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ABSTRACT 

Background and Objective: Ketoprofen is a non-steroidal anti-inflammatory drug commonly used for the 
management of pain and inflammation. Conventional topical formulations may have limitations in providing 

controlled drug release at the site of application. The present study aimed to develop and optimize ketoprofen-loaded 

solid lipid nanoparticles (K-SLNs) and incorporate the optimized nanoparticles into a topical gel to achieve controlled 
drug delivery. Methods: K-SLNs were prepared by modified high-speed homogenization followed by ultrasonication 

using glycerol monostearate, Span 60, and Tween 80. A three-factor, three-level Box–Behnken design was employed 

to optimize the formulation based on particle size and entrapment efficiency. The optimized K-SLNs were 
characterized for particle size, polydispersity index (PDI), zeta potential, entrapment efficiency, drug loading, 

morphology, drug–excipient compatibility, and in vitro drug release. The optimized nanoparticles were incorporated 

into a Carbopol 934/HPMC K100M gel and evaluated for physicochemical properties, in vitro drug diffusion, release 

kinetics, and short-term stability. Results: The optimized K-SLN showed a particle size of 152.6 nm, PDI of 0.262, 
entrapment efficiency of 90.16%, zeta potential of −30.3 mV, and drug loading of 14.91%. The formulation exhibited 

gradual drug release with diffusion-associated behaviour. The optimized K-SLN gel showed suitable topical 

properties, with a pH of 5.74, viscosity of 12,121 cP, and spreadability of 8.29 mm², compared with plain and 
marketed ketoprofen gels, the nanoparticle gel demonstrated slower drug diffusion and the closest fit to zero-order 

kinetics with ex vivo skin deposition. Conclusion: The developed K-SLN gel exhibited favourable physicochemical 

characteristics and controlled drug release and permeation, indicating its potential as a promising topical delivery 

system for ketoprofen. 

 
Keywords: Ketoprofen; Solid-lipid nanoparticle; Topical gel; Homogenization, Box-Behenken design. 

Abbreviations: ANOVA – Analysis of variance; BBD – Box–Behnken design; CV – Coefficient of variation; df – 

Degrees of freedom; DL – Drug loading; DLS – Dynamic light scattering; DoE – Design of experiments; EE – 

Entrapment efficiency; FTIR – Fourier-transform infrared spectroscopy; GMS – Glyceryl monostearate; HPMC – 

Hydroxypropyl methylcellulose; IP – Indian Pharmacopoeia; KBr – Potassium bromide; K-SLN – Ketoprofen-loaded 
solid lipid nanoparticle; K-SLN-Gel – Ketoprofen-loaded solid lipid nanoparticle gel; NSAIDs – Non-steroidal anti-

inflammatory drugs; PDI – Polydispersity index; PEG – Polyethylene glycol; PS – Particle size; R² – Coefficient of 

determination; RSM – Response surface methodology; SD – Standard deviation; SLN – Solid lipid nanoparticle; UV-

Visible – Ultraviolet-visible; ZP – Zeta potential 

 

I. INTRODUCTION 

 

Osteoarthritis (OA) is the most common form of arthritis among adults and is primarily associated with chronic joint 

pain, stiffness, and impaired physical function. Globally, OA affected approximately 595 million individuals in 2020, 

corresponding to about 7.6% of the adult population. Its prevalence increases considerably with advancing age, with 

nearly 73% of affected individuals being above 55 years. Women account for approximately 60% of OA cases, 

indicating a higher disease burden compared with men.1 OA is a progressive joint disorder involving deterioration of 

articular cartilage and synovial inflammation resulting from the complex influence of mechanical stress, cellular 

alterations, aging, and persistent low-grade inflammation. The knees, hips, and hands are among the joints most 

commonly affected.2 
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Several pharmacological and non-pharmacological approaches are employed for arthritis management, with treatment 

selected according to disease severity and individual patient requirements. Available formulations include oral, topical, 

and parenteral preparations of various therapeutic agents. NSAIDs are commonly administered as tablets, capsules, 

topical gels, or injections, whereas disease-modifying antirheumatic drugs such as methotrexate may be given orally or 

by injection.3 

 

Management of OA generally incorporates lifestyle modification and exercise before pharmacological intervention. 

NSAIDs such as ibuprofen, ketoprofen, diclofenac, and naproxen are frequently used for symptomatic pain relief. 

Nevertheless, prolonged or high-dose systemic NSAID therapy may produce gastrointestinal complications, 
cardiovascular adverse events, and renal impairment. Parenteral administration may additionally cause discomfort. 

Therefore, OARSI guidelines emphasize using the lowest effective NSAID dose for the shortest feasible duration and 

avoiding unnecessary long-term therapy. Topical NSAIDs are recommended by National Institute for Health and Care 
Excellence as first- or second-line options for mild-to-moderate knee or hand OA because they can provide local 

therapeutic effects while reducing systemic exposure.4 

 

Ketoprofen is a propionic acid derivative that exerts analgesic and anti-inflammatory effects primarily through 

reversible inhibition of cyclooxygenase enzymes (COX-1 and COX-2), thereby reducing prostaglandin synthesis. It 

belongs to BCS Class II, exhibiting poor aqueous solubility with high membrane permeability, while its oral absolute 

bioavailability exceeds 90% in humans.5 Topical ketoprofen 2.5% gel offers an alternative to oral administration for 

localized musculoskeletal pain and inflammation, providing therapeutic activity at the application site with reduced 

systemic exposure. Compared with oral ketoprofen, topical administration can substantially reduce gastrointestinal 

adverse effects associated with systemic NSAID exposure.6 

 

Nanotechnology-based topical delivery systems have gained considerable attention for improving drug deposition and 

permeation through the skin.7 Among these systems, solid lipid nanoparticles (SLNs) are submicron carriers composed 

of physiologically compatible lipids that remain solid at room and body temperatures. They offer advantages including 

controlled drug release, improved stability, substantial drug-loading potential, and protection of incorporated drugs.8 

Nanogel-based systems can further enhance topical drug delivery by promoting skin interaction and providing 

sustained drug release. Their nanoscale dimensions and hydrated structure enable incorporation and delivery of drugs 

with different physicochemical characteristics.9 

 
Therefore, the present study aimed to develop and evaluate a ketoprofen-loaded solid lipid nanoparticle gel for topical 

delivery, with the objective of achieving controlled drug release, reducing systemic exposure, and providing a 

potentially improved approach for managing pain and inflammation associated with OA. 

 

II. MATERIALS AND METHODS 

 

Chemicals 

Ketoprofen, received as a pure gift sample from Infinity Laboratories Pvt Ltd., Punjab. Glycerol monostearate, GMS 

(Rolex Chemical Industries, Mumbai). Tween 80 and Polyethylene glycol, PEG 400 (Merck Ltd., Mumbai). Span 60, 
stearic acid, palmitic acid, and cetyl alcohol (Sisco Research Laboratories Pvt Ltd., Maharashtra). Carbopol 934 (Loba 

Chemie Pvt Ltd., Mumbai) and Hydroxypropyl methylcellulose, HPMC K100M (Central Drug House Pvt Ltd., 

Mumbai). Ethanol (Bio Liqua Research Pvt Ltd., Bengaluru) and methanol (Qualigens Fine Chem Ltd., Mumbai). 
Triethanolamine (T.V. Industrial estate, Mumbai). Potassium dihydrogen phosphate, cholesterol, and beeswax 

(S.D. Fine Chem Ltd., Mumbai). Sodium hydroxide pellets (Chem Pure Specialty Chemicals, Mumbai). Dialysis 

membrane-110( HiMedia Laboratories Pvt Ltd., Mumbai). All the chemicals with reagents were of analytical grade. 

 

Equipment 

UV-Visible Spectrophotometer UV-1800, 240 V (Shimadzu, Japan), and FTIR Spectrophotometer 1700S (Shimadzu, 
Japan) equipped with Spectra Manager software. T25 digital Ultra Turrax VGST-GRD178 (IKA India Pvt Ltd., 

Bengaluru). Nanoparticle Analyzer SZ 100 (Horiba Scientific, China). Eutech pH 700 Digital pH meter (Thermo 

Fisher Scientific Pvt Ltd., Mumbai, Maharashtra). Bath Sonicator (PCl Analytics, Thane, Maharashtra). Brightfield 
Digital Microscope (Labomed, India). 

