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Abstract. Transdermal patches of traditional Non-Steroidal Anti-
Inflammatory Drugs (NSAIDs) such as diclofenac are already commercially 
available. Both diclofenac and etoricoxib (EB) are members of the NSAID 
family and are used as pain and inflammation relievers. However, 
transdermal formulations of EB, a non-traditional NSAID, have not yet been 
developed. The primary cause for the lack of such formulation might be the 
very poor aqueous solubility of EB. The traditional NSAIDs (non-selective 
COX inhibitor) raises the risk of renal damage, cardiovascular events and 
gastrointestinal side effects. EB is a selective COX-2 inhibitor and may have 
a lower risk of causing harm compared to traditional NSAIDs. Therefore, 
the transdermal patches of EB must be made highly desirable for patients 
requiring long-term pain management. This study presents the development 
of EB nanomedicine-impregnated transdermal patches to overcome its poor 
aqueous solubility and improve its therapeutic efficacy. The nanomedicines 
of EB were produced by encapsulating the drug into silica nanoparticles 
(SNPs) and sodium montmorillonite (Na-MMT) nanoclay, leveraging their 
high surface area, biocompatibility and ability to enhance solubility and skin 
permeation. The transdermal patches were fabricated incorporating the pure 
drug as well as nanomedicines to execute a comparative analysis between 
the patches with and without nanocarriers, performing various 
pharmaceutical experiments such as in vitro drug release study at pH 5.5 and 
7.4, skin irritation study on mice and rats, ex vivo skin permeation study 
using Franz diffusion cell, ex vivo drug release kinetics analysis and in vivo 
analgesic activity via Hot-Plate and Tail-Flick methods.  
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1 Introduction 
Etoricoxib (EB; chemical name: 5-chloro-3-(4-methylsulfonyl)phenyl-2-(2-methyl-5-
pyridinyl)pyridine) is a Non-Steroidal Anti-Inflammatory Drug (NSAID) that belongs to the 
class of selective COX-2 inhibitors. It is used for the treatment of pain and inflammation 
associated with osteoarthritis, rheumatoid arthritis, ankylosing spondylitis, acute gouty 
arthritis and acute pain conditions [1]. Etoricoxib (EB) is primarily available in oral tablet 
formulation. EB is normally used once a day at a dosage of 60 mg for osteoarthritis and 
rheumatoid arthritis. The dosage may sometimes be raised to 90 mg once a day if necessary. 
For ankylosing spondylitis, 90 mg of etoricoxib once a day is advised. EB is prescribed at a 
dosage of 120 mg once a day, although this should only be taken during the acute phase of 
symptoms associated with gouty arthritis [2]. As of the last update in 2026, no transdermal 
formulation of EB is available in the market due to its poor aqueous solubility (logarithm of 
the partition coefficient (log P) = 2.79, and aqueous solubility = 0.01 to 0.5 mg/mL at 25°C) 
[3]. One might wonder why EB is needed when diclofenac, also an NSAID, is widely 
available in various formulations (i.e., oral tablets, injectable solutions, gels, and patches) for 
similar therapeutic purposes. Generally, the mechanism of action of NSAIDs is based upon 
the inhibition of an enzyme called cyclooxygenase (COX), which is responsible for 
catalyzing the formation of “prostaglandins” having various functions in the body, including 
the regulation of inflammation and “thromboxanes” from “arachidonic acid.” Therefore, it 
can also be said that the anti-inflammatory effect occurs in the body by preventing the 
synthesis of prostaglandins. “Phospholipase A2” is an enzyme released from the damaged 
cells that converts phospholipids into arachidonic acid in the cell membrane. COX has two 
isoforms: COX-1 & COX-2, in which COX-1 is induced throughout the human body and 
produces prostaglandins and thromboxane that stimulate normal body functions such as 
protecting the stomach mucosa from the acidic environment, platelet accumulation, 
preservation of renal blood-circulation, etc. In contrast, the COX-2 isoform is induced only 
at sites of inflammation, not in all body tissues. COX-2-derived prostaglandins facilitate 
fever, pain and inflammation. Diclofenac is a non-selective COX inhibitor (i.e., it can inhibit 
both COX-1 and COX-2), which significantly increases the risk of renal damage, 
cardiovascular complications and gastrointestinal side effects. On the other hand, EB, a 
selective COX-2 inhibitor, is associated with a lower risk of these adverse effects [4,5]. 
However, excessive levels of EB in the plasma can significantly increase the risk of 
gastrointestinal ulcers, heart attack and renal insufficiency [6]. This makes the development 
of various formulations, especially transdermal formulations for EB, an appealing option, 
particularly for patients who require long-term pain management. Nowadays, Transdermal 
Drug Delivery Systems (TDDS) received great attention among the routes owing to a few 
advantages [7]: (i) they provide sustained release of the drugs at the site of application, 
thereby dosing frequency gets reduced, (ii) anxiety and pain associated with injections can 
be avoided, (iii) first-pass metabolism can be evaded, (iv) patients may administer TDDS on 
their own, (v) patient compliance is largely increased due to its non-invasive and user-
friendly nature and (vi) It can lead to cost savings by minimizing the requirement for 
healthcare professional involvement in drug administration. Since the low aqueous solubility 
of etoricoxib may affect its transdermal bioavailability, it has been decided to load the drug 
into nanoparticles (i.e., to synthesize corresponding nanomedicines) before incorporating it 
into the transdermal matrix. Moreover, the nanoparticles are capable of sustaining the drug 
release for an extended period [8]. Two potential inorganic nanocarriers have been focused 
on throughout the research work: Silica nanoparticles (SNPs) and Sodium montmorillonite 
(Na-MMT) nanoclay. Both SNPs and Na-MMT nanoclay possess a large surface area that 
provides ample space for drug loading. The swelling property of Na-MMT in aqueous 
environments facilitates the expansion of its layered structure and promotes better drug 
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incorporation. SNPs and Na-MMT nanoclay can accommodate both hydrophilic and 
hydrophobic drugs because their surface can be easily modified with various functional 
groups. They also exhibit high biocompatibility which ensures minimal adverse reactions 
when used for drug delivery. The porous structure of SNPs and the layered structure of Na-
MMT allow for the controlled and sustained release of drugs that help in maintaining 
therapeutic levels of drugs over extended periods, reducing the frequency of dosing and 
improving patient compliance. These nanoparticles offer high chemical and physical stability 
of encapsulated drugs from degradation by environmental factors such as pH, enzymes or 
light. More interestingly, SNPs and Na-MMT nanoclay play roles in enhancing skin 
penetration and improving the aqueous solubility of poorly soluble drugs [9–12]. These 
specific properties make them ideal nanocarriers for topical and transdermal drug delivery 
systems. The nano-scale size allows them to pass through skin barriers with encapsulated 
drugs to reach the deepest layer of the skin, from where the drugs can enter the systemic 
circulation. Additionally, they can prevent the drug molecules from adopting a crystalline 
form, which is usually less soluble. The drug molecules are converted into an amorphous or 
disordered state in the nanoparticles, which generally have higher solubility than their 
crystalline counterpart [13]. This is why the bioavailability of the drugs is enhanced after 
their incorporation into the nanoparticles. In this study, three types of transdermal patches 
were developed: (i) patches composed of pure EB, (ii) patches containing “EB-encapsulated 
SNPs” nanomedicine and (iii) patches loaded with “EB/Na-MMT composites” 
nanomedicine. The prepared materials were characterized by N2 adsorption-desorption 
analysis, Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). A series of 
pharmaceutical tests, including in vitro drug dissolution studies, ex vivo skin permeation 
studies using a Franz diffusion cell and in vivo analgesic activity via the "Hot Plate" and “Tail 
Flick” methods, were conducted to compare the performance between the patches loaded 
with free drug and loaded with nanomedicine. 

