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ABSTRACT: The aim of the present study was to prepare solid lipid 

nanoparticles (SLNs) of azathioprine to increase its permeability and to develop 

azathioprine loaded solid lipid nanoparticles (AZA SLNs) based transdermal 

film for topical administration with the aim of reducing systemic and gastro-

intestinal side effects of the drug and achieve passive targeting of drug to the 

joint due to enhanced permeability and retention (EPR) effect. Azathioprine 

SLNs were prepared by hot homogenization technique and optimized by 3
2 

factorial design to evaluate the impact of the formulation variables on the 

dependent variables. Optimized formulation was evaluated for various in-vitro 

attributes and then incorporated into a transdermal film by a solvent casting 

method, which was evaluated for various technological properties and ex-vivo 

permeability study. Size of the optimized SLNs was found to be 113.3 ± 5.09 nm 

with 0.308 ± 0.008, polydispersity index (PDI) and encapsulation efficiency of 

80.28 ± 1.29%. The in-vitro release studies of optimized formulation showed 

sustained release up to 24 h possessing biphasic pattern with a burst release 

during the first 8 h. Film loaded with AZA SLNs showed cumulative percent 

release (% CPR) of 78.97 ± 1.242% at the end of 24 h for formulation FT4 

consisting propylene glycol and DMSO as a permeation enhancer. Drug-

excipient compatibility studies revealed no drug-excipient incompatibility. Thus 

it can be concluded that transdermal film loaded with AZA SLNs represents a 

promising drug delivery system for the treatment of rheumatoid arthritis. 

INTRODUCTION: Rheumatoid arthritis (RA) is a 

chronic, immune-mediated inflammatory disorder 

of the synovial membrane affecting approximately 

1% of the general population worldwide. It is 

characterized by inflammation of the synovial 

tissues, leading to the destruction of bone and 

articular cartilage of the affected joints 
1, 2

. There is 

no known cure for rheumatoid arthritis; the 

ultimate goal in the treatment of RA is pain relief.  
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Agents that possess the ability to constantly reduce 

inflammation and maintain joint integrity, with 

minimum side effects that are manageable, are 

preferred for the treatment of RA, and this criterion 

is satisfied by DMARDs (disease modifying anti-

rheumatic drugs).  

Azathioprine is the drug belonging to the class of 

DMARDs and is used for the treatment of severe, 

active rheumatoid arthritis 
3
. Azathioprine is an 

immunosuppressant, anti-rheumatic drug having 

low solubility and low permeability. Oral 

administration of azathioprine may cause serious 

side effects, such as bone marrow depression, 

leukopenia or thrombocytopenia, or less often 

anemia, hepatotoxicity, thrombocytosis, and also 

carcinogenicity.  
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Another side effect, which is related to the direct 

contact of azathioprine with the gastrointestinal 

tract, is gastrointestinal toxicity manifested as 

nausea, vomiting, peptic ulceration, intestinal 

hemorrhage, and severe, life-threatening diarrhea. 

Therefore the topical application of azathioprine 

may minimize gastrointestinal tract side effects, by 

both decreasing the administered dose and avoiding 

the direct contact of the drug with the 

gastrointestinal tract 
4
. The dermal application 

offers many advantages over conventional oral 

delivery for medications such as allowing smooth 

and continuous drug delivery, reduces the 

maximum plasma concentration of the drug (Cmax), 

improves the tolerability profile and permit the 

achievement of relatively high local drug 

concentrations without systemic side effects.  

However, the amount of drug that can be 

administered transdermally is quite low since 

transdermal delivery is severely limited by the 

inability of a large majority of drugs to cross the 

skin at therapeutic rates due to the barrier imposed 

by the outer stratum corneum layer of the skin. 

SLNs enhance the transdermal transport of active 

substances as small particle size permits close 

contact of SLNs with the stratum corneum and 

thereby improve penetration of encapsulated drugs 

into viable skin. Size of the nanoparticles governs 

the movement of nanoparticles inside tissues 
5
. 

Inflammation in arthritis -induces 6- to 40-fold 

increase of blood joint barrier permeability. 

Nanoparticles ranging from 10 to 500 nm in size 

can leave the vascular bed and accumulate inside 

the interstitial space where the active drug can be 

released from a carrier. The increased vascular 

permeability in the target tissues is beneficial for 

successful application of passively targeted drug 

delivery strategies.  

Dermal application using nanoparticles enhances 

drug permeability through the skin. It is expected 

that drug systems using nanoparticles may provide 

an alternative strategy for increasing drug 

permeation, and size of nanoparticles may 

influence its accumulation in the joint due to the 

EPR effect. Therefore, topical drug delivery system 

using nanoparticles may provide better patient 

compliance than the oral and intra-articular drug 

delivery system 
4, 5, 6, 7

. Therefore the present study 

aimed to develop Azathioprine loaded solid lipid 

nanoparticles for topical administration as single 

dose therapy, to achieve controlled drug release, 

drug targeting to the specific site, and to reduce 

gastrointestinal and systemic side effects of the 

drug. 

MATERIALS AND METHODS: 

Materials: Azathioprine was obtained from 

Machen private Ltd., Glyceryl monostearate 

(GMS), Compritrol 888 ATO and Precirol ATO5 

was obtained from Gattefosse Pvt. Ltd., Tween 80, 

HPMC, PEG-400, Propylene glycol, and DMSO 

were purchased from SD fine chemicals. Sodium 

hydroxide and dialysis membrane from Hi-Media 

Ltd, India. The other chemicals were of analytical 

grade. 

