamer 407 were evaluated for
compatibility with percent assay and visual inspection. Individual excipient and drug were

mixed at the ratio of 1:1, and 100 pL milli-Q water was added and stored at 30 °C for 3 months.

5.2.2.Quality by design approach
The identification of quality target product profile and critical quality attributes, risk

assessment, and optimization design selection are discussed in section 3.2.3.

5.2.3.Preparation of Apremilast LCNPs

LCNPs were prepared by emulsification technique using a high shear homogenizer. In brief,
the batch quantity of GMO, Labrafil M2125, Poloxamer 407, and drug were weighed in a glass
vial. The batch quantity of preservatives was added to the above mixture, and 500 pL of acetone
was added to the vial to dissolve the drug and preservatives to obtain a homogeneous
dispersion. The mixture was subjected to melt the lipid and evaporate the acetone at 70 + 2 °C.
Further, 80% batch quantity of water was heated at 70 + 2 °C and added to the above mixture
under high shear homogenization for size reduction. After size reduction, the mixture was
cooled to room temperature under continuous stirring. The prepared dispersion was made up
to the batch volume. The LCNPs dispersion was subjected to centrifugation at 5000 rpm for 5

min at 4°C. The supernatant dispersion was transferred to an ultracentrifuge tube (Amicon
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Ultra-0.5 molecular weight cut-off 100 KDa) and centrifuged at 5,000 rpm for 30 min. The
concentrated Apremilast loaded LCNPs dispersion was diluted with milli-Q up to batch

volume.

5.2.4. Scale-up studies of the optimized batch
The selected batch was scaled-up to 50 mL and 100 mL. All the formulation parameters were

increased proportionally, whereas all process parameters were kept constant.

5.2.5.Characterization of lipid nanocarriers

Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR), Particle size,
zeta, morphology, in-vitro drug release studies of Apremilast loaded LCNPs dispersion,
Cytotoxicity study, Cell uptake study using Coumarin-6, and Quantitative real-time
polymerase chain reaction (RT-PCR) analysis for expression of TNF-a in psoriasis induced

model were performed as mentioned in section 3.2.6.

5.2.5.1. Powder X-ray diffraction

The selected formulation, drug, and physical mixture were evaluated for the crystallinity using
a powder X-ray diffractometer (Rigaku- Miniflex). The analysis was performed for solid
samples using the copper tube as an anode. The analysis was performed over a range of 10—

40° at scattering angle of (26) employing an accelerating voltage of 30 kV at 25 °C.

5.2.5.2. Entrapment efficiency

The amount of Apremilast entrapped in LCNPs formulation was determined using the direct
method. The selected Apremilast loaded LCNPs dispersion was subjected to centrifugation at
5000 rpm for 5 min at 4 °C. The supernatant dispersion was transferred to an ultracentrifuge
tube (Amicon Ultra-0.5 molecular weight cutoff 100 KDa) and centrifuged at 5,000 rpm for 30
min. The concentrated Apremilast loaded LCNPs dispersion was subjected to lysis and

extracted using acetonitrile. The extracted dispersion was centrifuged at 8000 rpm for 10 min,
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and the supernatant was analyzed after suitable dilutions. The percent entrapment efficiency

was calculated using equation 5.1

Total amount of drug entrapped

% Entrapment efficiency = x 100 (Eg.5.1)

Total amount of drug added

5.2.5.3. Polarised light microscopy

Anisotropic liquid crystalline phases (hexagonal, lamellar, and reversed hexagonal phases) are
optically birefringent. The phase identification can be made using the polarized microscope.
The Apremilast loaded LCNPs dispersion was placed on the glass slide and subjected to
vacuum drying for one hour to concentrate the dispersion. Then, the coverslip was placed on
the dispersion and observed under a polarized light microscope (Olympus: BX53M). The

birefringence was observed under 20X magnification with and without cross polariser at 25 °C

[3]

5.2.6.Preparation and characterization of Apremilast loaded LCNPs gel and free drug-
loaded gel

Preparation and evaluation for rheological behavior, occlusive test, ex-vivo skin permeation

studies, dermal retention studies, ex-vivo dermal distribution studies, dermatokinetic

estimation were performed as mentioned in section 3.2.7 and section 3.2.8.

5.2.7. In-vivo skin retention and irritation studies

The animal study was performed with prior approved protocols by the IAEC (Protocol No.
IAEC/RES/24/06/Rev-1/28/28). The animals were treated with Apremilast loaded LCNPs gel,
and free drug-loaded gel and skin retention studies were performed as mentioned in section

3.2.9.2.
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5.2.8.Storage stability of Apremilast loaded LCNPs gel
The selected formulation was evaluated for storage stability up to three months at 4 °C and 25

°C as mentioned in section 3.2.10.

5.2.9. Statistical analysis
All the data were statistically analyzed using either ANOVA/student’s t-test as deemed fit or
by other statistical evaluation parameters wherever applicable. The significance was evaluated

at 95% confidence interval (p < 0.05).

5.3. Results and discussion

5.3.1. Drug excipient compatibility study

The results showed there was an insignificant change in percent assay (less than 1%). And there
was no alteration in the physical appearance of the mixture, indicating the absence of

interaction between selected excipients.