2 Materials and Methods 

2.1 Materials 

Etoricoxib (EB), montmorillonite K 10 (MMT K 10), sodium acetate buffer solution (pH 
5.5), phosphate buffer solution (PBS, pH 7.4) and tetraethylorthosilicate (TEOS) were 
purchased from Sigma-Aldrich. Di-n-butyl phthalate was purchased from Ranbaxy 
Laboratories Limited. Polyvinyl alcohol (PVA) was purchased from Himedialabs. 
Ethylcellulose (EC) and polyvinylpyrrolidone (PVP) were purchased from Loba Chemie Pvt. 
Ltd. All reagents were of A.R. grade. 

2.2 Development of the Spectrophotometric Method 

A quantity of 5 mg of EB was dissolved separately in two 50 mL buffer solutions at pH 5.5 
and 7.4 to obtain two distinct stock solutions. Each of these stock solutions was further 
diluted by taking 0.5 mL of the stock and mixing it with 9.5 mL of the respective buffer 
solution. UV-visible spectrophotometric measurements were conducted in triplicate and the 
resulting λmax values were reported as mean±standard deviation (S.D.). The λmax for EB at pH 
5.5 and 7.4 were found to be 233.57±0.018 nm and 233.84±0.014 nm, respectively. 
Additionally, six sets of standard solutions for each pH were prepared using the same dilution 
method to establish the calibration curve. 
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2.3 Preparation of Silica Nanoparticles (SNPs)-based Nanomedicines 

2.3.1 Synthesis of Silica Nanoparticles (SNPs) 

Silica nanoparticles (SNPs) were prepared using a sol-gel method at room temperature 
(37°C), employing either an acid (HCl) or a base (NH4OH) as the catalyst [14]. The synthesis 
process involves the hydrolysis of the silica precursor, tetraethyl orthosilicate (TEOS), 
followed by the polycondensation of the hydrolyzed species. A solution was first made by 
mixing deionized water, ethanol and TEOS in a 1:2:1 volume ratio. Separately, the catalyst 
solution (0.1 M HCl for acid catalysis or 0.1 M NH4OH for base catalysis), along with 
deionized water and ethanol, was stirred at 350 rpm using a magnetic stirrer. TEOS was then 
added dropwise over a period of 1 hour. The resulting colloidal mixture was dried at 40°C to 
form a gel, which was subsequently calcined at 550°C for 3 hours. The final product was 
ground into a fine white silica powder using a mortar and pestle [18]. The acid-catalyzed and 
base-catalyzed nanoparticles are designated as P1 and P2, respectively, throughout the study. 

2.3.2 Drug Loading into SNPs 

About 5 mg of SNPs was dispersed in 5 mL of an ethanolic solution of EB. The mixture was 
gently stirred for 24 hours to allow equilibrium to be established. It was then centrifuged at 
7000 rpm for 30 minutes and the concentration of EB remaining in the supernatant was 
determined using a UV visible spectrophotometer at its maximum absorption wavelength 
(λmax) [18]. The EB-loaded acid and base-catalyzed SNPs are referred to as S1 and S2, 
respectively, in the rest of the article. The percentage drug Loading Capacity (LC) and 
Loading Efficiency (LE) were calculated using the following formula: 

 
% LC = 𝐸𝐸𝐸𝐸 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  × 100         (1) 

% LE = 𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼−𝐸𝐸𝐸𝐸 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  × 100     (2) 

2.4  Preparation of Sodium Montmorillonite (Na-MMT) Nanoclay-based 
Nanomedicines 

2.4.1 Modification of Montmorillonite K 10 (MMT K 10) 

MMT K 10 was treated with NaCl to improve its cation exchange capacity (CEC) and the 
resulting Na-MMT dispersion was thoroughly washed with deionized water through 
centrifugation until the AgNO₃ test confirmed the removal of all chloride ions [15,19]. Na-
MMT was then used to prepare EB/Na-MMT composites using dispersion, melting and 
grinding techniques. In the rest of the article, the composites produced by these methods are 
designated as L1, L2 and L3, respectively. 