Methods: 

Screening of Lipids: Lipid selection was done by 

the solubility of the drug in lipid. The solubility of 

azathioprine was evaluated in various lipids such as 

glyceryl monostearate, compritol 888 ATO and 

precirol ATO 5.50 mg of azathioprine was 

transferred in the test tube containing 50 mg of 

lipid maintained at a temperature 5 ºC above the 

melting point. Further, the solid lipid was added in 

increments of 50 mg under continuous stirring until 

a clear solution was obtained. The amount of lipid 

required to get a clear solution was determined 
8, 9

. 

The selection of surfactant was done through 

literature survey 

Formulation of Azathioprine Loaded Solid 

Lipid Nanoparticles: Azathioprine loaded solid 

lipid nanoparticles were prepared by hot 

homogenization method. Lipid (GMS) was melted 

at 50 - 60 ºC and AZA (50 mg) was added to the 

melt. The melt was poured into 1% aqueous Tween 

80 solution maintained at 50 - 60 °C (20mL). The 

resulting hot dispersion was stirred using magnetic 

stirrer for 5 min followed which the resulted pre-

emulsion was subjected to high shear homogenizer 

(Ultra-Turrax) at 18,000 rpm for 10 min. The 

resulted nanoemulsion was cooled at room 

temperature to form the SLN. Then SLN were 

subjected to freeze-drying at -50 ºC under reduced 

pressure for 12 h to get a free-flowing powder 
10, 11

. 

Standardization of Formulation Parameters and 

Process Parameters: SLN prepared with a drug to 

lipid ratio (1:9) by above-described method with 
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varied process parameters like homogenizer rpm, 

duration of homogenization were fixed based on 

desired particle size and polydispersity index 

(PDI). 

Solid lipid nanoparticles were prepared with a 

different drug to lipid ratio, and surfactant 

concentration with 18000 rpm and duration of 

homogenization was standardized to 10 min 

respectively.  

Optimization of Formulation by 3
2
 Factorial 

Design: Following the preliminary work which 

resulted in identifying crucial process and 

formulation variables the formulations were 

optimized according to a 3
2
 full factorial design, 

allowing the simultaneous evaluation of two 

independent variables and their interaction. Two 

factors were evaluated each at two levels. The drug 

to lipid ratio (X1) and concentration of Tween 80 

(X2) was selected as independent variables. The 

dependent variables selected for the study were 

particle size (Y1), % PDI (Y2) and entrapment 

efficiency (Y3). Further azathioprine loaded solid 

lipid nanoparticles were prepared in batches, F1 to 

F9 Table 7 
12, 13

. 

Evaluation of Nanoparticles:  

Determination of Particle Size and PDI: The 

particle size and PDI of the azathioprine loaded 

solid lipid nanoparticles were characterized using 

particle size analyzer (Malvern Zetasizer Nano S 

90, UK). The obscuration level was set between 7 

to 11 % distilled water was used as a medium.  

Determination of Total Drug Content and Drug 

Entrapment Efficiency: SLNs equivalent to 5 mg 

of drug was dispersed in 2 ml of DMSO 

preferentially to dissolve the free drug and 

centrifuged at 15,000 rpm for 10 min at 40 ºC. The 

amount of free drug was determined in the clear 

supernatant by UV spectrophotometry at 277.2 nm. 

The entrapment efficiency (EE %) could be 

achieved by equation 1. 

                =  W. initial drug – W. free drug 

               W. initial drug 

The residue was then dissolved in a mixture of hot 

ethanol and DMSO, to precipitate the lipid and 

dissolve the drug and further diluted with methanol 

and analyzed by UV spectrophotometry at 277.2nm 

(Hu. et al., 2010).  

The drug content (%) could be achieved by 

equation 2. 

                        W. drug in residue + W. free drug 

                  W. initial drug 

Based on the particle size distribution, entrapment 

efficiency and drug content, formulations were 

selected for further studies. 

In-vitro Release Studies:
 
In-vitro release of SLN 

formulations were determined by dialysis bag 

diffusion technique. Dialysis membrane (LA 401) 

having pore size 2.4 nm, molecular weight cutoff 

12000 - 14000 (HIMEDIA), was used. Membrane 

was activated by soaking membrane in 1mM 

solution of EDTA, followed by soaking in 2% 

sodium bicarbonate for 20 min respectively, then 

finally soaked in distilled water for 2 h. 

SLN equivalent to 5 mg of drug dispersed in a 1 ml 

of 5.5 phosphate buffer was placed in a dialysis bag 

and sealed at both ends. The dialysis bag was 

immersed in a receptor compartment containing 

200 ml of pH 7.4 buffer which was stirred using a 

magnetic stirrer, and the receptor compartment was 

covered to prevent the evaporation of buffer. 

Samples were withdrawn at predetermined time 

intervals, and the same volume was replaced with 

fresh buffer to maintain the sink concentration. 

Samples were analyzed by UV spectrophotometer 

at 277.2 nm for AZA 
14

.
 

Kinetics of Drug Release: To analyze the drug 

release mechanism, in-vitro release data were fitted 

into a zero-order, first order, matrix, Hixon-

Crowell cube root law, and Korsmeyer-Peppas 

model. The criterion for selecting the most 

appropriate model was based on a goodness of fit 

test. 