 

Screening of Lipids 

A modified lipid screening method was used to identify a suitable lipid based on ketoprofen solubility. Glycerol 

monostearate (GMS), stearic acid, palmitic acid, cetyl alcohol, beeswax, and cholesterol representing different lipid 
classes were evaluated. Each lipid (50 mg) was placed separately in a test tube and mixed with ketoprofen (10 mg).  
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The mixtures were heated gently until complete lipid melting and stirred for 10 min to facilitate drug incorporation.  

After cooling to room temperature, the samples were examined visually for uniformity, undissolved drug, and 
crystallization. The lipid providing the highest apparent drug solubility without visible crystallization was selected for 

SLN development.10-12 

 

Preliminary Trials 

Preliminary trials were performed using different lipid and surfactant concentrations and varying homogenization 

speeds under ultra turrex for 30 min. Formulations were assessed for particle size and entrapment efficiency. Based on 
these preliminary findings, formulations showing smaller particle size and higher drug entrapment were selected for 

further optimization using the experimental design.12 

. 

Drug–Excipient Compatibility Study 

Ketoprofen (10 mg) was mixed with physical mixture of GMS, Span 60, Tween 80, Carbopol 934, and HPMC 

K100M. The mixture was blended with dried KBr (100 mg), compressed into a pellet at 10 tons, and scanned from 

4000–400 cm⁻¹ by FTIR analysis. The spectra were compared with pure ketoprofen to identify possible interactions.13 

 

Preparation of Ketoprofen loaded SLN 

K-SLNs were prepared using modified high-speed homogenization followed by ultrasonication. GMS and Span 60 

were separately melted above their melting points and mixed with ethanol. Ketoprofen (50 mg) was dissolved in 
ethanol (10 mL) and incorporated into the molten lipid phase with continuous stirring. Tween 80 was dissolved in 

distilled water (40 mL) and heated to the same temperature as the lipid phase. The lipid phase was gradually added to 

the aqueous phase through a 23-gauge syringe while homogenizing with an Ultra-Turrax at 10,000 rpm for 20 min. Ice 
was then added to promote rapid cooling, and homogenization was continued for another 10 min. The resulting 

dispersion was ultrasonicated for 15 min to obtain K-SLNs. The experimental setup is shown in Fig. 2. The prepared 

nanoparticles were subsequently characterized for relevant formulation and physicochemical properties.10,14 

 

Design of Experiment 

Stat-Ease 360 software (version 25.0.1.0) was used for statistical analysis and formulation optimization. A three-
factor, three-level Box–Behnken design was applied using GMS, Span 60, and Tween 80 as independent variables. 

Based on preliminary trials, suitable experimental ranges were selected and coded as low (−1), middle (0), and high 

(+1) levels. The design comprised 15 experimental runs, including three centre-point replicates. Formulations were 
prepared according to the design matrix presented in Table 2, and the obtained responses were statistically analyzed 

to determine the influence of formulation variables and identify the optimized K-SLN formulation.15 

 

Characterization of Ketoprofen-loaded SLN 

Particle Size and Polydispersity Index 
Particle size and Polydispersity Index (PDI) were measured by dynamic light scattering using a Horiba SZ-100 

analyzer at 90° and 25°C. The sample (1 mL) was diluted to 10 mL with double-distilled water, sonicated for 15 min, 

vortex-mixed, and analyzed in polystyrene cuvettes.16 

 

Zeta Potential 

Zeta potential (ZP) was determined using a Horiba SZ-100 analyzer. The sample (1 mL) was diluted to 10 mL with 

double-distilled water and sonicated for 15 min. The diluted dispersion was transferred into an electrode cuvette and 

analyzed to determine the zeta potential.17 

 

Entrapment Efficiency 

Entrapment efficiency (EE%) was determined indirectly by quantifying the unentrapped ketoprofen in the supernatant. 

The SLN dispersion (1 mL) was centrifuged at 15,000 rpm for 30 min at 25°C. The supernatant was diluted with 
phosphate buffer (pH 7.4), and absorbance was measured at 257 nm using a UV-visible spectrophotometer.15,18 

Entrapment efficiency was calculated using the following equation: 

EE (%) = [(Wtotal drug − Wdrug in supernatant) / Wtotal drug] x 100 

where, Wtotal - total amount of drug used; Wfree- amount of unentrapped (free) drug in the dispersion medium. 

 

Percentage Drug Loading 

Drug loading was calculated from the quantity of ketoprofen entrapped within the SLNs relative to the total 
formulation weight of drug, lipid, and surfactants.19 The entrapped drug amount was obtained from the entrapment 

efficiency, and DL was expressed as a percentage using the following equation: 
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%DL = [Wentrapped drug / (Wtotal drug + Wtotal lipid + Wtotal surfactants)] x 100  where, W - weight in mg 
 

Numerical Optimization 

Optimization was performed to identify formulation conditions that best satisfied the predefined objectives. Depending 

on the desired outcome, responses may be minimized, maximized, targeted, or restricted within specified limits, while 

formulation variables can be adjusted to suitable levels to obtain the required formulation characteristics.12 

 

Studies on Optimized Formulation 

Numerical optimization was carried out using the desirability approach in Stat-Ease 360. The formulation was selected 

according to predefined criteria of minimum particle size and maximum entrapment efficiency. The optimized 

formulation presented in Table 4 was subsequently subjected to detailed characterization using relevant evaluation 
parameters.12 

 

Formulation Compatibility Study 

The optimized SLN dispersion was analyzed by FT-IR using the KBr pellet method. A small sample was mixed with 

dried KBr (100 mg), compressed at 10 tons, dried under an incandescent bulb, and scanned from 4000–400 cm⁻¹. The 
spectrum was compared with pure ketoprofen and the drug–excipient mixture to assess possible interactions.13,20 

 

Microscopic Imaging 

A small quantity of optimized K-SLN dispersion was placed on a clean glass slide, covered with a coverslip, and 

examined using a bright-field digital microscope with S-EYE 2.0 image-analysis software. The dispersion was viewed 
at 10× and 40× magnifications, and representative images were captured from different fields.8,21 

 

In vitro Drug Release and Kinetics Study 

In vitro drug release from optimized K-SLN was assessed using a dialysis membrane bag method. A hydrated 

cellulose membrane (mol.wt.cutoff 12,000–14,000 Da; pore size 2.4nm) containing K-SLN equivalent to 5 mg 
ketoprofen was immersed in 200 mL phosphate buffer (pH 7.4) at 37 ± 0.5°C and stirred at 100 rpm. At predetermined 

intervals, 5 mL samples were withdrawn and replaced with fresh buffer. Samples were analyzed at 260 nm in triplicate 

(n = 3). Release data were fitted to zero-order, first-order, Higuchi, and Korsmeyer–Peppas models, with R² values 
used to identify the best-fitting release model.15,22 

 

Preparation of Topical Gel 

Preparation of Plain Gel: Carbopol 934 and HPMC K100M were dispersed in 50 mL distilled water and hydrated 
overnight. The polymers were then mixed with continuous stirring, followed by gradual addition of triethanolamine for 

neutralization and gel formation. The gel was kept overnight to remove air bubbles and achieve uniformity after 

incorporating the required humectant and preservative.22,23 

 
Preparation of K-SLN-Gel: The optimized K-SLN dispersion was incorporated into a gel base containing Carbopol 

934 and HPMC K100M, which were dispersed in distilled water and hydrated overnight. The dispersion was stirred 

the next day, followed by dropwise addition of triethanolamine and PEG 400 for neutralization and consistency. A 

preservative was added, and the gel was mixed thoroughly to ensure uniformity.22-24 

 

Evaluation of K-SLN-Gel Physical 

Appearance 

The gel was visually assessed for color, uniformity, and foreign particles.25 

 

pH 

The pH was measured using a calibrated digital pH meter after dispersing 1 g of gel in 30 mL distilled water and 

immersing the electrode.23 

 

Viscosity Measurement 

Gel viscosity was determined using a Brookfield viscometer equipped with a CPE-63 spindle at an optimized 
rotational speed of 10 rpm.26 

 

Spreadability 

Spreadability was evaluated by the parallel-plate method. The gel sample (1 g), prepared 48 h before testing, was 
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placed between two glass plates. A 100 g weight was applied for 1 min, and the diameter of the spread sample was 

measured.27 Spreadability was calculated using the following formula: Si = d² × (π / 4) 

where, ‘Si’ represents the spreading area (mm²) depending on mass, and ‘d’ symbolizes the spreading area 

diameter (mm). 