5.3.2.Quality by design approach for formulation development

The identification and classification of QTPP is the prime and key action in QbD based
development. The safety and efficacy of the final product can be preferably achieved by quality
parameters related to QTPP. The QTPP parameters with respect to Apremilast loaded LCNPs
are listed in Table 5.1. CQAs identification and selection from QTPP is the secondary step of
QbD design. CQAs have a prominent role in the quality of finished dosage form. Therefore,
there is a need to explore their effect on formulation and monitored during the process. The

CQAs with respect to Apremilast loaded LCNPs are summarized in Table 5.2.

5.3.3.Critical material attributes and critical process parameters
The CMAs and CPPs affecting the Apremilast loaded LCNPs quality and performance were

identified. Amount of lipid and surfactant concentration were selected as CMAs, and
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homogenization time was selected as the CPP. The amount of lipid and surfactant concentration

has a strong influence on entrapment efficiency and particle size.

Table 5.1. The QTPP parameters with respect to Apremilast loaded LCNPs

Quality target product profile (QTPP)

Target product e .
profile Target Justification
LCNPs loaded | For improved permeation and skin retention with ease of
Dosage form LT
hydrogel application.
Rout_e .Of . Topical Endorses local action with reduced systemic absorption.
administration
Dose strength 0.05% Wiw The dose within the minimum effective concentration
range
Appearance White smooth | Soft gel free from grittiness, odour, or colour with
PP textured gel patient acceptability.
The smaller particle size increases the occlusive nature.
Particle size <200 nm In addition, the small size of the formulation enhances
the permeation through the stratum corneum.
Entrapment Maximum Higher entrapment helps in increasing the efficacy with
Efficiency minimum lipid quantity (enhanced drug loading).
Drud release Sustained It favors the slow release of the drug within the skin and
g release exhibits enduring effects.

Table 5.2. Critical quality attributes of Apremilast loaded LCNPs

Critical Quality

Justification

attributes

Entrapment The higher the entrapment, the higher the skin permeation and skin

efficiency retention.

Particle size The smaller the particle size, the higher the occlusive effect and
improved permeation.

Particle size It favors the uniform drug release, and high particle size distribution

distribution leads to irregular drug loading and fluctuation in drug release.

Drug release

The prolonged drug release favors in reducing dosing frequency with a
longer duration in skin layers.

Skin retention

The higher skin retention indicates reduced systemic side effects and
localized action.
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Homogenization exhibits a direct impact on particle size. Additionally, the temperature, stirring
time, and stirring speed influence the process and show an effect on the product quality. The
material attributes, process parameters, and other independent variables affecting the finished
product quality of Apremilast loaded LCNPs were identified using Ishikawa fish-bone diagram

as illustrated in Figure 5.1.

Drug Material Machines

Log P Lipid melting point
and crystallinity Speed of magnetic stirrer
Pka Heating time and
HLB and type of N temperature
Solubility surfactant
Cooling time and
Melting point temperature

Gelling agent-Type, L 5
. pH, Concentration _ 3 Homogenization time
APIloaded
LCNP
Environmental Rate of mixine of oil
conditions t;o ml.xmglc: |, Ex vivo permeation and
and aqueous pnase retention, dermatokinetics
Batch size of

Quantity of aqueous
phase

formulation FTIR, XRD, Drug

release

Dimensions of stitrer ——— Solubility of drug in

2 % Enfrapment
lipid

Efficiency

Dimensions of vessel
Size, PDI, and Zeta
potential

Weighing

. Formulation ..
Miscellaneous Characterization
Parameters

Figure 5.1. Ishikawa diagram showing the potential CMAs and CPPs that affect the CQAs of
Apremilast loaded LCNPs formulation.

5.3.4.Risk Assessment and screening of variables

The risk assessment was performed for various factors like the amount of lipid, amount of
surfactant, stirring speed, stirring time, temperature, homogenization time, homogenization
speed, solvent for dissolving drug, lipid and surfactant to determine the effect on entrapment

efficiency and particle size. The Risk estimation matrix analysis was performed by qualitatively
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evaluating and marking the potential risk of each factor by initial trials. The amount of lipid,
amount of surfactant and homogenization time were found to exhibit a high impact on the
entrapment efficiency and particle size. The risk priority number score was allotted based on
the available literature, initial trials and factors were selected for screening. The risk assessment
matrix to determine the critical material attributes and process parameters is represented in
Table 5.3.

Table 5.3. Risk estimation matrix to determine the critical material attributes and process
parameters.

Critical Critical material attributes and process parameters
Quality A ; fep fep

: mount | Amount of | Homogeniz Stirring | Stirring
attributes of lipid | surfactant | ation time Temperature | “goeeq time
Entrapment | 0 High High Low Low | Medium
efficiency
Particle size High High High Medium Medium Low

g g g

Polydispersity | \iodium | High High Medium | Medium | Low
index
Drug release High High Medium Low Low Medium

5.3.5. Design of experiment for optimization

The Box Behnken optimization design was employed to optimize Apremilast loaded LCNPs
dispersion. Box Behnken can be employed for interaction between input variables with the
least number of experiments and allows the optimization, evaluation and estimation of the
formulation. The amount of lipid, amount of surfactant (material attributes) and
homogenization time (process attributes) were selected for design as the independent variables
at three levels. All other materials and process parameters were kept constant, including drug
concentration and batch size. The entrapment efficiency and particle size were selected as the
response (dependent) variables. Using Design-Expert® 8.06 (Stat Ease, Inc., Minneapolis,
USA), 17 experiments were generated with three centre points (three factors and three levels).