Scanning Electron Microscopy (SEM): The 

shape and surface morphology of the AZA-SLNs 

were observed through an SEM (Jeol JSM 5600 

LV, Tokyo Japan) equipped with 15kV. Particle 

samples of optimized formulation F9 were mounted 

on an aluminum stud using carbon adhesive tape 

and sputter coated with gold using dynamic mini 

coater. The coated samples were then placed in an 

× 100 
Entrapment 

efficiency (%) 

Total drug  

content (%) 
× 100 = 
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evacuated chamber and scanned in a controlled 

pattern by an electron beam at a particular 

magnification 

Determination of Zeta Potential: The zeta 

potential of nanoparticles was measured using 

Malvern Zetasizer Nano ZS (Malvern Instruments 

Ltd). Samples were diluted with distilled water in 

1:10 ratio before measurement.  

Permeability Studies: Permeability studies were 

carried out using excised rat abdominal skin. The 

Institutional Animal Ethical Committee approved 

experimental protocol which is constituted as per 

the rules of the Committee for Control and 

Supervision of Experiments on Animals, India 

(CPCSEA) (Approval no: AACP/IAEC/Jan 

2015/08) 

The animals used were Wistar rats between the age 

group of 2-3 months, the animals were euthanized 

by cervical dislocation method. Freshly excised rat 

skin was collected, thoroughly washed with 

distilled water to remove the adhering tissue and 

fat, trimmed to the required size and used as the 

permeation barrier. The collected skin was placed 

in physiological solutions. SLN equivalent to a 

dose of the drug was placed on the skin, which was 

tied to the mouth of modified Franz diffusion cell, 

whose capacities were 85 ml and 2 ml respectively.  

The area available for diffusion was 4 cm
2
. The 

receptor chamber containing the sampling port was 

filled with phosphate buffer pH 7.4, while the 

donor chamber was filled with acetate buffer pH 

5.5. The content of the cell was stirred with the 

help of magnetic stirrer at 37 °C. Samples were 

collected at regular intervals from the side tube of 

the receptor compartment, replaced with fresh 

buffer and analyzed for the AZA spectro-

photometrically using phosphate buffer as blank 
15

. 

Incorporation of Azathioprine Loaded SLN’s 

into Transdermal Film: To obtain a suitable 

topical formulation for application, SLN were 

incorporated into a film. Azathioprine solid lipid 

nanoparticles loaded transdermal films were 

prepared by a solvent casting method using 

aluminum foil as the backing membrane for the 

preparation of films. The polymer (HPMC) was 

soaked overnight in 15 ml of water.  

Polyethylene glycol 400 (30% w/w of total 

polymer) was used as a plasticizer, DMSO and 

propylene glycol was used as a permeation 

enhancer, and SLN equivalent to 50mg of the drug 

was dispersed in the suspension. The resulting 

suspension was then dispersed uniformly over the 

petri-dish and dried in hot air oven at 40 ºC for 4 h 

followed by air drying for next 20 h Table 1 
16

.  

TABLE 1: COMPOSITION OF AZATHIOPRINE SLNS 

LOADED TRANSDERMAL FILMS 

Ingredients FT1 FT2 FT3 FT4 

SLN equivalent 

to 50 mg of drug 

750 mg 750 mg 750 mg 750 mg 

HPMC K4M 400 mg 400 mg 400 mg 400 mg 

PEG-400 30% 30% 30% 30% 

Propylene glycol - - 1% w/v 0.8% w/v 

DMSO - 1% w/v - 1% w/v 

Water 15 ml 15 ml 15 ml 15 ml 

The Prepared Films were Evaluated for 

Following Parameters: 

The thickness of the Film: The thickness of the 

drug-loaded film is measured at different points by 

using a screw gauge. Average thickness and 

standard deviation for the same was determined to 

ensure the thickness of the prepared Film. 

Weight Uniformity: The prepared films are dried 

at 60 °C for 4 h before testing. A specified area of 

the film is cut from different parts of the film and 

weighed in the digital balance. The average weight 

and standard deviation values are calculated from 

the individual weights. 

Folding Endurance: A strip of a specific area is 

cut evenly and repeatedly folded at the same place 

till it broke. The number of times the film could be 

folded at the same place without breaking gave the 

value of the folding endurance. 

Drug Content: Transdermal films of the specified 

area (4 cm
2
) were cut into small pieces and taken 

into a 50 ml volumetric flask, and 20 ml of 

methanol was added, gently heated to 60 ºC for 15 

min. Then, the volume was made up to 50 ml. 

Similarly, a blank was carried out using a drug-free 

film. The solutions were filtered, and the 

absorbance was measured at 277.2 nm. 

Ex-vivo Permeation Study: Ex-vivo studies of the 

films were carried out across the excised rat skin 

(Wistar rat) as described earlier, using Franz 

diffusion cell containing required amount of PBS in 
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the receptor compartment and a 4 cm
2
 of 

transdermal film containing azathioprine solid lipid 

nanoparticles was placed on the surface of the skin 

(the film exposed to the epidermis layer of the 

skin). Permeability studies were carried out 

throughout 24 h at regular intervals. Samples were 

withdrawn and analyzed spectrophotometrically. 

The release profile via rat skin was reported. All 

the experiments were performed in triplicate. 