 

Drug Content 

Drug content was determined by dissolving 1 g gel in 10 mL ethanol, followed by filtration through Whatman No. 1 filter 

paper. The filtrate (1 mL) was diluted to 10 mL with phosphate buffer (pH 7.4), and absorbance was measured in 

triplicate (n = 3) at 260 nm using a UV-visible spectrophotometer.28 

 

In vitro Drug Diffusion & Kinetics Study 

In vitro drug diffusion of the SLN-loaded, plain ketoprofen, and marketed gels was evaluated using a Franz diffusion 

cell with a pre-soaked dialysis membrane. The receptor compartment contained 135 mL phosphate buffer (pH 7.4) and 

was maintained at 37 ± 0.5°C with stirring at 100 rpm. Samples were withdrawn at predetermined intervals, replaced 

with fresh buffer, analyzed at 260 nm in triplicate. Diffusion data were fitted to zero-order, first-order, Higuchi, and 
Korsmeyer–Peppas models to determine the best-fitting kinetic model and probable release mechanism.22,29-31 

 

Ex vivo Skin Permeation Study 

Ex vivo skin permeation of the optimized K-SLN Gel was evaluated using Franz diffusion cells with excised porcine 

skin. The skin was mounted with the stratum corneum facing the donor compartment and the dermal side in contact 
with the receptor medium. The receptor medium was maintained at 32 ± 1 °C under continuous stirring. An accurately 

measured quantity of K-SLN Gel equivalent to 10 mg of drug was applied to the skin. Receptor samples were 

collected at predetermined time intervals and replaced with equal volumes of fresh medium. Drug concentrations were 
determined using a validated UV method. At the end of the study, the skin was washed to remove residual formulation, 

and the retained drug was extracted using a suitable solvent and quantified.32,33 

Cumulative permeation and skin deposition were reported using the following formula: 
Cumulative % permeation = (Cumulative drug permeated / Drug applied) x 100 

% Skin deposition = (Drug recovered from skin / Drug applied) x 100 

 

Stability Study 

The stability of optimized K-SLN dispersion and SLN gel was assessed for 3 months following ICH Q1C guidelines. 
The dispersion was refrigerated, while the gel was stored at 25 ± 2°C in aluminium foil-covered containers. Samples 

were evaluated initially and after 1 and 3 months. K-SLN was assessed for particle size, PDI, zeta potential, and EE%, 

whereas the gel was evaluated for drug content and 24-h drug release.34 

 

III. RESULTS AND DISCUSSION 

 

Screening of Lipid 

Lipid screening identified suitable lipids for K-SLN development. GMS, cetyl alcohol, and palmitic acid formed clear 
drug–lipid mixtures without visible crystallization, indicating good ketoprofen solubilization. Based on these 

observations (Fig. 1), the three lipids were selected for further preliminary formulation trials.8,35 

Fig. 1: Visual observation of screened lipids. 
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Preliminary Trials 

Preliminary trials in Table 1 showed that formulation composition and processing conditions markedly affected 

particle size, size distribution, surface charge, and drug entrapment. Among the tested batches, T10 and T11 produced 

small particles (152.6 and 131.1 nm) with high entrapment efficiencies (90% and 88%, respectively). Based on this 
combination of desirable characteristics, GMS was selected as the most suitable solid lipid for K-SLNs. These findings 

provided a rational basis for defining the formulation region for subsequent DoE-based optimization. Importantly, 

selection based on both particle size and entrapment efficiency minimized the risk of optimizing a single response at 
the expense of overall formulation performance.8,35 

 

 

Fig. 2: Experimental setup for K-SLN preparation by modified high-speed homogenization. 

 

Table 1: Preliminary formulation trials with results of evaluated parameters. 

Batch 

codes 

GMS 

(mg) 

Palmitic 

acid (mg) 

Cetyl 

alcohol 

(mg) 

Span 60 

(mg) 

Tween 

80 

(%w/v) 

Speed x 

1000 

(rpm) 

PS 

(nm) 

PDI ZP 

(mV) 

EE 

(%) 

T1 50 - - 50 0.2 7.5 191.1 0.48 -26.4 88 

T2 50 - - 100 0.4 7.5 219.4 0.42 -28.2 82 

T3 50 - - 25 0.6 7.5 261.9 0.68 -30.6 84 

T4 - 50 - 50 0.2 7.5 221.8 0.56 -29.2 79 

T5 - 50 - 100 0.4 7.5 326.8 0.63 -28.1 80 

T6 - 50 - 25 0.6 7.5 358.9 0.69 -26.4 76 

T7 - - 50 50 0.2 7.5 316.8 0.62 -30.5 81 

T8 - - 50 100 0.4 7.5 366.5 0.68 -28.2 79 

T9 - - 50 25 0.6 7.5 461.7 0.61 -26.6 77 

T10 50 - - 50 0.4 10 152.6 0.44 -28.4 90 

T11 50 - - 100 0.6 10 131.1 0.42 -28.8 88 

T12 - 50 - 50 0.4 10 259.7 0.63 -27.2 80 

T13 - 50 - 100 0.6 10 221.2 0.68 -30.3 81 

T14 - - 50 50 0.4 10 259.2 0.58 -25.8 79 

T15 - - 50 100 0.6 10 256.6 0.66 -26.3 78 
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Preparation and Characterization of Ketoprofen-loaded SLN 

The prepared batches were characterized, and the results are presented in Table 2. 

 

Table 2: Formulation and evaluation results of K-SLN using a 3-factor BBD. 
Batch 

codes 

GMS 

(mg) 

Span 60 

(mg) 

Tween 

80 

(%w/v) 

PS (nm) EE (%) PDI ZP 

(mV) 

DL 

(%) 

S1 75 100 0.2 214.8 87.13 0.67 -30.6 17.08 

S2 75 62.5 0.4 155.1 91.96 0.44 -28.4 15.45 

S3 75 62.5 0.4 149.6 90.38 0.49 -26.6 15.18 

S4 75 25 0.6 175.4 84.35 0.48 -28.8 12.40 

S5 75 25 0.2 225.1 82.21 0.49 -25.7 22.83 

S6 75 100 0.6 165.2 87.89 0.43 -28.1 10.58 

S7 50 100 0.4 170.6 86.22 0.47 -26.1 13.90 

S8 75 62.5 0.4 158.3 91.30 0.41 -26.2 15.34 

S9 50 25 0.4 185.3 80.61 0.49 -26.5 17.15 

S10 100 25 0.4 219.2 87.60 0.59 -28.4 15.36 

S11 100 62.5 0.2 244.9 84.12 0.67 -28.9 17.34 

S12 50 62.5 0.2 194.7 81.11 0.55 -29.4 21.06 

S13 100 62.5 0.6 184.7 89.22 0.54 -28.2 11.08 

S14 50 62.5 0.6 145.3 82.03 0.48 -26.6 11.63 

S15 100 100 0.4 234.8 91.77 0.61 -30.3 12.74 

 

Table 3: ANOVA results for particle size (Y1) and entrapment efficiency (Y2). 

Source Sum of squares df Mean square F-value p-value  

Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2 

Model 14683.86 225.65 9 9 1631.54 25.07 68.98 26.39 0.0001 0.0011 significant 

A - GMS 4403.91 66.12 1 1 4403.91 66.12 186.19 69.61 <0.0001 0.0004  

B - Span 60 48.02 50.00 1 1 48.02 50.00 2.03 52.63 0.2135 0.0008  

C - Tween 80 5454.90 10.12 1 1 5454.90 10.12 230.62 10.66 <0.0001 0.0223  

AB 229.52 2.25 1 1 229.52 2.25 9.70 2.37 0.0264 0.1844  

AC 29.16 4.00 1 1 29.16 4.00 1.23 4.21 0.3174 0.0954  

BC 0.0025 0.2500 1 1 0.0025 0.2500 0.0001 0.2632 0.9922 0.6298  

A2 1904.01 39.00 1 1 1904.01 39.00 80.50 41.05 0.0003 0.0014  

B2 2388.39 14.77 1 1 2388.39 14.77 100.98 15.55 0.0002 0.0109  

C2 870.94 51.92 1 1 870.94 51.92 36.82 54.66 0.0018 0.0007  

Residual 118.26 4.75 5 5 23.65 0.9500      

Lack of Fit 79.54 2.75 3 3 26.51 0.9167 1.37 0.9167 0.4485 0.5595 not 

significant 

Pure Error 38.73 2.00 2 2 19.36 1.0000      

Cor Total 14802.12 230.40 14 14        

Quadratic 

Model 

R2 Adjusted R2 Predicted R2 Adeq Precision SD %CV 

Y1 (PS) 0.9920 0.9776 0.9081 24.9687 4.86 2.58 

Y2 (%EE) 0.9794 0.9423 0.7895 14.2934 0.9747 1.13 

 

Particle Size and Polydispersity Index 
Particle size is an important parameter for characterizing nanoparticles, as it influences their physical properties and 
performance. PDI indicates the uniformity of particle size distribution and overall formulation consistency. The 
prepared SLNs (S1–S15) showed particle sizes ranging from 145.3 to 244.9 nm, with PDI values between 0.41 and 

0.67.37,38 

The experimental data fit a significant quadratic model (F = 68.98, p < 0.0001) that can be seen in Table 3, with high 

R² (0.9920), adjusted R² (0.9776), and predicted R² (0.9081), indicating good model fit and predictive capability. The 

non-significant lack of fit (F = 1.37, p = 0.4485) confirmed the model's adequacy. GMS and Tween 80 showed 
significant linear effects (p < 0.0001), whereas Span 60 was non-significant linearly (p = 0.2135).  