The 17 runs generated were executed arbitrarily to counteract the effect of impeding or
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extraneous factors. The model efficiency and the significance of selected input factors were
verified by ANOVA. The values of response variables obtained for the experimental runs of

Apremilast loaded LCNPs DoE batches are presented in Table 5.4.

Table 5.4. The values of independent variables and response variables of Box Behnken trials.

S.No. | Lipid | Surfactant | Homogenization | Particle size % Entrapment | PDI
(mg) | (%) time (min) (nm)

1 100 0.75 10.00 155.30 £ 2.19 73.91+244 0.426
2 50 0.50 10.00 134.90 + 6.88 17.63+£5.31 0.284
3 100 0.50 15.00 227.80 + 12.65 60.59 + 4.48 0.245
4 100 0.75 10.00 173.80 £ 4.45 83.42 £6.14 0.330
5 100 0.50 5.00 232,50 £9.13 62.83 £5.02 0.250
6 100 0.75 10.00 168.30 £ 7.73 70.08 £ 1.57 0.281
7 150 0.75 15.00 183.90 + 5.65 78.52 £1.03 0.267
8 150 0.50 10.00 253.20 +8.34 62.07 £1.93 0.259
9 100 0.75 10.00 186.80 £ 6.13 76.75 +£9.80 0.400
10 100 0.75 10.00 156.40 + 8.17 74.52 + 4.39 0.344
11 100 1.00 5.00 189.90 + 11.60 67.19 + 3.64 0.635
12 150 1.00 10.00 191.30 +10.43 83.03 +4.61 0.462
13 50 0.75 15.00 200.40 +11.01 46.83 +7.16 0.288
14 50 0.75 5.00 140.76 £ 12.12 55.29 + 3.11 0.428
15 150 0.75 5.00 240.90 £ 6.91 83.43 +6.83 0.281
16 50 1.00 10.00 105.20 £9.71 53.25 +5.97 0.932
17 100 1.00 15.00 157.00 £ 7.70 69.13 +4.93 0.468

*The data mentioned is the average of experiments performed in replicates (n=3). PDI was not considered as the
response variable. (Low lipid — 50 mg; Medium lipid — 100 mg; High lipid — 150 mg; Low surfactant — 0.50 %;
Medium surfactant — 0.75 %; High surfactant — 1.00 %; Low homogenization time — 5.00 min; Medium
homogenization time — 10.00 min; High homogenization time — 15.00 %)

5.3.5.1. Effect of independent variables on particle size

The average particle size of Apremilast-loaded LCNPs of 17 experiments was in the range of
105.2 to 253.2 nm. The response surface quadratic model F-value was 6.46, which indicates
that the model was significant. The ANOVA for the responses is represented in Table 5.5. The

contour plot graph and 3D plot graph of the particle size are represented in Figure 5.2 A and
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Figure 5.2 B. The lack of fit of the model was insignificant compared to the pure error with an
F-value of 4.07. The regression equation of particle size in terms of coded values of chosen
independent factors is represented in equation 5.2.

Size = 127.995 + 2.6607A — 141.78b — 6.588C — 0.644AB — 0.11664AC — 5.64BC —
0.00146A% + 106.72B? + 1.0804C? (Eq. 5.2)

The regression equation’s (+) positive symbol represents the positive quantitative effect on
response value with the respective input variable. The regression equation’s (-) negative
symbol represents a decrease in response value with the respective input variable. The
observed R-square (0.89258) and the adjusted R-square (0.754473) values exhibited a close
agreement with less than 0.2 variations. The lack of fit indicates the competence of the model
fitting to the experimental results and affords dissimilarity in the best fit model’s data. The
insignificant lack of fit in experimental results indicated the best fit for the model. The
regression equation suggested an increase in particle size with an enhancement in the amount
of lipid. A reduction in particle size was observed with an increase in surfactant concentration
and homogenization time. The increase in the surfactant concentration reduces the interfacial
tension between the lipid and water phases due to stabilizing particles.

Similarly, the homogenization time has an impact on size reduction. An increase in
homogenization time reduces the particle size, breaking the large particles into smaller
particles. The increase in the amount of surfactant and homogenization time has reduced the
particle size of LCNPs. The S/N ratio of the model was found to be 9.407, indicating the

adequacy of the model.
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Figure 5.2 A. The contour plot graph indicating the effect of independent variables on the
particle size of Apremilast loaded LCNPs. Figure 5.2 B. The 3D graph indicating the effect of
independent variables on the particle size of Apremilast loaded LCNPs.

5.3.5.2. Effect of independent variables on entrapment efficiency

The average entrapment efficiency of Apremilast-loaded LCNPs of 17 experiments was in the
range of 17.62 to 83.43%. The response surface quadratic model F-value was 8.11, which
indicates that the model was significant. The contour plot graph and 3D plot graph of the
entrapment efficiency were represented in Figure 5.3 A and Figure 5.3 B. The lack of fit of
the model was found to be insignificant compared to the pure error with an F-value of 3.93.
The regression equation of particle size in terms of coded values of chosen independent factors
is represented in equation 5.3.