Compatibility Studies: 

FTIR (Fourier Transformed Infrared) Studies: 

Compatibility of the pure drug in the final 

nanoparticulate formulation and film was checked 

by taking an IR spectrum. The spectra were 

obtained using Shimadzu FTIR- 8700 

spectrophotometer. In this study potassium bromide 

(KBr) disc method was employed. The sample was 

initially mixed with dry powdered potassium 

bromide. The mixture was then compressed into 

transparent disc under high pressure 5 ton for 5 min 

in a hydraulic press using dies. The disc was placed 

in IR spectrophotometer using a sample holder and 

was scanned over a frequency range of 4000 -

400cm
-1.

 

DSC (Differential Scanning Calorimetry) 

Studies: Differential scanning calorimetry studies 

were conducted using DSC Q2000. The sample 

was weighed (5.00-8.00 ± 0.5 mg) and placed in 

sealed aluminum pans, followed by heating under 

nitrogen flow which was maintained using liquid 

nitrogen evaporator at a rate of 50 ml/min at a 

scanning rate of 10 °C/min from 40 °C to 300 °C. 

The heat flow as a function of temperature was 

measured and recorded. DSC thermograms of pure 

Azathioprine and the AZA loaded SLN and film 

loaded with AZA SLN was taken. 

RESULTS AND DISCUSSION: 

Screening of Lipids: From the result of lipid 

solubility test Table 2, it was concluded that lesser 

amount of GMS was required to solubilize the drug 

added completely, compared to other two lipids 

tested, i.e. compritrol 888 ATO and precirol ATO 

5. Therefore GMS was selected for the preparation 

of Azathioprine SLN. 

TABLE 2: SCREENING OF LIPIDS 

S. no. Lipids Amount (mg)* 

1 Glyceryl monostearate 200 ± 10 

2 Compritol 888 1000 ± 12 

3 Precirol ATO 5 1200 ± 08 
*N=3 

Formulation of Azathioprine loaded Solid Lipid 

Nanoparticles by Hot Homogenization Method: 

Glyceryl monostearate was selected as a lipid for 

preparation of Azathioprine loaded solid lipid 

nanoparticles because the AZA solubility was 

found to be maximum in GMS. Tween 20 was used 

as a nonionic surfactant that stabilizes the 

nanoparticles probably by a steric hindrance. 

Hot homogenization was selected because this 

technique is simple, fast, reproducible, scalable, 

economic, and applicable to lipophilic drugs, 

exposure to high temperature is short and one of 

the easiest procedures for the preparation of 

nanoparticles of less than 200 nm
. 17

. 
 

As the 

particle size of less than 200 nm is required for the 

selected drug since, as the selected size is expected 

to influence the nanoparticles (drug) accumulation 

in the joint due to the EPR effect. 

Standardization of Process Parameters: 

Homogenization Speed (rpm) and Time: 

Different process parameters like homogenizer 

speed, duration of homogenization were 

investigated and fixed based on particle size and 

polydispersity index (PDI) Table 3. 

The results indicated that when homogenization 

speed was increased from 12000 to 18000 rpm 

particle size decreased because of the high intensity 

of shear force acting on the particles which 

overcome the intraforces acting in the particles 

resulting in a reduction of particle size 
18

. With 

further increased in RPM the particle size was 

found to be constant. So, 18000 RPM was used for 

further preparation of SLN.  

Effect of duration of homogenization on particle 

size revealed that particle size reduction was 

achieved up to a particular time point with a fixed 

rpm, but later on the increasing duration of 

homogenization, particle size has undergone 

negligible change. F3 with homogenization duration 

of 10 min was found to be optimum with a particle 

size of 190.4 nm. 

Standardization of Formulation Parameters:  

Selection of Drug: Lipid Ratio: Different batches 

were prepared with the drug: lipid ratio 1:3, 1:5, 

1:7, 1: 9 and 1:11 (i.e., F10 to F14) and evaluated for 

particle size and PDI.  Batches F10, F11, F12, and F14 

showed particle size greater than 200 nm Table 4.  
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Since the required particle size was less than 

200nm, these criteria were satisfied by batch F13, 

therefore this ratio was subjected to factorial 

design. 

TABLE 3: PARTICLE SIZE AND PDI BASED ON PROCESS PARAMETERS 

Batch no. Homogenization speed (rpm) Homogenization time (min) Particle Size (nm)* PDI* 

F1 12000 10 299.7 ± 2.09 0.838 ± 0.09 

F2 15000 10 280.8 ± 1.19 0.547 ± 0.16 

F3 18000 10 190.4 ± 2.00 0.502 ± 0.08 

F4 12000 20 256.8 ± 3.49 0.920 ± 0.07 

F5 15000 20 294.4 ± 2.36 0.767 ± 0.20 

F6 18000 20 243.3 ± 3.39 0.600 ± 0.14 

F7 12000 30 320.5 ± 5.56 0.920 ± 0.26 

F8 15000 30 300.4 ± 1.17 0.943 ± 0.18 

F9 18000 30 566.4 ± 1.56 0.906 ± 0.29 
*N=3 

TABLE 4: SELECTION OF DRUG: LIPID RATIO 

Batch no. Drug : lipid ratio Tween 80 concentration (%) Particle size *(nm) Polydispersity index (PDI)* 

F10 1:3 1% 434.4 ± 2.16 0.504 ± 0.18 

F11 1:5 1% 423.4 ± 4.24 0.505 ± 0.07 

F12 1:7 1% 359.9 ± 3.56   0.478 ± 0.19 

F13 1:9 1% 190.4 ± 2.12 0.525 ± 0.09 

F14 1:11 1% 255.4 ± 3.56 0.908 ± 0.15 
*N=3 

Selection of Tween 80 Concentration: Different 

batches were prepared with different concentrations 

of Tween 80 (0.5, 1, and 1.5%) and evaluated for 

particle size and PDI Table 5. It was found that 

with an increase in Tween 80 concentration from 

0.5 to 1 %, the particle size was decreased. But 

further increase in Tween 80 concentration led to 

an increase in the particle size. Therefore Tween 80 

concentration was standardized to 1% and 

subjected to factorial design.  