2.4.2 Dispersion Method 

A Na-MMT dispersion was prepared by stirring 1 g of Na-MMT powder into 100 mL of 
deionized water for 24 hours. The alcoholic solution of EB (0.1% w/v) was then added 
dropwise to the Na-MMT dispersion over one hour at 25°C. The pH of the resulting solution 
was adjusted in the range of 1-12 to determine the optimal pH for maximum drug 
intercalation. To remove any excess drug molecules from the clay surface, the mixture was 
stirred for approximately one hour, followed by centrifugation at 5000 rpm for 30 minutes 
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and washing 4-5 times with double-distilled water. Eventually, the air-dried final product was 
finely ground into powder using a mortar and pestle [16,19]. 

2.4.3 Melting Method  

The mixture of the drug and Na-MMT (in a 1:4 weight ratio) was gradually heated at a rate 
of 2°C per minute until reaching the drug’s melting point, where it was held steady for 4 
hours. After heating, the remaining material was cooled to room temperature, washed 4-5 
times with deionized water and dried at room temperature [16,19]. 

2.4.4 Grinding Method 

The drug and Na-MMT mixture (in a 1:4 weight ratio) was carefully ground with a mortar 
and pestle, washed 4-5 times with deionized water and then dried in a desiccator [16,19]. 

2.4.5 Determination of Percentage Loading Capacity (% LC) and Percentage 
Loading Efficiency (% LE) of the EB in Na-MMT 

The % LC (Eq. 3) and % LE (Eq. 4) for the L1 formulation were evaluated from the 
supernatant obtained after centrifugation using a UV-visible spectrophotometer. For the L2 
and L3 formulations, % LC (Eq. 3) and % LE (Eq. 5) were assessed by extracting the drug 
entirely from the clay particles. To achieve this, 10 mg of each formulation was immersed in 
10 mL of PBS and the mixture was centrifuged at 12,000 rpm for 30 minutes. The clay 
particles were subsequently washed 2-3 times with PBS to remove any residual adhered drug. 
The amount of drug in the supernatant was then quantified using a UV-visible 
spectrophotometer [19]. 

 

% LC = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖 𝑁𝑁𝑁𝑁−𝑀𝑀𝑀𝑀𝑀𝑀
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁−𝑀𝑀𝑀𝑀𝑀𝑀 ×100       (3) 

% LE = 𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼−𝐸𝐸𝐸𝐸 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ×100     (4) 

% LE = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝐸𝐸𝐸𝐸 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑁𝑁𝑁𝑁−𝑀𝑀𝑀𝑀𝑀𝑀
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝐸𝐸𝐸𝐸 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑡𝑡ℎ𝑒𝑒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶×100    (5) 

 

2.5 Characterization 

The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were 
adopted using an Autosorb iQ2 gas sorption analyzer (Quantachrome Instruments, USA). 
Fourier Transform Infrared (FTIR) spectra were acquired using a Prestige 22 spectrometer 
from Shimadzu. Particle size measurements were conducted using Dynamic Light Scattering 
(DLS) technology (Malvern Panalytical Ltd.). Scanning Electron Microscopy (SEM) images 
were captured with a ZEISS EVO 18 special edition model. Transmission Electron 
Microscopy (TEM) images were obtained using a JEM-2100 Plus operating at 200 kV. X-
ray Diffraction (XRD) patterns were recorded using a PAN Analytical X’pert Pro 
diffractometer, equipped with a Cu-Kα target (λ = 1.5418 Å) and a nickel filter. Zeta potential 
was measured by zetasizer nano ZS (Malvern Panalytical Ltd.). 
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2.6 In vitro Drug Release Study 

A 10 mg sample of each drug-loaded nanocarrier was placed in dissolution media consisting 
of phosphate buffer solution (PBS, pH 7.4) and sodium acetate buffer (pH 5.5). The study 
was carried out in 500 mL of the respective buffer using a dialysis membrane-60 (average 
flat width: 25.27 nm, average diameter: 15.9 nm, with an approximate capacity of 1.99 
mL/cm). At predetermined time intervals, 1 mL aliquots were withdrawn for analysis and the 
same volume of fresh medium was added to maintain constant volume throughout the 
experiment. The amount of drug released in each sample was measured using a UV-visible 
spectrophotometer [17,18]. Cumulative release percentages were plotted against time to 
generate release profiles. 

2.7 Preparation of Transdermal Patch 

The transdermal patches were prepared using a method reported in our earlier studies [18,19]. 
A cylindrical glass mould, open at both ends, was first selected and one side was sealed with 
aluminium foil. Onto this, 5 mL of a 4% (w/v) aqueous PVA solution was poured and dried 
at 50°C for 6 hours to form the backing membrane. For the matrix layer, EC and PVP were 
mixed in a 2:1 weight ratio along with the nanomedicines (i.e., drug-loaded SNPs or drug/Na-
MMT composites, each containing 60 mg of EB) in 10 mL of ethanol. Di-n-butyl phthalate 
(10% v/v) was added as a plasticizer. The resulting homogeneous mixture was then cast over 
the PVA backing layer and dried again at 50°C for 6 hours. After drying, the patch was 
carefully removed from the mould and stored in a desiccator for further use. In addition, 
control patches containing EB with and without nanocarriers were also prepared, keeping all 
other components and their quantities constant, as detailed in Table 1. 