Final Equation in Terms of Coded Factors: 
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Particle size = 154.33 + 23.46*A − 2.45*B − 26.11*C + 7.58*AB − 2.70*AC + 0.0250*BC + 22.71*A² + 

25.43*B² + 15.36*C² 

The positive coefficient for GMS (+23.46) indicated an increase in particle size with increasing GMS concentration,  

while the negative coefficient for Tween 80 (−26.11) indicated a reduction in particle size. Although the linear effect of 

Span 60 was non-significant, its quadratic term (B²) was significant (p = 0.0002), indicating a nonlinear effect. Significant 
quadratic effects were also observed for GMS (A²; p = 0.0003) and Tween 80 (C²; p = 0.0018). Among the interaction 

terms, only the GMS–Span 60 interaction (AB) was significant (p = 0.0264), indicating that the effect of GMS on particle 
size depended on the concentration of Span 60. 

 
Fig. 3: Model graphs for effect of formulation variables on particle size. A-contour graph; B-3D 

surface; C-predicted vs actual; D-box-cox plot. 

 

In Fig. 3, the contour plot indicated that particle size was influenced mainly by GMS and Span 60, with the lowest 

values observed around 70–75 mg GMS and 55–65 mg Span 60. Increasing either component beyond this region 
increased particle size. The 3D response surface confirmed a nonlinear relationship, showing a minimum particle-size 

region at intermediate factor levels. The predicted-versus-actual plot showed close agreement between experimental 

and predicted values, supporting the adequacy of the developed model. Box–Cox analysis suggested an optimum 
lambda of approximately 0.2, indicating that the selected transformation was appropriate for model analysis. The 

significant quadratic model confirmed that formulation variables influenced particle size. High model fit, close 

adjusted and predicted performance, and non-significant lack of fit demonstrated reliable prediction within the studied 
formulation range.35,39 

 

Zeta Potential 

Zeta potential reflects nanoparticle surface charge and serves as an important indicator of colloidal stability during 
storage. The K-SLNs exhibited ZP values between −25.7 and −30.6 mV, indicating good colloidal stability. These 

values were within the commonly reported range of −20 to −40 mV for SLN formulations. 

ZP represents the electrical charge on the surface of nanoparticles and is an important indicator of the physical stability 
of a colloidal dispersion during storage. The ZP of the ketoprofen-loaded SLNs ideally ranged from −25.7 to −30.6 

mV. The consistent negative surface charge may enhance colloidal stability by promoting electrostatic repulsion and 

reducing particle association and aggregation.40,41 

 

Entrapment Efficiency 

High entrapment efficiency ensures effective drug incorporation within the lipid matrix, maximizing drug loading and 

minimizing drug loss during formulation. The K-SLNs showed 80.61–91.96% entrapment efficiency, confirming 

effective incorporation of ketoprofen within the lipid matrix. 

https://ijnrd.org/
http://www.ijnrd.org/


INTERNATIONAL JOURNAL OF NOVEL RESEARCH AND DEVELOPMENT (IJNRD) 
© 2026 IJNRD | Volume 11, Issue 10, October 2026 | ISSN: 2456-4184 | IJNRD.ORG 

 

 IJNRD2610126 IJNRD - International Journal of Novel Research and Development (www.ijnrd.org) b234 

 

 

A significant quadratic model tabulated in Table 3, was obtained (F = 26.39, p = 0.0011), with R² = 0.9794, adjusted 

R² = 0.9423, and predicted R² = 0.7895, indicating a satisfactory model fit. The lack of fit was non-significant (F = 
0.9167, p = 0.5595), confirming model adequacy. 

Final Equation in Terms of Coded Factors: 

Entrapment Efficiency = 91.00 + 2.87*A + 2.50*B + 1.13*C − 0.7500*AB + 1.0000*AC − 0.2500*BC − 3.25*A² − 

2.00*B² − 3.75*C² 

GMS, Span 60, and Tween 80 showed significant linear effects on entrapment efficiency, with p-values of 0.0004, 

0.0008, and 0.0223, respectively. Their positive coefficients (+2.87, +2.50, and +1.13, respectively) indicated that 
increasing the levels of these variables generally enhanced entrapment efficiency. Significant quadratic effects were 

observed for GMS (A²; p = 0.0014), Span 60 (B²; p = 0.0109), and Tween 80 (C²; p = 0.0007), indicating nonlinear 

effects. None of the two-factor interactions (AB, AC, and BC) were significant (p > 0.05). 
 

Fig. 4: Model graphs for effect of formulation variables on entrapment efficiency. A-contour graph; 

B-3D surface; C-predicted vs actual; D-box-cox plot. 

From Fig. 4, the contour plot showed that entrapment efficiency increased with GMS and Span 60 concentration, 

reaching above 90% at intermediate-to-high levels. The 3D response surface confirmed a nonlinear 
relationship, with maximum entrapment observed around 80–90 mg GMS and 70–90 mg Span 60, followed by a slight 

decline at higher levels. The predicted-versus-actual plot showed close agreement between experimental and predicted 

values, supporting good model fit. Box–Cox analysis indicated an optimum lambda near −3, suggesting that response 

transformation improved model adequacy. Overall, GMS and Span 60 substantially influenced ketoprofen entrapment, 
with an optimum region identified for efficient drug incorporation.35,41 

 

Percentage Drug Loading 

Drug loading indicates the amount of drug incorporated per unit mass of nanoparticles, reflecting formulation 

efficiency and therapeutic payload capacity. Drug loading of ketoprofen-loaded SLNs ranged from 10.58–22.83%. 
Differences in drug loading indicate that entrapment efficiency and drug loading are related but distinct parameters. 

High entrapment does not necessarily imply high drug loading, as greater lipid and excipient proportions can reduce 

the drug fraction within the nanoparticles.41 

 

Studies on Optimized K-SLN 

The optimized K-SLN exhibited nanoscale size, low PDI, high entrapment efficiency, and negative zeta potential 

(Table 4 and Fig. 5). Experimental responses closely matched DoE predictions and were comparable to batch S2 

(Table 5). The low PDI indicated a relatively uniform particle distribution. Overall, the combination of nanoscale size, 

controlled distribution, efficient drug entrapment, and negative surface charge demonstrated a favourable 
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physicochemical profile for further development.8,35,40 

 

Table 4: Formulation chart and results of evaluated parameters for optimized K-SLN. 

Formulation Quantity 

Optimized 

K-SLN 

Drug 

(mg) 

GMS 

(mg) 

Span 60 

(mg) 

Tween 80 

(%w/v) 

Ethanol 

(ml) 

Distilled 

water (ml) 

Methyl 

paraben 
(mg) 

50 74.92 72.24 0.47 10 40 0.2 

Evaluated parameters 

 

Optimized K-

SLN 

PS (nm) EE (%) PDI ZP 

(mV) 

DL 

(%) 

152.6 90.16 0.262 -30.3 14.91 

 

Fig. 5: Results from nanoparticle analyzer for optimized K-SLN. 

A-particle size and PDI; B-zeta potential. 

 

 

Table 5: Comparison of responses for optimized K-SLN. 