TABLE 5: SELECTION OF TWEEN 80 CONCENTRATION 

Batch no. Drug : lipid ratio Tween 80 concentration (%) Particle size (nm)* Polydispersity Index* 

F15 1:9 0.5% 304.8 ± 2.24 0.669 ± 0.09 

F16 1:9 1% 203.3 ± 2.16 0.299 ± 0.10 

F17 1:9 1.5% 428 ± 3.18 0.289 ± 0.16 
*N=3

TABLE 6: STANDARDIZED FORMULATION 

PARAMETERS 

S. no. Parameters Optimized value 

1 Drug: lipid Concentration 1:9 

2 Tween 80 Concentration 1% 

Optimization of Formulation by 3
2 

Factorial 

Design: To optimize drug: polymer ratio and 

concentration of Tween 80, a factorial design was 

adopted. To study all the possible combinations of 

both factors at all levels, a two factor, three-level 

full factorial designs were constructed and 

conducted in a fully randomized order. 

A full factorial design with design expert 8 was 

applied to study response surface of 3 level 

factorial design with 9 runs in the quadratic model. 

The formulations were fabricated according to a 3² 

full factorial design, allowing the simultaneous 

evaluation of two formulation variables and their 

interaction Table 7. The effect of two factors A 

(Drug: lipid ratio) and B (Tween 80 concentration) 

on the response of Y1 (particle size), Y2 (PDI), and 

Y3 (Entrapment Efficiency) was studied by a 

polynomial equation. 

Development of Polynomial Equations: Step-

wise backward linear regression analysis was used 

to develop polynomial equations for dependent 

variables Y1 (Particle size), Y2 (PDI), and Y3 

(%EE) which bear the form of an equation:  

Y = b0 + b1A + b2B + b12AB + b11A
2
 + b22B

2
 

Where Y is the dependent variable, b0 arithmetic 

means response of nine batches, and b1 estimated 

coefficient for factor A. The main effects (A and B) 

represent average result of changing one factor at a 

time from its low to high value.  
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The interaction term (AB) shows how the response 

changes when two factors are simultaneously 

changed. The polynomial terms (A
2
 and B

2
) are 

included to investigate non-linearity.  

The validity of the developed polynomial equations 

was verified by preparing extra design check point 

formulation (C). 

TABLE 7: 3
2 

FULL FACTORIAL DESIGN RUNS WITH ACTUAL VALUES OF DRUG: LIPID RATIO AND 

TWEEN 80 CONCENTRATION 

Formulation 

code 

Run Drug : lipid ratio 

(mg) (X1) 

Tween 80 concentration 

(%) (X2) 

Response 1 

Particle size (nm) 

(Y1) 

Response 2  

PDI  

(Y2) 

Response 3 

Entrapment 

Efficiency 

(%) (Y3) 
Variable 

level in 

Coded 

Form 

Variable 

level 

Actual 

Form 

Variable 

level in 

Coded 

Form 

Variable 

level 

Actual 

Form 

F1 1 -1 1:8 +1 1.5 186.3 1.00 57.26 

F2 2 0 1:9 -1 0.5 228.7 0.604 64.28 

F3 3 +1 1:10 +1 1.5 102.3 0.512 82.37 

F4 4 0 1:9 0 1 194.4 0.457 65.17 

F5 5 -1 1:8 -1 0.5 380.6 0.613 54.28 

F6 6 +1 1:10 -1 0.5 198.4 0.446 80.17 

F7 7 -1 1:8 0 1 263.2 0.468 56.29 

F8 8 0 1:9 +1 1.5 185.5 0.950 69.4 

F9 9 +1 1:10 0 1 113.3 0.308 80.28 

 

Influence of Drug: Lipid Concentration on 

Particle Size, PDI and Entrapment Efficiency: It 

has been reported previously that mean particle size 

increases with increasing lipid concentration in 

solid lipid nanoparticles systems because there is 

the tendency of lipid to coalesce at high lipid 

concentration 
19

. The increased amount of GMS 

caused a decrease in the particle size, GMS appears 

to have the opposite effect, and the formation of 

smaller particles was favored with increasing both 

lipid and surfactant concentrations. This may be 

related to the co-surfactant properties of GMS 

which further reduces the surface tension and 

probably promotes a higher rate of the partition of 

the particles during preparation. 

Increase in the lipid concentration; there was a 

decrease in PDI. 

With increasing the amount of GMS, % EE is 

bound to increase, because of the increased 

concentration of mono-, di-, and triglycerides that 

act as solubilizing agents for highly lipophilic drug 

and provide more and more space to accommodate 

excessive drugs 
20, 21

. 