 
Table 1. Materials used to prepare different transdermal patches 

Formulations Nanomedicines Amount and Role of The Polymers 

B1 Free EB present 

1. Backing membrane: 
Prepared using a 4% (w/v) 
aqueous solution of PVA. 

 
2. Matrix: Composed of EC 

and PVP blended in a 2:1 
weight ratio. 

 
3. Plasticizer: Di-n-butyl 

phthalate added at 10% 
(v/v). 

B2 S1 

B3 S2 

B4 L1 

B5 L2 

B6 L3 
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2.8 Preliminary Screening of Transdermal Patches 

2.8.1 Percentage Moisture Content 

Each patch was first weighed and then kept in a desiccator containing activated silica at room 
temperature for 72 hours. Afterward, the patches were weighed repeatedly until a constant 
weight was obtained. The percentage moisture content was then calculated using the 
following formula [19,20]. 

 
% Moisture Content = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 ×100 

2.8.2 Percentage Moisture Uptake 

The patches were initially weighed and then placed in a desiccator containing a saturated KCl 
solution to maintain 84% relative humidity (RH) at room temperature for 24 hours. They 
were reweighed at regular intervals until a constant weight was achieved. The percentage 
moisture uptake was subsequently calculated using the following formula [19,20]. 

 
 

% Moisture Uptake = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡−𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 ×100 

 

2.8.3 Percentage Swelling Index 

A (1 cm × 1 cm) strip was cut from the original patches and weighed. The strips were then 
immersed in PBS at pH 7.4 for intervals of 0.5, 1, 2, 3, 4, 5 and 24 hours. At each specified 
time, the strips were removed from the PBS, blotted to remove any excess solvent and 
immediately weighed. The swelling index at each time interval was calculated using the 
following formula [19,21]. 

 
% Swelling Index = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡−𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 ×100 

2.8.4 Surface pH 

A strip from each patch was placed in 10 mL of distilled water and allowed to swell for 4 
hours. The pH was then measured by bringing the electrode into direct contact with the 
surface of the swollen patch [19,21]. 

2.8.5 Folding Endurance 

A (1 cm × 1 cm) strip of the patch was cut and repeatedly folded at the same position until it 
cracked. The number of folds the strips could withstand in the same position before cracking 
was used to calculate the folding endurance values [19,22]. 
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2.8.6 Weight Uniformity 

Each patch was dried at 60°C for 3 hours. After drying, samples were cut from different 
regions of the patch and accurately weighed. The average weight and standard deviation were 
then calculated from these individual measurements [19,22]. 

2.8.7 Thickness of the Patch 

The thickness of each patch was measured at four different points using a vernier caliper. 
The mean thickness and corresponding standard deviation were calculated based on these 
measurements. [19,22]. 

2.8.8 Percentage Elongation 

The initial length of each complete patch was first recorded. Next, the patch was stretched 
until the crack was initiated and the final length was noted down after increasing its size. The 
following formula helped to evaluate the percentage elongation [19,20]. 
 

% Elongation = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ ×100 

2.8.9 Drug Content 

A strip with a dimension of (1 cm × 1 cm) was immersed in a beaker containing 100 mL of 
PBS (pH 7.4). The solution was stirred vigorously using a magnetic stirrer for 24 hours. 
Following this, the solution was filtered and the drug concentration was determined using a 
UV-visible spectrophotometer at λmax of the drug [19,22]. 

2.9 Skin Irritation Test 

The experiment involved six groups of mice and rats, designated U, V, W, X, Y and Z, with 
three individuals in each group. The mice weighed between 20 and 25 grams, while the rats 
weighed between 100 and 150 grams. Transdermal patches of the dimension (1 cm × 1 cm) 
were applied to the backs of the animals. Initially, a portion of the back was shaved and 
cleaned using rectified spirit. Subsequently, the patch was affixed to this area using adhesive 
tape. Groups U, V, W, X, Y and Z received transdermal formulations containing a free EB 
drug, EB-loaded acid-catalyzed SNPs, EB-loaded base-catalyzed SNPs, EB/Na-MMT 
composites prepared via the dispersion method, EB/Na-MMT composites prepared using the 
melting method and EB/Na-MMT composites prepared through the grinding method, 
respectively. After 48 hours, each patch was removed and the skin was examined for signs 
of edema and erythema [18,23]. 

2.10 Ex vivo Skin Permeation Study 

A patch with an area of (1 cm × 1 cm) was positioned on the stratum corneum side of human 
skin, which had been soaked overnight in PBS (pH 7.4). The dermis side of the skin, along 
with the patch, was then placed into a Franz diffusion cell, ensuring they faced the receptor 
compartment containing 90 mL of PBS at room temperature. A magnetic bead was utilized 
to continuously stir the solution in the receptor compartment at a rate of 30 to 40 rpm. To 
maintain the overall volume, 1 mL samples were withdrawn from the receptor at various time 
points and mixed with an equal volume of PBS. The quantity of drugs permeated through the 
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skin was subsequently measured using a UV-visible spectrophotometer. The cumulative 
amount of drug permeated per sq. centimetre of skin was plotted against time for all 
transdermal formulations [18,22]. 