Response PS (nm) EE (%) 

 

DOE Predicted 

147.59 91.36 

Actual obtained 152.6 90.16 

Closest matching batch 

(S2) 155.1 91.96 
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FTIR Studies 

Drug–Excipient Compatibility Study 

FT-IR analysis of the drug–excipient mixture showed retention of ketoprofen’s characteristic absorption bands with only 
minor wavenumber shifts (Table 6 and Fig. 6). No significant peak disappearance or new peak formation was observed, 

indicating the absence of notable drug–excipient interactions and confirming compatibility with GMS, Span 60, Tween 

80, Carbopol 934, and HPMC K100M.35,36 

 

Formulation Compatibility Study 

The optimized K-SLN retained characteristic ketoprofen peaks with minor wavenumber shifts, indicating preservation of 

drug identity without major chemical alteration indicating no significant drug–excipient interaction or chemical 
incompatibility and supporting physical incorporation within the lipid–surfactant matrix.8 

 

 
 

Fig. 6: FTIR Spectra of A-pure drug sample; B-drug + physical mixture of all excipients; 

C-optimized K-SLN. 
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Table 6: Comparison of FTIR profile. 

SL. 

No. 

Functional 

group 

Standard 

values of 

Ketoprofen 

(cm⁻¹) 

Observed peak 

values of pure 

Ketoprofen 

(cm⁻¹) 

Observed peak 

values of drug 

+ all excipients 

(cm⁻¹) 

Observed 

peak values 

of optimized 

K-SLN (cm⁻¹) 

1. O–H stretching 
(carboxylic acid) 

 
2500-3300 

2997.48, 

2733.22, 

2652.21 

 
2850.89 

 
3404.48 

2. C=O stretching 

(carboxylic acid) 

1680–1720 1703.20 
1732.14 1697.42 

3. C=O stretching 

(ketone) 

1640–1660 1653.05 
1658.84 1654.98 

4. Aromatic C=C 

stretching 

1500–1600 1597.11 1590.04, 

1510.31 
1599.04 

5. C–O stretching 

(carboxylic acid) 

1210–1320 1282.71 
1284.64 1284.64 

6. Aromatic C–H 

bending 

700–750 731.39 
721.40 715.62 

 

Microscopic Imaging 

Microscopic examination at 40× magnification showed predominantly spherical to rounded K-SLN particles with 

compact, relatively smooth, and well-defined surfaces. Some irregular aggregates were observed, indicating limited 
particle association. The predominantly rounded morphology in Fig. 7 supports formation of discrete lipid-based 

particles, while the compact structure suggests organized lipid matrix formation. These observations, together with 

instrumental particle-size analysis, confirmed successful formation of the K-SLN particulate system rather than a bulk 

lipid dispersion.8 

 

Fig. 7: Microscopic image of optimized K-SLN. 

 

In vitro Drug Release and Kinetics Study of optimized K-SLN 

The optimized K-SLN showed a gradual ketoprofen release, increasing from 8.41% at 0.5 h to 54.25% at 8 h, followed 

by a marked increase to 83.67% at 10 h and 91.03% at 12 h. The recorded release at 24 h was 83.67% (Table 7). Among 
the kinetic models (Fig. 8), the Higuchi model showed the highest correlation (R² = 0.9596), followed by zero-order (R² 

= 0.9411) and Korsmeyer–Peppas (R² = 0.9214), whereas first-order showed the lowest fit (R² = 0.5187). The Higuchi 

model therefore indicated that diffusion through the lipid matrix was a major determinant of drug release. The 
Korsmeyer–Peppas exponent (n = 0.5871) indicated anomalous, non-Fickian transport, suggesting that release 

involved both drug diffusion and matrix-related changes. The gradual release pattern may be attributed to the lipid 

matrix acting as a barrier to rapid drug diffusion, with surface-associated drug contributing initially and matrix-

entrapped drug being released progressively. 
Overall, the findings confirm that SLN incorporation modulated ketoprofen release and provided sustained drug 

availability, supporting its further incorporation into a topical gel system.35,42-44 
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Table 7: Comparison of in vitro drug relaease profile. 

Time 

(hour) 
K-SLN K-SLN-G K-Plain Gel 

Marketed 

K-Gel 

 0.5 8.41 ±0.13 4.94 ±0.10 20.15 ±0.30 23.58 ±0.35 

1.0 15.54 ±0.23 8.32 ±0.15 22.41 ±0.34 27.51 ±0.41 

2.0 27.31 ±0.41 14.27 ±0.25 30.58 ±0.46 36.13 ±0.54 

4.0 35.03 ±0.53 22.73 ±0.39 39.45 ±0.59 47.51 ±0.71 

6.0 43.86 ±0.66 49.65 ±0.74 70.45 ±1.06 77.24 ±1.16 

8.0 54.25 ±0.81 60.22 ±0.90 82.47 ±1.24 86.89 ±1.30 

10.0 83.67 ±1.26 72.41 ±1.09 91.03 ±1.37 93.10 ±1.40 

12.0 91.03 ±1.37 83.21 ±1.25 98.39 ±1.48 99.31 ±1.49 

24.0 83.67 ±1.26 57.47 ±0.86 88.27 ±1.32 90.34 ±1.36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Drug release kinetics model for optimized K-SLN.  

Preparation and Evaluation of K-SLN-Gel 

Carbopol 934 and HPMC K100M were combined to provide suitable gel structure and viscosity. Carbopol contributed gel 

strength, while HPMC enhanced viscosity, adhesion, film formation, and drug-release control. Their complementary 

properties improved the gel’s physical stability, spreadability, and skin residence, supporting effective topical delivery of 
K-SLN.45,46 Six plain gel formulations (G1–G6) were prepared using varying Carbopol 934 and HPMC K100M 

concentrations (Table 8). Based on transparency, texture, and thickness, G5 and G6 were selected for K-SLN 

incorporation. SLN-G1 and SLN-G2 were prepared using 25 mL optimized K-SLN dispersion and subjected to further 

evaluation (Table 9). 
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Table 8: Formulation table of plain gel. 

Name of 

excipient 

Quantity 

G1 G2 G3 G4 G5 G6 

Carbopol 934 

(% w/v) 

0.25 0.5 1.0 0.125 0.25 0.5 

HPMC K100M 

(% w/v) 

0.25 0.5 1.0 0.25 0.5 1.0 

Distilled water 

(mL) 

50 50 50 50 50 50 

Triethanolamine 

(mL) 

q.s q.s q.s q.s q.s q.s 

 

Table 9: Formulation table and evaluated parameters of plain gel. 

 

Formulation composition 

 

SLN-G1 

 

SLN-G2 

Carbopol 934 (% w/v) 0.25 0.5 

HPMC K100M (% w/v) 0.5 1.0 

Distilled water (mL) 50 50 

Optimized SLN (mL) 25 25 

Triethanolamine (mL) q.s. q.s. 

PEG 400 (mL) 0.2 0.2 

Methylparaben (g) 0.2 0.2 

Evaluation parameters SLN-G1 SLN-G2 

Color & texture 
White and 

homogeneous 

White and 

homogeneous 

pH 5.74 5.56 

Viscosity (cP) 12121 10132 

Spreadability (mm²) 8.29 9.13 

Drug content (%) 89.58 88.26 

 

SLN-G1 exhibited a suitable topical pH, measurable viscosity, satisfactory spreadability, homogeneous appearance, and 

acceptable drug incorporation. These properties are collectively important for topical administration. A suitable pH 

reduces the likelihood of unnecessary irritation associated with marked deviation from the normal skin environment, 
while adequate viscosity helps maintain the formulation at the site of application rather than allowing rapid removal. At 

the same time, excessive viscosity can reduce ease of spreading and may impede drug movement through the formulation. 

Therefore, the selection of the gel was appropriately based on a balance between viscosity and spreadability rather than on 
maximization of either parameter. The homogeneous appearance additionally suggests reasonably uniform distribution of 

the nanoparticle dispersion throughout the gel base.The selected formulation was therefore suitable for subsequent release 

and permeation studies because its physical properties were compatible with topical application while maintaining 
incorporation of the optimized K-SLN.47,48 

 

In vitro Drug Diffusion & Kinetics Study of K-SLN-Gel 

The in vitro drug diffusion study compared K-SLN-G, Drug + Plain Gel, and Marketed K-Gel over 24 h, with results 

presented in Table 7 and Fig. 9. K-SLN-G showed a gradual increase in drug diffusion from 4.94% at 0.5 h to 83.21% 

at 12 h. In comparison, Drug + Plain Gel showed faster diffusion, increasing from 20.15% to 98.39%, while Marketed 
K-Gel increased from 23.58% to 99.31% over the same period. Thus, K-SLN-G exhibited comparatively slower drug 

diffusion, indicating a sustained-release effect. The slower diffusion from K-SLN-G can be attributed to the combined 

effects of the lipid nanoparticle matrix and polymeric gel network. In the plain gel and marketed formulation, 
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ketoprofen was more readily available for diffusion through the hydrated gel matrix. In contrast, K-SLN-G required 

drug release from the lipid carrier followed by diffusion through the gel network. This sequential pathway provided an 

additional barrier to drug movement and effectively prolonged drug release. The findings indicate that the sustained 

diffusion was mainly associated with SLN incorporation rather than the gel vehicle alone. Overall, the K-SLN-G 
demonstrated controlled drug diffusion and provided a suitable formulation approach for sustained topical delivery of 

ketoprofen. 
 