Influence of Surfactant on Particle Size, PDI 

and Entrapment Efficiency: On increasing the 

concentration of Tween 80, the particle size was 

decreased. This might be due to the reduction in 

surface tension and stabilization of newly generated 

surfaces by surfactant, which prevents particle 

aggregation 
22

.  

The surfactant level also has a significant and 

positive effect on the entrapment efficiency. 

Increase in the concentration of the surfactant 

increased the entrapment efficiency. This may be 

due to an increase in the solubility of the drug in 

the lipid on increasing the concentration of the 

surfactant 
23, 24

. 

Combined Effect of Drug: Lipid Ratio and 

Surfactant Concentration on Particle Size and 

Entrapment Efficiency: The response surface 

plots Fig. 1 illustrate that as the increase in the 

amount of GMS and Tween 80 concentration 

caused a decrease in the particle size. This may be 

related to the co-surfactant properties of GMS and 

reduction in surface tension and stabilization of 

newly generated surfaces by surfactant, which 

prevents particle aggregation. 

The entrapment efficiency was significantly 

increased by increasing the amount of surfactant 

and lipid. This effect was, probably due to the 

increased viscosity of the medium, because 

increasing the amount of lipid resulted in faster 

solidification of the nanoparticles. This would also 

prevent drug diffusion from the external phase of 

the medium.  

As the percentage of surfactant increased, part of 

the azathioprine was incorporated in the surfactant 

layer at the surface of the SLN, leading to a high 

entrapment efficacy Fig. 1.  
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FIG. 1: RESPONSE SURFACE 3D PLOT SHOWING EFFECT OF FACTORIAL VARIABLES ON A) PARTICLE 

SIZE B) PDI C) ENTRAPMENT EFFICIENCY 

Evaluation of Solid Lipid Nanoparticles: 

Particle Size and PDI: Particle size analyses of all 

the formulations (F1-F9) were carried out using 

Malvern particle size analyzer. All lipid nano-

particles were found in size range between 102.3 

nm to 380.6 nm. The polydispersity index (PDI) 

was found to be between 0.308 to 1.00 Table 8.  

PDI below 0.3 indicates uniformity in the size 

distribution. A PDI of less than 0.3 is good, 0.3 to 

0.7 is acceptable. Formulation F9 has a PDI of 

0.308, which shows excellent homogeneity. From 

the Table 8, it is revealed that lipid concentration 

did not have any significant effect on PDI but 

increase in surfactant concentration from 0.5 to 1% 

there was a decrease in PDI but further increase in 

the surfactant concentration there was an increase 

in the PDI. 

From Table 8, it is revealed that as a drug: lipid 

ratio increased from 1:8 to 1:10 particle size 

decreased significantly, and as Tween 80 

concentration is increased particle size decreased. 

Therefore F9 formulation was found to be most 

satisfactory as it possesses a particle size of 113.3 

and PDI of 0.308 Fig. 2. 

TABLE 8: PARTICLE SIZE, PDI, DRUG CONTENT, ENTRAPMENT EFFICIENCY FOR OPTIMIZED 

FORMULATION BATCHES 

S. no. Batch code Particle size* (nm) PDI* Entrapment efficiency* (%) Drug content* (%) 

1 F1 186.3 ± 3.09 1.00 ± 0.20 57.26 ± 1.29 74.56 ± 1.29 

2 F2 228.7 ± 7.00 0.457 ± 0.30 64.28 ± 1.89 75.49 ± 1.45 

3 F3 102.3 ± 2.89 0.512 ± 0.08 82.37± 2.90 76.85 ± 0.98 

4 F4 194.4 ± 3.45 0.604 ± 0.20 65.17 ± 2.98 77.32 ± 2.18 

5 F5 380.6 ± 5.60 0.613 ± 0.11 54.28 ± 3.78 79.41 ± 1.45 

6 F6 198.4 ± 1.85 0.446 ± 0.06 80.17 ± 1.33 78.15 ± 0.87 

7 F7 263.2 ± 2.30 0.468 ± 0.02 56.29 ± 2.09 76.4 ± 1.24 

8 F8 185.5 ± 6.00 0.950 ± 0.10 69.4 ± 1.89 80.45 ± 1.78 

9 F9 113.3 ± 5.09 0.308 ± 0.008 80.28 ± 1.29 79.98 ± 1.76 
*N=3 

 
FIG. 2: SIZE DISTRIBUTION OF FORMULATION F9 

Drug Content and % Entrapment Efficiency: 
All formulations were evaluated for drug content 

and % entrapment efficiency. Drug content was 

found to be between 74.56 to 80.45%. 

Entrapment efficiency was found to be between 

54.2 to 82.37%. High entrapment efficiency was 

observed because the drug is highly lipophilic. 

From Table 8, it is revealed that an increase in 

drug: lipid ratio and surfactant concentration led to 

an increase in the entrapment efficiency. The 

results of particle size and entrapment efficiency 

indicate that F3, F6, and F9 formulations were found 

to be most satisfactory and hence were subjected to 

in-vitro drug release. 

A B C 
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In- vitro Release Studies: Drug release from solid 

lipid nanoparticles and subsequent biodegradation 

are important for developing successful 

formulations. Diffusion and biodegradation govern 

the process of drug release. The in-vitro drug 

release behavior of Azathioprine loaded SLNs was 

investigated using a dialysis bag having pore size 

2.4 nm, molecular weight cutoff 12000 - 14000 

(HIMEDIA) in pH 7.4 (37 ± 2 ºC). The release of 

the F3, F6, and F9 formulations was compared with 

the pure drug as shown in Fig. 3. Free Azathioprine 

exhibited a total release of 34% of the drug at the 

end of 24 h. Formulations F3, showed 100.8 ± 

2.467, of drug release at the end of 16 h.  