Entrapment efficiency = —134.154 + 1.346072A + 329.5501B — 1.81478C —
0.29308AB + 0.003548AC + 0.837536BC — 0.00413A% — 182.5836B2 +

0.034501C? (Eq.5.2)

The regression equation’s (+) positive symbol represents the positive quantitative effect on
response value with the respective input variable. The regression equation’s (-) negative
symbol represents a decrease in response value with the respective input variable. The observed

R-square (0.912469), and the adjusted R-square (0.799929) values were found to be in close
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agreement with each other with less than 0.2 variations. The best fit for the model was indicated

by the insignificant lack of fit in experimental results.

Entrapment efficiency Entrapment efficiency
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Figure 5.3 A. The contour plot graph indicating the effect of independent variables on the
entrapment efficiency of Apremilast loaded LCNPs. Figure 5.3 B. The 3D graph showing the
effect of independent variables on the entrapment efficiency of Apremilast loaded LCNPs.

Table 5.5. ANOVA for response Particle Size and Entrapment efficiency.

Response Particle Size Entrapment efficiency
Source F-value p-value F-value p-value
Model (significant) 6.462895 | 0.0112 | 8.107952 0.0058
A- Amount of lipid 26.23042 | 0.0014 | 41.09868 0.0004

B-Surfactant concentration | 13.2864 0.0082 11.03943 0.0127
C-Homogenization time 0.386405 | 0.5539 | 0.427376 0.5342

AB 0.655604 | 0.4448 0.98193 0.3547
AC 8.6025 0.0219 | 0.057566 0.8173
BC 0.502838 | 0.5012 | 0.080189 0.7852
A? 0.141101 | 0.7183 | 8.221117 0.0241
B? 0.473781 | 0.5134 | 10.02866 0.0158
C? 7.76918 0.0270 | 0.028893 0.8698

The regression equation suggests an increase in entrapment efficiency with enhancement in the
amount of lipid and amount of surfactant. The increase in the amount of lipid favors increased

drug solubility due to the interaction between the lipid phase, further increasing entrapment
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efficiency. The increase in the amount of surfactant has a positive effect as it maximizes lipid
utilization in nanoparticle formation. This maximum utilization of the lipid increases
entrapment efficiency. The regression equation describes the increase in homogenization time
and reduces the entrapment efficiency. Whereas the interaction of lipid, homogenization, and
surfactant, homogenization positively affects the entrapment efficiency. The maximum lipid
was utilized by the increase in homogenization time and surfactant concentration. This favors
the increase in entrapment efficiency. The S/N ratio of the model was found to be 10.353,

indicating the adequacy of the model.

5.3.6. Validation of the design to select optimized batch

The obtained design space was validated using the numerical desirability method. The
independent variables were chosen to the optimum level to optimize the LCNPs formulation
with small particle size and highest entrapment efficiency. The constraint criteria selected to
attain the desired response variable are summarized in Table 5.6. The suggested solution with
a desirability value near 1 (0.844) was selected from the obtained solutions. The desirability
contour plot, with maximum entrapment efficiency and minimum particle size, is shown in

Figure 5.4.

Design-Expert® Software Design-Expernt® Software Design-Expert® Software
Factor Coding: Actual Factor Coding: Actual Factor Coding: Actual
Desirability Size Entrapment efficiency
1.000 2532 83.4344
0.000 105.2 17.6252
X1 = A: Lipid X1 = A Lipid X1 = A Lipid
X2 = B: Surfactant X2 = B: Surfactant X2 = B: Surfactant
Actual Factor Actual Factor Actual Factor
C: Homogenation = 10.18 C: Homogenation = 10.18 C: Homogenation = 10.18

Figure 5.4. The desirability contour plot, with maximum entrapment efficiency and minimum

particle size.
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Table 5.6. Constraint criteria for achievement of desired response variable and deviation (%)
obtained in validation batch of Apremilast loaded LCNPs dispersion.

Parameter Goal Lower Limit Upper Limit
A: Amount of lipid (mg) In range 50 150

B: Surfactant concentration (%) In range 0.5 1.0

C: Homogenization time (min) In range 5 15
Particle size (nm) Minimize 105.20 253.20
EE (%) Maximize 17.63 83.43

Deviation (%) calculation of Apremilast-LCNPs formulation.

Parameter Predicted values Actual values % Deviation
Particle size (nm) 167.99 173.25+£2.192 5.251

% EE 75.68 75.028 £ 0.235 0.650

The optimized formulation selected contained 100 mg lipid, 0.75 % surfactant and 10.18 min
homogenization time, showing 0.844 desirability. The optimized batch was executed. The
particle size and entrapment efficiency of the formulation were found to be 173.25 + 2.192 nm
(PDI 0.273 £ 0.008) and 75.028 + 0.235 %, respectively. The obtained results were found to
be near to the predicted values, indicating the desirability of the design. The deviation of

predicted particle size and entrapment efficiency was 5.251 nm and 0.65%, respectively.

5.3.7.Scale-up of the optimized batch

The selected formulation was further evaluated for scale-up capability. The optimized batch of
10 mL formulation was scaled up to 50 mL and 100 mL. The parameters similar to the centre
point were used for the preparation of the scale-up baches. The particle size and entrapment of
10 mL, 50 mL, and 100 mL batches are listed in Table 5.7. There was minimal difference
between the size (< 30.4 nm) and entrapment efficiency (< 0.743%), indicating scalability of
the Apremilast loaded LCNPs formulation. The particle size graph is illustrated in Figure 5.5.