Fig. 9: Comparison plot of In vitro drug release profile. 

The release kinetics of K-SLN-Gel showed the highest correlation with the zero-order model (R² = 0.9878), followed 
by Higuchi (R² = 0.9475), Korsmeyer–Peppas (R² = 0.8482), and first-order models (R² = 0.5022). Thus, the release 

profile was best described by zero-order kinetics, indicating a relatively consistent drug-release rate over the studied 

period. The Korsmeyer–Peppas exponent (n = 0.7611) indicated anomalous, non-Fickian transport, suggesting 

involvement of more than one release mechanism (Table 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Drug release kinetics model for optimized K-SLN.
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Table 10: Coefficient of correlation values of mathematical models. 

Formulation Zero 

order 

First 

order 

Higuchi Korsmeyer- 

peppas 

R2 R2 R2 R2 n 

K-SLN 0.9411 0.5187 0.9596 0.9214 0.5871 

K-SLN-Gel 0.9878 0.5022 0.9475 0.8482 0.7611 

 

The close fit to zero-order kinetics (Fig. 10) indicates that drug availability from K-SLN-Gel was relatively 
independent of the amount of drug remaining in the formulation, supporting its controlled-release potential. The 

comparatively high Higuchi correlation further confirmed that diffusion contributed substantially to drug transport. 

The anomalous release behaviour suggests a combined influence of drug diffusion and structural changes or relaxation 
within the lipid–polymer matrix. Notably, incorporation of K-SLNs into the gel shifted the release behaviour from 

predominantly Higuchi-type release in the nanoparticle dispersion toward zero-order kinetics in the final gel. This 

change may be attributed to the additional resistance provided by the polymeric gel network, which regulates drug 

movement after release from the lipid nanoparticles. Overall, the K-SLN-Gel functioned as a combined release-control 
system, with the SLN regulating drug availability from the lipid matrix and the gel matrix further controlling its 

subsequent diffusion.35,47 

 

Ex vivo Skin Permeation and Deposition Study 
The ex vivo permeation study (Table 11) evaluated the cumulative percentage of ketoprofen permeated through 

porcine skin, while the skin deposition study assessed the percentage of the applied dose retained within the skin (Fig. 

11). These complementary parameters were used to characterize drug transport and local skin retention from the 
optimized K-SLN Gel.33 

Table 11: Ex vivo skin permeation and deposition profile. 
Time 

(hour) 
Cumulative 

permeation (%) 

Skin deposition (%) 

0.5 4.2 ± 0.2 2.5 ± 0.2 

1 7.8 ± 0.3 4.4 ± 0.3 

2 14.6 ± 0.5 7.8 ± 0.4 

4 27.3 ± 0.8 12.6 ± 0.6 

6 39.8 ± 1.0 17.5 ± 0.8 

8 51.2 ± 1.2 21.8 ± 0.9 

10 62.5 ± 1.4 25.4 ± 1.1 

12 71.4 ± 1.5 28.2 ± 1.2 

24 89.6 ± 1.8 32.5 ± 1.4 

 

 
                                                                   Fig. 11: Ex vivo profile of K-SLN-Gel. 
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Stability Study 

The optimized K-SLN and K-SLN-G showed satisfactory short-term stability over 3 months (Table 12), with only 

minor changes in their evaluated parameters. Refrigerated K-SLN maintained nanoscale particle size, negative zeta 

potential, and relatively high entrapment efficiency, indicating good physical stability.40,41 The K-SLN-G stored at 
room temperature showed minimal changes in pH, viscosity, spreadability, and drug content. The drug diffusion 

profile also remained satisfactory, at 12 h during the stability study.41,47,48 Overall, the limited changes in 

physicochemical properties and drug-release behaviour indicated acceptable short-term stability of both formulations 
under the studied storage conditions. 

 

Table 12: Stability profile of K-SLN and K-SLN-gel. 
 

 

 

Time 

period 

K-SLN K-SLN-Gel 

 

ZP 

(mV) 

 

EE 

(%) 

 

PS 

(nm) 

 

PDI 

 

EE 

(%) 

 

pH 

 

Viscosity 

(cP) 

Spread 

ability 

(mm
2
) 

Drug 

content 

(%) 

Initial -30.3 90.16 152.6 0.262 90.16 5.74 12121 8.29 89.58 

1 month -30.6 89.75 157.2 0.414 89.95 5.62 12452 8.41 88.94 

3 months -28.8 88.64 164.4 0.442 89.24 5.69 12610 8.68 88.21 

 

IV. CONCLUSION 

 

The present study successfully developed and optimized a ketoprofen-loaded solid lipid nanoparticle gel (K-SLN-Gel) 

as a topical drug delivery system intended to provide controlled drug release and suitable topical application. A 

systematic formulation approach was followed, including preformulation studies, lipid and excipient screening, Box–
Behnken design-based optimization, nanoparticle characterization, gel development, in vitro drug release and diffusion 

studies, and short-term stability evaluation. 

 

Preformulation and compatibility studies supported the suitability of ketoprofen and the selected formulation 

components. Optimization using the Box–Behnken design demonstrated that variations in lipid and surfactant 
concentrations influenced the nanoparticle characteristics. The optimized K-SLN exhibited suitable nanoscale particle 

size, relatively uniform size distribution, high drug entrapment, and satisfactory negative surface charge, confirming 

successful formation of the lipid-based nanoparticulate system. The experimental responses were reasonably 
comparable with the predicted values, supporting the suitability of the optimization model. 

 

The optimized K-SLN was successfully incorporated into a Carbopol 934–HPMC K100M polymeric gel. The 

resulting K-SLN-Gel showed acceptable physicochemical properties, including suitable pH, viscosity, spreadability, 

homogeneity, and drug content, indicating its suitability for topical application. The incorporation of K-SLN into the 
gel provided an additional barrier to drug diffusion, with the lipid matrix regulating drug release and the polymeric 

network further controlling diffusion. Accordingly, K-SLN-Gel showed slower and more controlled drug diffusion 

than the plain ketoprofen gel and marketed gel under the experimental conditions. Release-kinetic analysis indicated 

the involvement of diffusion along with matrix-related effects in drug transport, and skin deposition was observed via 
ex vivo permeation studies. 

 

The stability study showed that the optimized K-SLN and K-SLN-Gel maintained their major evaluated characteristics 

during the investigated storage period, with only limited changes in physicochemical properties and drug-release 

behaviour. These findings support satisfactory short-term stability under the studied conditions. However, long-term 
and accelerated stability studies are necessary to establish the shelf life and overall stability profile.  

 

Overall, the study demonstrates that combining ketoprofen-loaded SLNs with a topical polymeric gel is a rational 

approach for modulating drug release and diffusion. The developed K-SLN-Gel represents a promising platform for 

controlled topical delivery of ketoprofen. Further studies involving long-term stability, comparative permeation, 

dermatokinetic evaluation, safety assessment, and in vivo investigations are required to establish its therapeutic 
potential and facilitate further development. 

 

 

 

 

 

https://ijnrd.org/
http://www.ijnrd.org/


INTERNATIONAL JOURNAL OF NOVEL RESEARCH AND DEVELOPMENT (IJNRD) 
© 2026 IJNRD | Volume 11, Issue 10, October 2026 | ISSN: 2456-4184 | IJNRD.ORG 

 

 IJNRD2610126 IJNRD - International Journal of Novel Research and Development (www.ijnrd.org) b243 

 

 

DECLARATION 

Artificial Intelligence (AI) tool was used to enhance the image(s) quality. 
 

CONFLICT OF INTEREST 

The authors declare that they have no conflicts of interest related to this research work. 
 

ETHICAL CLEARANCE 

No ethical clearance was required as this research work do not involve any kind of animal studies. 
 