However, formulation F6 and F9 showed 86.51 ± 

0.384 and 100 ± 2.083% of drug release at the end 

of 24 h. A high log P value of AZA indicates its 

lipophilic nature; therefore there was delayed 

release whereas the AZA SLNs formulations 

showed increased in the release, as the mono-, di- 

and triglycerides present in GMS helps to increase 

the drug solubility and hence achieve desired drug 

release. A similar report has been made by other 

researchers as well 
25

. Thus, the in vitro release 

data indicated that the optimized nanometric SLNs 

of azathioprine was capable of controlling and 

achieving the desired release. 

The results also displayed that the release was 

chiefly dependent on the concentration of the 

surfactant. Increase in the surfactant concentration 

increased the release rate. 

Data obtained from in-vitro release study showed 

that F9 formulation was found to better than the 

other two formulations since it sustained the release 

of the drug for a longer period, i.e. for 24 h. The 

release profile of formulation F9 indicated a 

biphasic pattern with a burst release during the first 

8 h, followed by a sustained release over 24 h. The 

initial fast release of drug from the SLN could be 

explained by drug desorption from the outer 

surface of the SLN, and the larger specific surface 

of the smaller particles is increasing the initial drug 

release rate.  Thus, in-vitro studies proved that F9 

has better drug release, in addition to desired 

particle size and good entrapment efficiency in 

comparison to other formulations. All these factors 

indicated that F9 was the best formulation. Hence 

F9 formulation was chosen for further 

investigations of SEM, Zeta potential, DSC, ex-

vivo permeability and finally incorporated in a 

transdermal film and evaluated. 

 
FIG. 3: IN- VITRO RELEASE STUDY OF 

AZATHIOPRINE SOLID LIPID NANOPARTICLES 

In- vitro Release Kinetics: The mechanism of drug 

release from SLNs is determined by different 

physicochemical phenomena. To establish the 

mechanism of drug release, the experimental in 

vitro drug release data were fitted to zero-order, 

first order, Higuchi and Korsmeyer - Peppas model. 

Optimized formulation F9 showed the best fit for 

the matrix model with an R-value of 0.9803 for 

Azathioprine.  

Scanning Electron Microscopy (SEM): Scanning 

electron microscopy (SEM) studies were carried 

out for the best formulation F9. The particles were 

found to be oblate spheroidal as shown in Fig. 4. 

 
FIG. 4: SEM OF F9 FORMULATION 

Zeta Potential: Zeta potential of the nanoparticles 

indicates the stability. Zeta potential in the range of 

-15mV to -30mV is common for well-stabilized 

nanoparticles 
26, 27

. The zeta potential of the F9 

formulation was found to be -26.15mV Fig. 5 

indicating the prepared solid lipid nanoparticles 

were stable. 
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FIG. 5: ZETA POTENTIAL OF F9 FORMULATION 

Permeation Study of Optimized Formulation: 

Permeation studies were carried out using freshly 

excised abdominal rat skin.The % CPR at the end 

of 24 h was found to be 21.20 ± 0.001 for 

formulation F9 Fig. 6. Although the pure drug and 

SLNs are lipophilic, the permeability of SLNs was 

higher compared to the pure drug as the small 

particle size of SLNs permits close contact with the 

stratum corneum and its occlusive property which 

decreases transepidermal water loss and thereby 

improve penetration of encapsulated drugs through 

the stratum corneum 
28, 29

. 

 
FIG. 6: COMPARISON OF EX-VIVO PERMEATION 

PROFILE OF SLNs WITH PURE DRUG 

Incorporation of Azathioprine loaded SLNs into 

Film: HPMC was used as a polymer to prepare the 

transdermal film. As HPMC is highly hydrophilic, 

therefore lipophilic SLN is not soluble, and 

structure of nanoparticles remain intact 
30

. The 

thickness, weight variation and drug content values 

of the formulation made are shown in Table 9. The 

drug content per film was found within 92 to 95% 

per film. Folding endurance values of matrix films 

found more than 150 indicating good strength and 

elasticity, which is explained by the linear nature of 

the cellulose structure. The surface pH of all 

formulations was in the range of 5.5-6.5, the pH 

range of skin and hence no skin irritation was 

expected. 

The % CPR at the end of 24 h was found to be 

24.79 ± 0.7477 for formulation FT1. Therefore to 

increase the permeation of Azathioprine SLNs via 

the skin, different formulations coded as FT2 - FT4 

were prepared to contain different permeation 

enhancers and the combination of permeation 

enhancers. 

The formulation FT2 and FT3 contain DMSO and 

Propylene glycol as a permeation enhancer. The % 

CPR at the end of 24 h was found to be 78.97 ± 

1.242 and 60.86 ± 2.510 for formulation FT2 and 

FT3 respectively Fig. 4c. The permeability of SLNs 

in FT2 formulation containing DMSO as 

permeation enhancer was increased, because the 

high osmotic activity of DMSO may distort the 

structure of the stratum corneum and induce 

channel and such channels would promote the 

passage of various compounds. 