The zeta potential of the LCNPs formulation was found to be —21.46 + 1.30 mV (as shown in
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Figure 5.6). The morphology of the selected formulation is illustrated in Figure 5.7. The
particle size of the formulation was in the range of 84.98 nm to 173.50 nm.

Table 5.7. The particle size and entrapment of 10 mL, 50 mL and 100 mL batches.

Batch Size 10 mL 50 mL 100 mL

Particle size (nm) | 187.233 £2.06 | 156.833 £5.840 | 180.067 £ 1.662

PDI 0.274 = 0.009 0.251 £ 0.019 0.264 + 0.033
Entrapment
efficiency (%) 75.144 £0.601 | 74.401 = 0.849 74.660 £ 0.467

Intensity(Percent)
@

1 10 100 1000 10000

Size (d.nm)

Figure 5.5. Apremilast loaded LCNPs dispersion and particle size statistics graph.
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Figure 5.6. Apremilast loaded LCNPs dispersion zeta potential graph.
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Figure 5.7. The morphology of the LCNPs formulation.

5.3.8.Characterization of Apremilast loaded LCNPs dispersion

5.3.8.1. Compatibility of selected excipients

The significant interaction between the selected excipients and the drug was evaluated by
generating ATR spectra of the pure drug, physical mixture, and Apremilast loaded LCNPs
dispersion. The amide group of Apremilast exhibits peaks in the range of 3100 and 3500 cm™.
The peaks in the range of 1600 cm™ and 1300cm™ indicate the alkene (C=C) and alkane (C-C)
bonds. The presence of ester (C-O) and C-OH group peaks were observed in the range of 1000
cmtand 1100 cm™. The ATR spectra of the drug, physical mixture, and LCNPs formulation
are shown in Figure 5.8. The study demonstrates that there was no interaction between the

drug and other formulation excipients, indicating excellent compatibility.

5.3.8.2. Powder X-Ray diffraction

The X-ray diffraction studies confirm the characteristic structural differences between drug and
LCNPs formulation. The X-ray diffraction was recorded for Apremilast, physical mixture and
LCNPs formulation. The diffractograms are represented in Figure 5.9. The Apremilast peaks
disappeared in the LCNPs formulation, and sharp peaks were observed indicating LCNPs

formulation. The liquid-like order arrangement within LCNPs layers leads to the diffusion of
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four spot wide-angle patterns. This was expected due to hidden first-order reflection by beam

stop, alignment of signals on the equator showing the planes lie parallel [2,4].
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Figure 5.8. The ATR spectra of the drug, physical mixture, and LCNPs formulation
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Figure 5.9. The powder X-Ray diffractogram of the Apremilast LCNPs formulation.

5.3.8.3. Polarised light microscopy

The polarised light microscopy of the selected formulation is shown in Figure 5.10. The results
indicated that the obtained formulation exhibits birefringence, indicating that the formed
LCNPs were hexagonal, lamellar, and reversed hexagonal phases. As the micellar, reversed
micellar, and cubic phases show a dark background. The formed LCNPs were hexagonal
columnar morphology signifying the crystalline nature of the formulation. The formulation had
a liquid-like appearance and internally had crystalline nature, thus confirming that the prepared

formulation had properties of both liquid and a solid crystal [3].
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Figure 5.10. The polarized light microscopic images of the Apremilast loaded LCNPs
dispersion (without and with cross polarizer)

5.3.8.4. In-vitro drug release studies

The in-vitro drug release study was performed for Apremilast loaded LCNPs dispersion (10
mL, 50 mL, and 100 mL batch size) and free drug. The free drug exhibited 100% release within
6 h, whereas the drug release from formulation was observed for 18 h. The in-vitro release
profile of data is showed in Figure 5.11. The obtained release data were found to be the best
fitted into the first-order release mechanism with regression value (R?) 0.987 and low AIC
(Akaike information criterion) value 52.793. The results of various mathematical models are
showed in Table 5.8. The n value of the formulation was less than 0.5, indicating Fickian
diffusion. Therefore, the solubility of the drug in the lipid favored the controlled release of drug

from Apremilast loaded LCNPs dispersion.
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Figure 5.11. The in-vitro release profile of Apremilast loaded LCNPs dispersion.

Table 5.8. Release kinetic data of Apremilast loaded LCNPs dispersion (n=6)

e ardor | Firstorder | Higuehi | GRS ST
10mL | R2 | 0902 0.986 0976 | 0978(n=0.465) | 0.984
10mL | AIC | 76856 | 52973 | 57.990 59,511 55.917
50mL | R2 | 0.886 0.991 0971 | 0976 (n=0.460) | 0.989
50mL | AIC | 78282 | 49747 | 60.688 61.188 52.661
100mL | R2 | 0878 0.987 0.965 | 0969 (n=0.442) | 0.985
100mL | AIC | 78701 | 52793 | 61788 62.782 55.662

5.3.8.5. Cytotoxicity and cell uptake study

The cytotoxicity of Apremilast loaded LCNPs dispersion on HaCaT cells showed that the

formulation was non-toxic. The MTT assay results are represented in Figure 5.12. The free

Apremilast solution and Apremilast loaded LCNPs dispersion showed an 1Cso value of 20 nM