DATA AVAILABILITY 

Supplementary data can be obtained from: 
https://ijirt.org/publishedpaper/IJIRT209079_PAPER.pdf [doi.org/10.64643/IJIRTV13I5-209079-459]. 
https://ijpub.org/ijvra/papers/IJVRATHE2048.pdf [doi.org/10.56975/ijvra.v4i7.708877]. 

 

ACKNOWLDEMENT 
The authors sincerely acknowledge Nargund College of Pharmacy, Bengaluru, Karnataka, for providing the necessary 

laboratory facilities, computer facilities, Wi-Fi, access to DrillBit plag checker, and other laboratory accessories 

required to carry out this research work. The authors would like to express their special thanks to the Vision Group of 
Science and Technology (VGST), Bengaluru, Karnataka, India, for providing the GRD-178 grant, which supported the 

procurement of the Nanoparticle Analyzer SZ100 (HORIBA Scientific, Kyoto, Japan) used during this research work. 

The authors are also grateful to Rajiv Gandhi University of Health Sciences (RGUHS), Bengaluru, Karnataka, for 

providing access to Helinet and other essential e-resources. 

 

REFERENCES 

 

1. Steinmetz JD, Culbreth GT, Haile LM, Rafferty Q, Lo J, Fukutaki KG, et al. Global, regional, and national 
burden of osteoarthritis, 1990–2020 and projections to 2050: a systematic analysis for the Global Burden of 
Disease Study 2021. Lancet Rheumatol. 2023;5(9): e508–22. 

2. Wei Y, Bai L. Recent advances in the understanding of molecular mechanisms of cartilage degeneration, 
synovitis and subchondral bone changes in osteoarthritis. Connect Tissue Res. 2016;57(4):245–61. 

3. Köhler BM, Günther J, Kaudewitz D, Lorenz HM. Current Therapeutic Options in the Treatment of 
Rheumatoid Arthritis. J Clin Med. 2019;8(7):938. 

4. Altman RD, Barthel HR. Topical Therapies for Osteoarthritis. Drugs. 2011;71(10):1259–79. 

5. Shohin IE, Kulinich JI, Ramenskaya GV, Abrahamsson B, Kopp S, Langguth P, et al. Biowaiver Monographs 
for Immediate-Release Solid Oral Dosage Forms: Ketoprofen. J Pharm Sci. 2012;101(10):3593–603. 

6. Coaccioli S. Ketoprofen 2.5% gel: a clinical overview. Eur Rev Med Pharmacol Sci. 2011;15(8):943–9. 

7. Yi-Qun Yu, Xue Yang, Xiao-Fang Wu, Yi-Bin Fan. Enhancing Permeation of Drug Molecules Across the 
Skin via Delivery in Nanocarriers: Novel Strategies for Effective Transdermal Applications. Front Bioeng 
Biotechnol. 2021; 9:1-10, 

8. Mehnert W. Solid lipid nanoparticles Production, characterization and applications. Adv Drug Deliv Rev. 
2001;47(2–3):165–96. 

9. Rehman MU, Tariq L, Arafah A, Ali S, Beigh S, Dar MA, et al. Nanogel-based Transdermal Drug Delivery 
System: A Therapeutic Strategywith Under Discussed Potential. Curr Top Med Chem. 2023;23(1):44–61. 

10. Patel V, Mehta T, Shah J, Soni K. Quality by design driven development of lipid nanoparticles for cutaneous 
targeting: a preliminary approach. Drug Deliv Transl Res. 2025;15(4):1393–1410. 

11. Jazuli I, Annu, Nabi B, Moolakkadath T, Alam T, Baboota S, Ali J. Optimization of Nanostructured Lipid 
Carriers of Lurasidone Hydrochloride Using Box-Behnken Design for Brain Targeting: In Vitro and In Vivo 
Studies. J Pharm Sci. 2019;108:3082–3090. 

12. Agarwal S, Murthy RSR, Harikumar SL, Garg R. Quality by design approach for development and 
characterisation of solid lipid nanoparticles of quetiapine fumarate. Curr Comput Aided Drug Des. 
2020;16(1):73–91. 

13. Shahraeini SS, Akbari J, Saeedi M, Morteza-Semnani K, Abootorabi S, Dehghanpoor M, et al. Atorvastatin 
solid lipid nanoparticles as a promising approach for dermal delivery and an anti-inflammatory agent. AAPS 
PharmSciTech. 2020;21(7):263. 

14. Hou D, Xie C, Huang K, Zhu C. The production and characteristics of solid lipid nanoparticles (SLNs). 

Biomaterials. 2003;24(10):1781-1785. 

15. K M Asha Spandana, Angolkar M, Rahamathulla M, Thajudeen KY, Ahmed MM, Farhana SA, et al. Box-
Behnken design-based optimization and evaluation of lipid-based nano drug delivery system for brain 
targeting of bromocriptine. Pharmaceuticals (Basel). 2024;17(6):720. 

https://ijnrd.org/
http://www.ijnrd.org/
https://ijirt.org/publishedpaper/IJIRT209079_PAPER.pdf
http://doi.org/10.64643/IJIRTV13I5-209079-459
https://ijpub.org/ijvra/papers/IJVRATHE2048.pdf
http://doi.org/10.56975/ijvra.v4i7.708877


INTERNATIONAL JOURNAL OF NOVEL RESEARCH AND DEVELOPMENT (IJNRD) 
© 2026 IJNRD | Volume 11, Issue 10, October 2026 | ISSN: 2456-4184 | IJNRD.ORG 

 

 IJNRD2610126 IJNRD - International Journal of Novel Research and Development (www.ijnrd.org) b244 

 

 

16. Keerthana K, Sandeep DS. Design, optimization, in vitro and in vivo evaluation of flurbiprofen loaded solid 
lipid nanoparticles (SLNs) topical gel. Indian J Pharm Educ Res. 2022;56(4):984-993. 

17. Gaur PK, Mishra S, Bajpai M, Mishra A. Enhanced oral bioavailability of efavirenz by solid lipid 
nanoparticles: in vitro drug release and pharmacokinetics studies. Biomed Res Int. 2014;2014:363404. 

18. Das S, Ng WK, Kanaujia P, Kim S, Tan RBH. Formulation design, preparation and physicochemical 
characterizations of solid lipid nanoparticles containing a hydrophobic drug: effects of process variables. 
Colloids Surf B Biointerfaces. 2011;88:483-489. 

19. Alajami HN, Fouad EA, Ashour AE, Kumar A, Yassin AEB. Celecoxib-loaded solid lipid nanoparticles for 
colon delivery: formulation optimization and in vitro assessment of anti-cancer activity. Pharmaceutics. 
2022;14(1):131. 

20. Liu W, Hu M, Liu W, Xue C, Xu H, Yang XL. Investigation of the Carbopol gel of solid lipid nanoparticles for 
the transdermal iontophoretic delivery of triamcinolone acetonide acetate. Int J Pharm. 2008;364(1):135-141. 

21. Talele P, Jadhav A, Sahu S, Shimpi N. Experimental approaches to evaluate solid lipid nanoparticle-based 
drug delivery systems. Anal Methods. 2025;17:1451-1466. 

22. El-Housiny S, Eldeen MAS, El-Attar YA, Salem HA, Attia D, Bendas ER, et al. Fluconazole-loaded solid lipid 
nanoparticles topical gel for treatment of pityriasis versicolor: formulation and clinical study. Drug Deliv. 
2018;25(1):78-90 

23. Kumar S, Himmelstein KJ. Modification of in situ gelling behavior of Carbopol solutions by hydroxypropyl 
methylcellulose. J Pharm Sci. 1995;84(3):344-348. 

24. Kesharwani R, Sachan A, Singh S, Patel D. Formulation and evaluation of solid lipid nanoparticle (SLN) 
based topical gel of etoricoxib. J Appl Pharm Sci. 2016;6(10):124-131. 

25. Sethu Lekshmi, Jose T, Mathews MM, Badmanaban R. Formulation and evaluation of topical gels 
incorporated with solid dispersions of an antiinflammatory drug. J Innov Appl Pharm Sci. 2023;8(3-S):114-
119. 

26. Manu N, Sudha BS. Liposphere-based fluconazole gel: an efficient topical carrier for antifungal treatment. 
World J Pharm Res. 2025;14(23):719-735. 

27. Kola-Mustapha AT, Raji MA, Alzahrani YA, Binsaeed NH, Adam DR, Shameh RA, Garaween NM, 
Garaween G. Formulation, optimization, and comprehensive characterization of topical essential oil-loaded 
anti-acne microemulgels. Gels. 2025;11(8):612. 