The permeability of SLNs in formulation FT3 

containing propylene glycol as permeation 

enhancer was increased. As propylene glycol act by 

the solvation of keratin within the stratum corneum 

by competition with water for the hydrogen bond 

binding sites and the intercalation in the polar head 

groups of the lipid bilayers are postulated as 

mechanisms of action for the penetration enhancing 

effects of propylene glycol in the literature
 31

.  

But the enhancement in permeation of SLNs with 

DMSO and Propylene glycol was not gradual, and 

up to the requirement, therefore formulation FT4 

with a combination of permeation enhancer was 

prepared. The % CPR at the end of 24 h was found 

to be 78.97 ± 1.242 for formulation FT4    Fig. 7 as 

this may due to the synergistic action of propylene 

glycol and DMSO as a permeation enhancer.  
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TABLE 9: EVALUATION OF AZATHIOPRINE SLN LOADED TRANSDERMAL FILMS 

Formulation 

code 

The thickness of 

patch (mm)* 

Weight 

uniformity(mg)* 

Folding 

endurance* 

Drug content 

(%)* 

Surface  

pH* 

FT1 10.93 ± 0.0186 220 ± 0.002 189 ± 2.76 90.28 ± 0.987 6.2 ± 0.16 

FT2 10.04 ± 0.001 230 ± 0.009 114 ± 4.94 92.56 ± 1.98 6.2 ± 0.18 

FT3 10.09 ± 0.009 230 ± 0.008 198 ± 2.74 95.48 ± 2.90 6.28 ± 0.07 

FT4 10.08 ± 0.005 250 ± 0.098 117 ± 3.09 93.78 ± 1.76 6.10 ± 0.09 

*N=3

Compatibility Studies: FTIR: FTIR technique 

was used to study the physical and chemical 

interactions between drug and excipients. The 

characteristics peak in IR spectrum of azathioprine 

are at 1230, 1487, 1581, 2928 and 3109 cm
-1

 is due 

to C-N stretching, C-H bending, C=N stretching, C-

H stretching and N-H stretching respectively.  

It has been observed that there were no major shifts 

in the spectral values of the drug, indicating no 

chemical interaction Fig. 8. Hence, it can be 

concluded that the drug maintains its identity 

without undergoing any interaction with the 

excipients used for the preparation of SLNs and 

Film. 

 
FIG. 7: EX-VIVO PERMEABILITY STUDY OF 

AZATHIOPRINE SLN LOADED TRANSDERMAL PATCHES 

 
A  

  
B                                                                                                C 

FIG. 8: COMPARISON OF FTIR SPECTRA OF A) AZATHIOPRINE PURE DRUG B) AZATHIOPRINE SLNS C) 

AZA SLNS LOADED TRANSDERMAL FILM 

DSC Study: The pure GMS thermogram showed a 

characteristic sharp peak at 59 ºC corresponding to 

the melting of the lipid.The melting endothermic 

peaks of lyophilized AZA-SLNs appeared at 

59.0°C, 228 °C, and 271 ºC. The diffuse melting 

endotherm of the drug in SLN suggested reduced 

crystallinity of AZA/partial amorphization of the 

drug in the lipid matrix/encapsulation of drug in the 

lipid matrix, further justifying the selection of lipid. 

FT4 formulation showed a characteristic peak at 59 

ºC confirming the solid crystalline state of the lipid 

inside the prepared film. No change in the shape of 

the GMS peak was observed in the film 

formulation Fig. 9. 
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FIG. 9: COMPARISON OF DSC THERMOGRAM OF A) GLYCERYL MONOSTEARATE B) AZATHIOPRINE 

PURE DRUG C) AZATHIOPRINE SLNS D) AZA SLNS LOADED TRANSDERMAL FILM 

CONCLUSION: Solid lipid nanoparticles of 

azathioprine with a narrow particle size range of 

<200 nm were successfully developed by hot 

homogenization method using glyceryl mono-

stearate as lipid and Tween 80 as surfactant after an 

elaborate standardization of process and 

formulation parameters, further optimizing the 

formulation parameters by 3
2
 factorial design. The 

nanoparticles were evaluated for various 

technological parameters like particle size, 

polydispersity index, entrapment efficiency, drug 

content, in-vitro release, and ex-vivo permeability. 

It was found that the nanoparticles were smooth, 

oblate spheroidal, < 200 nm in size and were highly 

stable. They depicted a prolonged drug release of 

100 ± 2.083% for 24 h, which was three folds 

higher than the pure drug.  

Upon achieving the desirable characters of these 

solid lipid nanoparticles, a transdermal film loaded 

with these nanoparticles was prepared using HPMC 

as a film formed by a solvent casting method. 

Thickness, folding endurance, weight variation, and 

drug content were evaluated which proves that the 

transdermal films possess all the desirable physical 

characteristics. The amount of drug permeated at 

the end of 24 h was found to be 78.97 ± 1.242% for 

formulation FT4 containing DMSO and propylene 

glycol as a permeation enhancer. Hence, it can be 

concluded that transdermal film loaded with AZA 

SLNs can prove as a platform for not only 

minimizing the drug-related problems like low 

solubility and low permeability but also helps in 

acquiring various advantages like maintaining the 

effective therapeutic drug concentration for a 

prolonged period, overcoming the gastrointestinal 

side effects, extending its half-life, and indirectly 

minimizing drug administration frequency. These 

aspects will greatly enhance the therapeutic 

efficacy, safety and thereby will provide improved 

quality of treatment along with high patient 

compliance. 
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