[5]. The Coumarin-6 loaded LCNPs uptake results revealed Ces/DAPI ratio of LCNPs

dispersion was found to be higher compared (3.13 and 21.94) to free Coumarin-6 (in 1 h and 3

h) (***p<0.0001). The cell uptake intensity and cell uptake fluorescence images are showed

in Figures 5.13 A and 5.13 B. The nano-size, the fatty acid chain lipid in LCNPs dispersion

and cell membrane interaction are expected to be the reason for high uptake [6].
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Figure 5.12. The MTT assay of Apremilast loaded LCNPs dispersion on HaCaT cell lines.
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Figure 5.13 A. The cell uptake intensity of Coumarin-6 loaded LCNPs dispersion.
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Figure 5.13 B. The cell uptake fluorescence images of Coumarin-6 loaded LCNPs

dispersion.
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5.3.8.6. Expression of TNF-a in psoriasis induced model

The Apremilast loaded LCNPs dispersion and free Apremilast efficacy in reduction of TNF-a
was evaluated in in-vitro imiquimod-induced psoriasis. The RNA was isolated initially, and
gene expression was quantified and normalized to GAPDH. The cycle threshold (Ct) values
were altered to perceptible levels after treating with LCNPs and free Apremilast, as portrayed
in Figure 5.14. There was a 3.73 fold more significant C; value reduction with LCNPs
dispersion and 1.6 fold with the free drug than the positive control (***p<0.0001; one-way
ANOVA was performed). As represented in the cell uptake study, high internalization of
Apremilast was observed in LCNPs dispersion. This reduces the relative mRNA level

expression of TNF-a, which further reduces the inflammatory mediators [7-9].

mRNA expression

]
1

—_
1

Relative miRNA expression
(fold change)

0-
B Positive control B Free drug Bl LCNPs dispersion

Figure 5.14. The relative reduction of TNF-oo mRNA in the imiquimod
induced psoriasis model (n=3) (**p<0.005).

5.3.9. Gel characterization

5.3.9.1. Rheological behavior and Occlusive Test

The Apremilast LCNPs were loaded in a 0.75% Carbopol gelling agent. The viscosity of the
gel was found to be 6777 mPa.s. The gel exhibited Newtonian behaviour, as there was no
remarkable change in viscosity with change in time, gel structure fully persisted [10,11]. The

amplitude sweep test revealed that the gel exhibited linear viscoelastic properties and solid-like

161



properties at low strain. After the critical strain of 0.0124%, the gel storage modulus was
reduced. The frequency sweep test demonstrated the high stability of gel with no variation in
storage modulus (G’). The high crosslinking between the Carbopol increases the strength of
the gel. The results depicted that the gel can withhold maximum strain with substantially
greater storage modulus (G’) contrasted to loss modulus (G”) [12,13]. The rheological
properties of Apremilast loaded LCNPs gel are illustrated in Figure 5.15 (A-D).

The in-vitro occlusive study revealed that the Apremilast loaded LCNPs gel exhibited high
occlusive nature (occlusive factor 51.471 + 0.305 in 48 h) (reduce percentage water loss) in
comparison to free drug-loaded gel (occlusive factor 8.302 + 0.587 in 48 h) (Figure 5.16). In
addition, the high occlusive nature of LCNPs gel reduces TEWL by forming a thin film layer.

This enhances the skin permeation on topical application by hydrating the skin [14].
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Figure 5.15 A. The viscosity of Apremilast loaded LCNPs gel
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Figure 5.15 B. Amplitude sweep test of Apremilast loaded LCNPs gel
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Figure 5.15 C. Frequency sweep test of Apremilast loaded LCNPs gel formulation (Complex
viscosity).
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Figure 5.15 D. Frequency sweep test of Apremilast loaded LCNPs gel (loss modulus and

storage modulus).
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Figure 5.16. The in-vitro occlusive study of the Apremilast loaded LCNPs gel (Mean £ SD, n
= 3) (***p<0.0001).

5.3.9.2. Ex-vivo skin permeation and skin retention study

The ex-vivo skin permeation studies performed through goat ear skin revealed improved
permeation with LCNPs gel formulation compared to free drug-loaded gel. The transdermal

flux of the Apremilast loaded LCNPs gel was 0.2747 (ug/h/cm?), and the free drug-loaded gel
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was 0.1706 (ug/h/cm?). The Apremilast loaded LCNPs gel flux was 1.6 fold higher compared
to free drug-loaded gel indicating high permeation of Apremilast loaded LCNPs gel. The
permeability coefficient of LCNPs formulation and the free drug-loaded gel was found to be
0.916 x102 and 0.569 %1072, respectively. The skin retention studies showed that the amount
of drug retained with LCNPs formulation was found to be 23.057 + 2.934 pg/cm?and 51.652
+ 5.023 pg/cm? in stratum corneum and viable part of skin, respectively. The ex-vivo skin