2.11 Ex vivo Drug Release Kinetic Study 

Drug release kinetics were applied to identify the most appropriate release model and to 
understand the underlying mechanism of drug release. The data obtained from the ex vivo 
skin permeation study were evaluated using four different kinetic models. The zero-order 
model is expressed as At = A0 + K0t, where At is the amount of drug released at time t, A0 is 
the initial drug amount (generally zero), and K0 is the zero-order rate constant. The results 
were plotted as cumulative percentage drug release versus time. The first-order model 
follows the equation log At = log A0 - (K1t / 2.303), where the terms retain their usual 
meanings. For this model, the logarithm of the percentage of drug remaining was plotted 
against time. The Higuchi model is represented by Qt = KH .√t, where Qt is the amount of 
drug released at time t and KH is the Higuchi constant. Here, cumulative percentage drug 
release was plotted against the square root of time. Lastly, the Korsmeyer Peppas model is 
described by Wt/W∞ = Kw . tn, where Wt/W∞ represents the fraction of drug released at time 
t, Kw is the rate constant and “n” is the release exponent. The data were plotted as the 
logarithm of cumulative drug release versus the logarithm of time, with “n” determined from 
the slope. The value of n indicates the release mechanism: n ≤ 0.45 suggests Fickian 
diffusion, 0.45 < n < 0.89 indicates non-Fickian (anomalous) diffusion, n = 0.89 corresponds 
to Case II transport and n > 0.89 represents super Case II transport. [19,20,22]. 

2.12 In vivo Analgesic Activity 

2.12.1 Hot Plate Method 

The analgesic efficacy of EB was assessed using a hot plate maintained at a constant 
temperature of 50±0.5°C. Mice and rats were divided into seven groups (H0 to H6), with 
each group comprising three animals. Group H0 served as the control, while groups H1-H6 
received transdermal patches containing free EB drug, EB-loaded acid-catalyzed SNPs, EB-
loaded base-catalyzed SNPs, EB/Na-MMT composite prepared via dispersion-method, 
EB/Na-MMT composite prepared via melting-method and EB/Na-MMT composite prepared 
via grinding-method respectively, 30 minutes before the experiment. The latency period, 
defined as the time elapsed between placing the animal on the hot plate and the onset of either 
leaping or paw licking, was recorded at various time intervals up to 7 days [18,24]. 

2.12.2 Tail Flick Method 

The tail (5 cm from the end) of each mouse and rat of the same group mentioned above (H0 
to H6) was submerged in warm water that was kept constant at 50±0.5℃. The response time 
in seconds (the time taken by mice and rats to flick their tail to get rid of the pain) was 
measured at different time intervals after applying transdermal patches [24]. 

3 Results 
DLS analysis indicated a single peak, suggesting a uniform particle size distribution. The 
mean particle diameters for the P1 and P2 formulations were approximately 200 nm and 93 
nm, respectively. Particle size distribution curves for these formulations were already 
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presented in our previous article [18]. It is attached in the supplementary file (Fig. SP1 and 
SP2, reproduced with permission from © 2023, Springer Nature) for this article.  
Scanning Electron Microscopy (SEM) images showed that P1 primarily formed as 
microparticles intermixed with nanoparticles, creating irregular clusters. In contrast, the P2 
appeared as uniformly spherical particles. SEM images of these formulations were published 
in our earlier article [18,19]. They are also included in the supplementary file of this article 
(Fig. SP3 and SP4, reproduced with permission from © 2023, Springer Nature). 

The surface areas of the P1 and P2 formulations were found to be 570.035 m2/g and 
227.214 m2/g, respectively. Their corresponding pore diameters were 0.70 nm (P1) and 1.32 
nm (P2), while the pore volumes were measured as 0.3174 cc/g and 1.2571 cc/g. After drug 
encapsulation, a reduction in both surface area and pore volume was observed, along with an 
increase in pore diameter (Table 2). The pore size distribution profiles for both the unloaded 
and EB-loaded SNPs are illustrated in Fig. 1(a)-1(d). 

Table 2. BET and BJH data for bare and EB-loaded SNPs 

SNPs 
Formulations 

Surface Area 
(m2/g) 

Pore Diameter 
(nm) 

Pore Volume 
(cc/g) 

Acid-
catalyzed 
SNPs, P1 

570.035 0.7049 0.3174 

S1 184.006 2.8694 0.0808 

Base-
catalyzed 
SNPs, P2 

227.214 1.3236 1.2571 

S2 161.129 1.4045 0.8365 

 
EB reached maximum intercalation into the interlayer space of Na-MMT nanoclay at pH 

3.0 in the dispersion method, followed by a gradual reduction above pH 3.0 and a steep 
decline beyond pH 10.0 (Fig. 1(g)). 

The loading capacities for S1 and S2 formulations were 6.01±0.105% and 6.92±0.057%, 
respectively. Additionally, the drug loading efficiencies for S1 and S2 were determined as 
83.72±0.229% and 88.43±0.136, respectively. The EB/Na-MMT composites L1, L2, and L3 
exhibited loading capacities of 5.496±0.222%, 5.218±0.139% and 4.053±0.181%, 
respectively, with corresponding loading efficiencies of 74.59±0.210%, 71.77±0.313% and 
69.23±0.148%. 

Fig. 1(e) and 1(f) demonstrate the absence of sharp, high-intensity diffraction peaks for 
SNPs (P1 and P2), confirming their amorphous nature. In contrast, the presence of highly 
intense and narrow diffraction peaks signifies the crystalline characteristics of the drug. 
Nevertheless, the XRD patterns of EB-loaded SNPs (S1 and S2) revealed traces of crystalline 
drug content. Likewise, no crystallinity of the drug molecules was observed after 
intercalation into the interlayer space of Na-MMT. Additionally, the XRD patterns of EB/Na-
MMT composites (Fig. 1(h)) revealed an increase in basal spacing (d-value) following the 
successful incorporation of the drug into the interlayer space. The characteristic (001) plane 
XRD peak of pure Na-MMT appeared at 6.91˚, corresponding to a basal spacing of 1.23 nm. 
In contrast, the XRD peaks of L1, L2 and L3 composites shifted to 6.10˚, 6.10˚, and 6.14˚, 
with corresponding d-values of 1.45, 1.45, and 1.44 nm, respectively. 