28. Carlfors J, Edsman K, Petersson R, Jörnving K. Rheological evaluation of Gelrite® in situ gels for ophthalmic 
use. Eur J Pharm Sci. 1998;6(2):113-119. 

29. Dash S, Murthy PN, Nath L, Chowdhury P. Kinetic modeling on drug release from controlled drug delivery 
systems. Acta Pol Pharm. 2010;67(3):217-223. 

30. Higuchi T. Rate of release of medicaments from ointment bases containing drugs in suspension. J Pharm Sci. 
1961;50(10):874–875. 

31. Korsmeyer RW, Gurny R, Doelker E, Buri P, Peppas NA. Mechanisms of solute release from porous 
hydrophilic polymers. Int J Pharm. 1983;15(1):25–35. 

32. Organisation for Economic Co-operation and Development (OECD). Test No. 428: Skin absorption: In vitro 
method. Paris: OECD Publishing; 2004. 

33. Silva IR, Lima FA, Reis ECO, Ferreira LAM, Goulart GAC. Stepwise protocols for preparation and use of 
porcine ear skin for in vitro skin permeation studies using Franz diffusion cells. Curr Protoc. 2022;2(3):e391 

34. Sathyanarayana T, Sudheer P, Jacob E, Sabu MM. Development and evaluation of nanostructured lipid 
carriers for transdermal delivery of ketoprofen. Fabad J Pharm Sci. 2023;48(1):105-124. 

35. Müller RH, Mäder K, Gohla S. Solid lipid nanoparticles (SLN) for controlled drug delivery—A review of the 
state of the art. Eur J Pharm Biopharm. 2000;50(1):161-177. 

36. Patel VR, Agrawal YK. Nanosuspension: an approach to enhance solubility of drugs. J Adv Pharm Technol 
Res. 2011;2(2):81-87. 37. 

37. Madan JR, Khude PA, Dua K. Development and evaluation of solid lipid nanoparticles of mometasone furoate 
for topical delivery. Int J Pharm Investig. 2014;4(2):60–64. 

38. Danaei M, Dehghankhold M, Ataei S, Hasanzadeh Davarani F, Javanmard R, Dokhani A, et al. Impact of 
particle size and polydispersity index on the clinical applications of lipidic nanocarrier systems. 

Pharmaceutics. 2018;10(2):57. 

39. Kheradmandnia S, Vasheghani-Farahani E, Nosrati M, Atyabi F. Preparation and characterization of 
ketoprofen-loaded solid lipid nanoparticles made from beeswax and carnauba wax. Nanomedicine. 
2010;6(6):753–759. 

40. Gordillo-Galeano A, Mora-Huertas CE. Solid lipid nanoparticles and nanostructured lipid carriers: a review 
emphasizing on particle structure and drug release. Eur J Pharm Biopharm. 2018;133:285–308. 

41. Freitas C, Müller RH. Effect of light and temperature on zeta potential and physical stability in solid lipid 
nanoparticle (SLN™) dispersions. Int J Pharm. 1998;168(2):221–229. 

https://ijnrd.org/
http://www.ijnrd.org/


INTERNATIONAL JOURNAL OF NOVEL RESEARCH AND DEVELOPMENT (IJNRD) 
© 2026 IJNRD | Volume 11, Issue 10, October 2026 | ISSN: 2456-4184 | IJNRD.ORG 

 

 IJNRD2610126 IJNRD - International Journal of Novel Research and Development (www.ijnrd.org) b245 

 

 

42. Higuchi T. Mechanism of sustained-action medication. Theoretical analysis of rate of release of solid drugs 
dispersed in solid matrices. J Pharm Sci. 1963;52:1145–1149. 

43. Ritger PL, Peppas NA. A simple equation for description of solute release I. Fickian and non-Fickian release 
from non-swellable devices in the form of slabs, spheres, cylinders or discs. J Control Release. 1987;5(1):23–
36. 

44. Peppas NA, Sahlin JJ. A simple equation for the description of solute release. III. Coupling of diffusion and 
relaxation. Int J Pharm. 1989;57(2):169-172. 

45. Jones DS, Woolfson AD, Brown AF. Textural, viscoelastic and mucoadhesive properties of pharmaceutical 
gels composed of cellulose polymers. Int J Pharm. 1997;151:223-233. 

46. Bonacucina G, Cespi M, Palmieri GF. Characterization and stability of emulsion-based formulations 
containing Carbopol polymers. AAPS PharmSciTech. 

47. Garcês A, Amaral MH, Sousa Lobo JM, Silva AC. Formulations based on solid lipid nanoparticles (SLN) and 
nanostructured lipid carriers (NLC) for cutaneous use: a review. Eur J Pharm Sci. 2018;112:159–167. 

48. Jin X, Imran M, Mohammed Y, et al. Topical semisolid products—understanding the impact of 
metamorphosis on skin penetration and physicochemical properties. Pharmaceutics. 2022;14(11):2487. 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 

 
Copyright & License: 

© Authors retain the copyright of this article. This work is published under the Creative Commons Attribution 4.0 
International License (CC BY 4.0), permitting unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

https://ijnrd.org/
http://www.ijnrd.org/

	Kirankumar R1, Sahana S2, Rama Bukka3, Rama R Nargund4, Shachindra L Nargund5, Shravan L Nargund6, Nidhi Malviya7*
	*Corresponding Author(s) Name & Email:
	ABSTRACT
	I. INTRODUCTION
	II. MATERIALS AND METHODS
	Chemicals
	Equipment
	Screening of Lipids
	Preliminary Trials
	Drug–Excipient Compatibility Study
	Preparation of Ketoprofen loaded SLN
	Design of Experiment
	Characterization of Ketoprofen-loaded SLN Particle Size and Polydispersity Index
	Zeta Potential
	Entrapment Efficiency
	Percentage Drug Loading
	Numerical Optimization
	Studies on Optimized Formulation
	Formulation Compatibility Study
	Microscopic Imaging
	Preparation of Topical Gel
	Evaluation of K-SLN-Gel Physical Appearance
	pH
	Viscosity Measurement
	Spreadability
	Drug Content
	Stability Study

	III. RESULTS AND DISCUSSION
	Screening of Lipid
	Fig. 1: Visual observation of screened lipids.
	Preliminary Trials
	Fig. 2: Experimental setup for K-SLN preparation by modified high-speed homogenization.
	Preparation and Characterization of Ketoprofen-loaded SLN
	Table 2: Formulation and evaluation results of K-SLN using a 3-factor BBD.
	Table 3: ANOVA results for particle size (Y1) and entrapment efficiency (Y2).
	Particle Size and Polydispersity Index
	Fig. 3: Model graphs for effect of formulation variables on particle size. A-contour graph; B-3D surface; C-predicted vs actual; D-box-cox plot.
	Zeta Potential
	Entrapment Efficiency
	Fig. 4: Model graphs for effect of formulation variables on entrapment efficiency. A-contour graph; B-3D surface; C-predicted vs actual; D-box-cox plot.
	Percentage Drug Loading
	Studies on Optimized K-SLN
	Table 4: Formulation chart and results of evaluated parameters for optimized K-SLN.
	Fig. 5: Results from nanoparticle analyzer for optimized K-SLN. A-particle size and PDI; B-zeta potential.
	FTIR Studies
	Formulation Compatibility Study
	Table 6: Comparison of FTIR profile.
	Microscopic Imaging
	Fig. 7: Microscopic image of optimized K-SLN.
	In vitro Drug Release and Kinetics Study of optimized K-SLN
	Table 7: Comparison of in vitro drug relaease profile.
	Fig. 8: Drug release kinetics model for optimized K-SLN.
	Preparation and Evaluation of K-SLN-Gel
	Table 8: Formulation table of plain gel.
	Table 9: Formulation table and evaluated parameters of plain gel.
	Fig. 9: Comparison plot of In vitro drug release profile.
	Table 10: Coefficient of correlation values of mathematical models.
	Ex vivo Skin Permeation and Deposition Study
	Table 11: Ex vivo skin permeation and deposition profile.
	Stability Study
	Table 12: Stability profile of K-SLN and K-SLN-gel.

	IV. CONCLUSION
	DECLARATION
	CONFLICT OF INTEREST
	ETHICAL CLEARANCE
	DATA AVAILABILITY
	ACKNOWLDEMENT
	REFERENCES