permeation and skin retention data are illustrated in the Figure 5.17 A and 5.17 B.
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Figure 5.17 A. Ex-vivo skin permeation profiles of Apremilast loaded LCNPs gel compared
with free drug-loaded gel (Mean £ SD, n=3)
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Figure 5.17 B. Skin retention study of Apremilast loaded LCNPs gel compared with free drug-
loaded gel (Mean + SD, n=3) (***p<0.0001).
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The amount of drug retained with free drug-loaded gel was found to be 8.845 + 1.140 pg/cm?
and 3.548 + 1.066 pg/cm? in stratum corneum and viable part of the skin, respectively. The
amount of drug retention with LCNPs formulation in stratum corneum and viable part of skin
was found to be 2.61 and 14.59 fold higher, respectively. The ex-vivo studies revealed low skin
permeation and high skin retention studies. The nanosize of the formulation and amount of
lipid favors the formation of the occlusive film. The occlusive film formation reduces the
TEWL, which further increases the hydration of the skin. The hydration of the skin increases
gaps in corneocytes and skin permeation. The studies suggest that the permeation of liquid
crystals on topical application follows the intercellular path. This was the expected reason for
high retention in the viable part of the skin [3,15]. Liquid crystal-based formulation exhibits
high hydration and easy distribution compared to the emulsion due to the similarity in the
structures of LC and stratum corneum. The cubic phase system exhibits strong bio-adhesive
property and forms a biological membrane like structure over the skin on topical application.
The cubic phase is expected to interact with the stratum corneum forming a cubosomal lipid-
stratum corneum lipid mixture and form cubosome depot which releases the drug in a
controlled manner [16]. The amphiphilic nature of lipid and the presence of surfactant in the
liquid crystals favour the interaction with stratum corneum and increase the drug permeability
[17]. The drugs encapsulated in LCNP interact with the skin tissue and localize in the stratum
corneum resulting in the controlled release of the drug. This attributes to the minimal systemic
absorption thus reducing the adverse effects. The presence of water in liquid crystals act as

reservoir and provides hydration to the tissue [18].

5.3.9.3. Ex-vivo skin distribution studies
The skin distribution of the selected LCNPs formulation was determined qualitatively using
Coumarin-6 dye. The Coumarin-6 loaded LCNPs formulation was prepared by replacing

Apremilast with Coumarin-6. The study performed for 8 h and 16 h demonstrated the improved
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permeation of Coumarin-6 loaded LCNPs compared to free Coumarin-6. The skin distribution
study results are represented in Figure 5.18. The improved permeation with LCNPs

formulation was expected due to nanosize and occlusive effect [19].

5.3.9.4. Dermatocokinetic estimation

The Cmaxskin Of the Apremilast LCNPs loaded gel was found to be 189.744 + 2.220 ug/cm? and
66.824 + 8.528 pg/cm? in epidermis and dermis, respectively. The Cmaxskin Of the free drug-
loaded gel was found to be 41.768 + 2.518 pug/cm? and 13.047 + 3.107 pg/cm? in epidermis
and dermis, respectively. The Tmax 0f LCNPs formulation was found to be 6 h in the epidermis
and dermis, whereas the Tmax for the free drug-loaded gel was found to be 6 h in the epidermis
and 8 h in the dermis. The AUC 24 of the Apremilast LCNPs loaded gel was found to be 8.84
fold higher in epidermis (2872.747 + 93.701 pg/cm?.h) compared to free drug-loaded gel
(324.840 + 8.828 pg/cm2.h). In dermis the Apremilast LCNPs loaded gel (550.750 + 155.88
pg/cm?.h) exhibited 2.69 fold higher compared to free drug-loaded gel (204.343 + 8.482
pg/cm?.h). The dermatokinetic parameters of Apremilast LCNPs loaded gel and free drug-
loaded gel are presented in Table 5.9, and the dermatokinetic profile is illustrated in Figure
5.19 A and Figure 5.19 B. The LCNPs formulation exhibited high drug concentration in skin
layers. The Tmax 0f LCNPs formulation was faster compared to the free drug, which indicates
improved permeation in LCNPs formulation. The results suggest that the drug diffuses into
deeper layers of the skin, and it was retained for a longer duration of time [20]. The interaction
between the skin lipids and the polar head group and non-polar chain of LCNPs lipid helps in

embedding of nanoparticles in skin.
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Figure 5.18. In-vitro skin retention studies using Coumarin-6 loaded LCNPs dispersion and
free Coumarin-6 dispersion. (A) Skin treated with free Coumarin-6 for 8 h; (B) Skin treated
with free Coumarin-6 for 16 h; (C) Skin treated with Coumarin-6 loaded LCNPs dispersion for
8 h; (D) kin treated with Coumarin-6 loaded LCNPs dispersion for 16 h.
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Figure 5.19 A. Dermatokinetic profile of Apremilast loaded LCNPs gel compared with free
drug loaded gel in the epidermis (Mean + SD, n=4) (***p<0.0001)
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Figure 5.19 B. Dermatokinetic profile of Apremilast loaded LCNPs gel compared with free
drug-loaded gel in the dermis (Mean = SD, n=4) (***p<0.0001).
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Table 5.9. Summary of dermatokinetic parameters of Apremilast LCNPs loaded gel and free

drug-loaded gel (n=4).

Apremilast LCNPs loaded gel Free drug-loaded gel
Parameter

Epidermis Dermis Epidermis Dermis
AUCo_224 2872747 + 93.701 | 550750 + 155.88 324.840 + 8.828 204.343 + 8.482
(ng/cm=.h)
AUCo-igf 6257 886 + 1419.22 | 846.263 + 32101 465.389 + 7.100 | 442.657 = 62.786
(ng/cm=.h)
Cmaxsmg 187744 + 292 66.824 + 8.53 41.768 = 2.518 13.047 + 3.107
(ug/cm?)
Tmax (h) 6.00 6.00 6.00 8.00
Ke (h') 0.026 + 0.014 0.040 + 0.024 0.052 £ 0.001 0.030 £ 0.010

5.3.10. In-vivo skin retention and irritation studies

The amount of drug retained (ug/cm?) in skin layers of swiss albino mice treated with