The XRD results of EB/Na-MMT composites aligned well with the observations from the 
TEM images regarding changes in basal spacing. The TEM images confirmed intercalation 

10

EPJ Web of Conferences 370, 01024 (2026)	 https://doi.org/10.1051/epjconf/202637001024
IEMPHYS-26



by demonstrating an increase in the spacing between lattice strips corresponding to the basal 
planes, as shown in Fig. 1(i) to Fig. 1(l). 

 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 1. (a) Pore size distribution of bare acid-catalyzed SNPs, P1, (b) Pore size distribution of EB-
loaded acid-catalyzed SNPs, S1, (c) Pore size distribution of bare base-catalyzed SNPs, P2, (d) Pore 
size distribution of EB-loaded base-catalyzed SNPs, S2, (e) XRD patterns of EB drug, acid-catalyzed 
SNPs (P1) and EB-loaded P1 (S1), (f) XRD patterns of EB drug, base-catalyzed SNPs (P2) and EB-
loaded P2 (S2), (g) Effect of pH on intercalation of the EB into the interlayer space of Na-MMT, (h) 
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XRD patterns for pure Na-MMT and EB/Na-MMT composites, (i) TEM image of interlayer spacing 
of pure Na-MMT, (j) TEM image of enhanced interlayer spacing of Na-MMT in L1 composite, (k) 
TEM image of enhanced interlayer spacing of Na-MMT in L2 composite and (l) TEM image of 
enhanced interlayer spacing of Na-MMT in L3 composite. 

 
 
In vitro drug release studies confirmed that incorporating a poorly water-soluble drug into 

a nanocarrier significantly enhanced its dissolution. The release profiles (Fig. 5(a) and 5(b)) 
revealed an initial rapid release phase followed by a sustained release phase, which gradually 
slowed after approximately 72 hours for both S1 and S2. The cumulative drug release 
percentages in sodium acetate buffer (pH 5.5, mimicking skin conditions) were 70.97% and 
85.10%, while in phosphate buffer (pH 7.4, mimicking blood plasma conditions), the 
cumulative release percentages reached 84.65% and 91.11% for S1 and S2, respectively. 
Similarly, the in vitro release profiles of EB/Na-MMT composites (Fig. 5(g) and 5(h)) 
exhibited an initial burst release, followed by a sustained release phase that gradually tapered 
off around 744 hours. The cumulative drug release percentages in sodium acetate buffer (pH 
5.5) were approximately 83.05%, 71.67% and 55.55% for L1, L2 and L3, respectively. In 
phosphate buffer (pH 7.4), the cumulative release percentages were determined as 92.74%, 
91.59% and 72.36% for L1, L2 and L3, respectively.  

The patches exhibited low moisture content, with values ranging from 3.99% to 11.00% 
for both SNPs and Na-MMT-based patches, as illustrated in Fig. 2(a) and 2(b). Similarly, 
these patches exhibited minimal moisture uptake, with ranges of 7.77 to 16.38%, as shown 
in the same figures. The swelling index percentage increased progressively over time, as 
depicted in Fig. 2(c) and 2(d). The surface pH of the patches was within the physiological 
skin pH range of 4.5-6.0, as evidenced in Fig. 2(e) and 2(f). Additionally, the patches 
exhibited excellent folding endurance, with values exceeding 250 and 300 on average for 
SNPs and Na-MMT-based patches respectively. The percentage elongation varied in the 
range from 25.74% to 28.97%. The thickness of the patches varied between 0.20 and 0.80 
mm. Moreover, all transdermal patches showed uniform weight distribution. The low 
standard deviation values presented in Table 3 confirm the consistency of these parameters. 
The drug content of the transdermal formulations (B1 to B6) was determined to be 
91.32±0.646%, 84.79±0.290%, 87.93±0.212%, 76.55±0.811%, 75.22±0.375% and 
74.48±0.273% respectively. 
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Fig 2. (a) Percentage of moisture content and moisture uptake of free drug & SNPs-based transdermal 
patches, (b) Percentage of moisture content and moisture uptake of free drug & Na-MMT-based 
transdermal patches, (c) Percentage swelling index of free drug & SNPs-based transdermal patches, 
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(d) Percentage swelling index of free drug & Na-MMT-based transdermal patches, (e) Surface pH of 
free drug & SNPs-based transdermal patches and (f) Surface pH of free drug & Na-MMT-based 
transdermal patches. 

 
 

Table 3. Folding endurance, % elongation, thickness and weight uniformity of the transdermal 
patches 

Transdermal 
Formulations 

Folding 
Endurance % Elongation Thickness 

(mm) 
Weight 

Uniformity (mg) 

B1 265±0.838 25.76±0.015 0.39±0.025 95.03±0.059 

B2 271±0.509 26.44±0.092 0.47±0.041 98.66±0.018 

B3 285±0.517 26.60±0.065 0.46±0.018 93.72±0.018 

B4 295±0.627 28.31±0.061 0.38±0.011 98.73±0.024 

B5 298±0.575 28.93±0.040 0.34±0.005 99.26±0.085 

B6 293±0.648 28.03±0.063 0.41±0.015 100.14±0.054 

 
 

FTIR analysis confirmed that the pure drug and nanomedicines were successfully 
incorporated into the transdermal patches (Fig. 3(a) and 3(b)). On the other hand, the SEM 
images of the patches (Fig. 4(b) to 4(g)) demonstrated that they were uniformly distributed 
throughout the transdermal matrices. 

The skin irritation study (Fig. 5(c) to 5(f)) revealed no occurrence of erythema (redness 
or itching) or edema (swelling) at the site where the transdermal patches were applied. 

The ex vivo skin permeation study indicated that the cumulative EB permeation per unit 
area for formulations B1 to B6 (Fig. 5(g) and 5(h)) reached 526.25±65.14, 788.75±101.22, 
1055.62±92.19, 572.50±92.15, 622.50±83.17 and 655.62±92.19 μg/cm², respectively, during 
the initial 15 hours. Over 744 hours, these values increased to 1160.62±94.12, 
1604.37±83.18, 1750.62±125.03, 1485±52.21, 1415±93.19 and 1355±55.08 μg/cm², 
respectively. Steady-state flux (JSS) was calculated by plotting the cumulative drug 
permeation (μg/cm²) against time, with the slope representing the flux (μg/cm²·h). The JSS 
for B1 to B6 formulations were 1.20±0.15, 1.99±0.66, 2.15±0.30, 1.88±0.16, 1.83±0.18 and 
1.62±0.15 μg/cm².h, respectively. 

The regression coefficient (R²) was employed as a goodness-of-fit parameter to identify 
the most appropriate drug release kinetic model (Table 4 and 5) using ex vivo skin permeation 
data for all transdermal patches. The patches followed first-order kinetics during the burst 
release phase, shifting to combined kinetics of first-order and Higuchi model at later stages. 
Additionally, these formulations showed the fickian mechanism throughout the release 
process for 744 hours. 
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Fig 3. FTIR spectra of (a) EB drug, polymers (EC, PVA & PVP), SNPs (P1 & P2), free drug-based 
transdermal patch (B1), SNPs-based transdermal patches (B2 & B3) and (b) EB drug, polymers (EC, 
PVA & PVP), Na-MMT, free drug-based transdermal patch (B1), Na-MMT-based transdermal 
patches (B4, B5 & B6). 
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Fig 4. SEM images of transdermal patches containing (a) no drug, (b) free drug (B1), (c) S1 SNPs-
formulation (B2), (d) S2 SNPs-formulation (B3), (e) L1 Na-MMT-composite (B4), (f) L2 Na-MMT-
composite (B5), and (g) L3 Na-MMT-composite (B6). 
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Fig 5. (a) In vitro drug release study from both SNPs at pH 5.5 and 7.4. The results were expressed as 
mean±S.D, n=3, (b) In vitro drug release study from three EB/Na-MMT composites at pH 5.5 and 
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7.4. The results were expressed as mean±S.D, n=3, (c-d) Skin irritation test of the transdermal patches 
on rats, (e-f) Skin irritation test of the transdermal patches on mice, (g) Ex vivo skin permeation study 
from SNPs-based transdermal patches w.r.t free drug-based patch at pH 7.4. The results were 
expressed as mean±S.D, n=3, and (h) Ex vivo skin permeation study from Na-MMT-based 
transdermal patches w.r.t free drug-based patch at pH 7.4. The results were expressed as mean±S.D, 
n=3. 

 
 
 
Table 4. Ex vivo release kinetic study from SNPs and Na-MMT-based transdermal patches during the 

burst release period 

Transdermal 
Formulations 

Zero-
order 
(R2) 

First 
Order 
(R2) 

Higuchi 
model 
(R2) 

Korsmeyer-
Peppas 
model 
(R2) 

Korsmeyer-
Peppas 
model 

(n) 

Release 
mechanism 

B1 0.9688 0.9877 0.9607 0.9062 0.3996 Fickian 
diffusion 

B2 0.9225 0.9936 0.9629 0.8967 0.3907 Fickian 
diffusion 

B3 0.9686 0.9914 0.9561 0.8605 0.3670 Fickian 
diffusion 

B4 0.9582 0.9883 0.9652 0.9248 0.4206 Fickian 
diffusion 

B5 0.9286 0.9909 0.9321 0.9041 0.4459 Fickian 
diffusion 

B6 0.9621 0.9775 0.9616 0.8900 0.3693 Fickian 
diffusion 
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Table 5. Ex vivo release kinetic study from SNPs and Na-MMT-based transdermal patches during the 
sustained release period 

 
 
The results of the in vivo analgesic activity evaluations, performed using the hot plate and 

tail-flick methods, demonstrated strong concordance with the data obtained from in vitro and 
ex vivo drug release studies. The analgesic activity revealed the longest response latency in 
mice and rats applying transdermal formulations where SNPs (B2 and B3), as well as Na-
MMT nanoclay (B4 to B6), functioned as nano drug carriers and permeation enhancers (Fig. 
6(a) to 6(d)). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Transdermal 
Formulations 

Zero-
order 
(R2) 

First 
Order 
(R2) 

Higuchi 
model 
(R2) 

Korsmeyer-
Peppas 
model 
(R2) 

Korsmeyer-
Peppas 
model 

(n) 