Apremilast loaded LCNPs gel and free drug-loaded gel after 12 h and 24 h are illustrated in

Figure 5.20. The amount of drug retained in the skin was higher in LCNPs loaded gel

formulation (4.44 fold in 12 h, 2.59 fold higher in 24 h) than free drug-loaded gel. The amount

of drug retained in the stratum corneum and viable part of the skin treated with Apremilast

loaded LCNPs gel and free drug-loaded gel are represented in Table 5.10.
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Figure 5.20. Skin retention of Apremilast in swiss albino mice treated with LCNPs loaded

gel, and free drug-loaded gel for 12 h and 24 h.
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Table 5.10. Amount of Apremilast retained in the skin layers

Skin layers
Formulation } ) ] ]
Stratum Corneum (ug/cm?) | Viable epidermis + dermis (pug/cm?)
LCNPsgel |12h 10.77 £ 1.42 8.00 £0.94
24 h 6.03 +0.90 2.98 +2.30
Freedrug- [12h 2.16 £ 0.60 2.06 £ 0.56
loaded gel - 115, 1,62 +0.85 1.85+0.82

The data revealed a high drug concentration in 12 h compared to 24 h in animals treated with
Apremilast-loaded LCNPs gel. As the data obtained in the dermatokinetic study, Tmax achieved
was 8 h, indicating a higher drug concentration in 12h compared to 24 h. The amount of drug
retained was higher in Apremilast loaded LCNPs gel compared to free drug preparation. The
amount of drug in the stratum corneum after 12 h was similar in three formulations. However,
the amount of drug in deeper layers after 12 h was higher in LCNPs (LCNPs > NLCs > SLNs).
The obtained results indicate that the LCNPs formulation exhibit deeper permeation due to the
interaction, which might result in the transition of the ordered hexagonal or orthorhombic lipids
to the disordered fluid lamellar liquid crystalline phase. This subsequently affects the
permeation rate through paracellular spaces of the skin, for not only the entrapped drug but
also the free drug through the skin. In general, disordered liquid crystalline phases show better
permeability overordered lipid phases of the skin. The drug retained in skin layers up to 24 h

indicates that the developed formulation can exhibit prolonged retention in skin layers [21,22].

The skin irritation studies showed no signs of irritation (inflammation and erythema) on the
skin in 12 h and 24 h after applying the gel, as illustrated in Figure 5.21. The skin histology
study showed that there were no signs of inflammation or changes in the skin. The H&E
staining histology data is represented in Figure 5.22. The data showed that the skin structure

was intact and normal [23,24]. The results indicate that the developed LCNPs formulation is
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safe for topical delivery of Apremilast. The developed lipid formulations can improve

permeation and skin retention for a prolonged time duration.

5.3.11. Storage stability of Apremilast loaded LCNPs gel

The Apremilast loaded LCNPs gel depicted nanocarriers' integrity using Malvern zeta sizer

without any aggregation. The assay results depicted no substantial change (< 2%) as

represented in Table 5.11, indicating the stability of Apremilast loaded LCNPs gel [25,26].

Table 5.11. Stability data of Apremilast loaded LCNPs gel (n=3).

Stability data of LCNPs dispersion loaded gel at 4°C

Parameter 0 Month 1 Month 2 Month 3 Month
Assay of gel (%) | 100.00 + 0.560 99.95 +0.735 99.92 £+ 0.305 99.87 £ 0.543
Size (nm) 181.50 + 4.872 183.43 £ 3.360 185.60 £2.793 | 189.10 + 3.857
PDI 0.261 + 0.004 0.267 £ 0.020 0.289 £ 0.008 0.271 £ 0.080
Stability data of LCNPs dispersion loaded gel at 25°C

Assay of gel (%) | 100.00 + 0.560 99.91 + 0.682 99.89 £ 0.251 99.74+ 0.587
Size (nm) 181.50 + 4.872 184.40 + 3.616 189.60 £ 2.469 | 192.59 + 4.440
PDI 0.261 + 0.004 0.233 £ 0.012 0.252 £ 0.123 0.254 + 0.017

172




€LT

‘uonedrjdde 210399 pue 191Je (BWAYIAIL PUR UOHBWWER[JUT) UOTJRILLII JO SUSIS JOJ SOFRWI [RWIUR Y, *T7°S AN

93 papeo]
-3nap NIy

198
Papeo] SAND'T

198 jo uonedndde 4y 193 Jo uonedndde da0jog UONB[NULIO



24 h

12 h

Formulation

=
L
S
i
=
&
=
S
=
L
o
S
&

gel
gel

174



Control
(without
application of
formulation)

Figure 5.22. The H&E staining histology data after 12 h and 24 h of application

5.4. Conclusion

Apremilast loaded LCNPs formulation was developed by emulsification using a high shear
homogenizer. The formulation was optimized using the Box-Behnken design. The optimized
formulation showed smaller particle size and PDI, which augments skin permeation. The in-
vitro drug release showed formulation exhibited prolonged release with enhanced skin
retention. The formulation was found to be non-toxic in cell viability studies, and no
irritation/erythema was observed in the in-vivo skin irritation study. The prepared LCNP
formulation results portrayed improved permeation and retention in swiss albino mice. The
results confirm that the selected LCNPs formulation can be utilized for topical delivery of

Apremilast to treat psoriasis.
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