Release 
mechanism 

B1 0.9442 0.9780 0.9764 0.9470 0.1917 Fickian 
diffusion 

B2 0.9632 0.9971 0.9913 0.9437 0.1867 Fickian 
diffusion 

B3 0.9084 0.9936 0.9909 0.9670 0.1251 Fickian 
diffusion 

B4 0.9392 0.9991 0.9939 0.9502 0.2442 Fickian 
diffusion 

B5 0.9588 0.9950 0.9951 0.9607 0.2130 Fickian 
diffusion 

B6 0.9055 0.9983 0.9949 0.9426 0.1808 Fickian 
diffusion 
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Fig 6. In vivo analgesic study via (a) the “Hot-Plate method” of EB released from SNPs-based 
transdermal patches w.r.t. free drug-based patch. The results were expressed as mean±S.D, n=3, (b) 
the “Tail-Flick method” of EB released from SNPs-based transdermal patches w.r.t free drug-based 
patch. The results were expressed as mean±S.D, n=3, (c) the “Hot-Plate method” of EB released from 
Na-MMT-based transdermal patches w.r.t. free drug-based patch. The results were expressed as 
mean±S.D, n=3 and (d) the “Tail-Flick method” of EB released from Na-MMT-based transdermal 
patches w.r.t. free drug-based patch. The results were expressed as mean±S.D, n=3. 
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4 Discussion 
The primary silica particles produced through the polymeric bonding of silica monomers 
tended to aggregate into larger silica particles in an acidic environment, leading to irregular, 
cluster-shaped microparticles. In an acidic environment, the pH is usually close to or below 
the isoelectric point of silica, which is around 2. At this pH, the surface silanol groups 
(Si−OH) on silica particles are less likely to deprotonate into negatively charged siloxide 
groups (Si−O−). This reduction in surface charge decreases the electrostatic repulsion 
between particles, promoting aggregation. However, the particles became monodispersed 
and spherical in the basic medium. The hydrolysis of TEOS occurs more slowly in basic 
conditions. This slower rate ensures that the formation of silanol groups (Si−OH) and their 
subsequent condensation into silica frameworks (Si−O−Si) proceeds at a steady pace. This 
controlled reaction prevents rapid nucleation and promotes uniform particle size. Moreover, 
the basic pH deprotonates silanol groups into siloxide ions and creates a highly negatively 
charged surface. The resulting electrostatic repulsion between particles prevents premature 
aggregation and allows for a more controlled growth of particles. This resulted in particles 
consistently within the nano range. Although DLS data indicated minimal aggregation in the 
solution, the particle sizes observed in SEM (P1≃550 nm and P2≃272 nm) appeared larger 
than those in the DLS analysis due to aggregation during the drying process for SEM sample 
preparation. The increase in pore diameter observed in both P1 and P2 formulations following 
drug loading can be attributed to the partial adherence of drug molecules at the pore 
entrances. In the case of P2, a comparatively lower surface area combined with pore 
enlargement likely resulted from the dissolution-precipitation process of silica particles under 
basic conditions. The acid catalyst predominantly promotes hydrolysis, favouring the 
formation of extended polymeric chains, whereas the base catalyst facilitates condensation 
reactions, enhancing cross-linking and resulting in spherical particles [25]. This mechanism 
may account for the reduced surface area, along with the increased pore diameter and pore 
volume, in P2 relative to P1. EB predominantly exists in its cationic form at pH values below 
4.0 (pKa = 4.96). The higher the proportion of the drug in its cationic form, the greater its 
ability to exchange with the cations present in the interlayer space of Na-MMT. In contrast, 
intercalation was reduced below optimal pH for maximum EB intercalation (pH = 3.0), 
primarily due to competition between the cationic form of EB molecules and H+ ions in the 
acidic medium. Due to the smaller size and higher mobility compared to the cationic drug 
molecules, H+ ions preferentially occupy the interlayer spaces of Na-MMT under strongly 
acidic conditions. The reduction in crystallinity of pure drug molecules upon incorporation 
into SNPs can be primarily attributed to confinement effects and surface interactions. Within 
the nanoparticle matrix, the drug molecules are restricted to a limited spatial environment, 
which hinders their ability to form a crystalline lattice structure, resulting in a loss of 
crystallinity. Additionally, interactions between the drug molecules and the surface of SNPs, 
such as surface adsorption or chemical bonding, can disrupt the orderly arrangement of the 
molecules, further preventing the development of crystalline structures. The intercalation 
process also imposes spatial constraints and alters the molecular packing arrangement, for 
which a highly ordered crystalline state of the drug molecules is transformed into a more 
disordered, amorphous-like state, leading to reduced crystallinity [26]. EB/Na-MMT 
composites prepared via dispersion and melting methods showed comparable increases in d-
spacing values, driven by the fundamental principles of intercalation. However, their 
behaviour differed significantly with grinding methods due to the absence of specific 
interactions such as ion exchange or the diffusion of molten drug molecules into the interlayer 
space. Grinding relies exclusively on mechanical energy, which is insufficient to facilitate 
the specific interactions required for effective intercalation. Consequently, the degree of 
intercalation achieved through grinding is limited, resulting in smaller increases in d-spacing 

21

EPJ Web of Conferences 370, 01024 (2026)	 https://doi.org/10.1051/epjconf/202637001024
IEMPHYS-26



values. Moreover, grinding typically reduces particle size and increases the surface area of 
both clay and drug particles. While this enhanced surface area improves physical mixing, it 
does not necessarily result in significant interlayer spacing increases. Instead, the higher 
surface area can lead to increased particle-particle interactions and agglomeration, further 
restricting the intercalation of drug molecules into the interlayer space. The drug molecules 
adsorbed on the surface of SNPs exhibited rapid release during the initial phase (first 15 
hours). This can be attributed to a high initial drug concentration gradient between the silica 
matrices and the bulk solution, acting as the driving force for enhanced dissolution in the 
early stage. In contrast, the second phase featured sustained release over an extended period 
as the drug molecules gradually diffused from the 3D polymeric network, where internal 
tension exists. P2, characterized by larger pores compared to P1 (as indicated by BJH 
analysis), provided additional space for drug loading and facilitated the subsequent release 
of drug molecules. The improved dissolution of the poorly aqueous-soluble drug EB is likely 
due to a transition from a crystalline to an amorphous state after loading into the SNPs. Unlike 
crystalline materials, which exhibit a regular ordered structure, amorphous substances lack 
long-range order, resulting in a higher surface area per unit mass. This increased surface area 
offers more interaction sites for solvent molecules, thereby accelerating dissolution kinetics. 
Additionally, crystalline materials are in a more stable energy state, while amorphous 
materials, having higher internal energy due to their disordered nature, exhibit a stronger 
tendency to interact with solvent molecules and dissolve to achieve a lower energy state [13]. 
The percentage of drug release was lower at pH 5.5 compared to pH 7.4. At pH 5.5, the 
electrostatic attraction between the positively charged cationic form of the drug molecules 
and the negatively charged SNPs surface (zeta potential of -21.62 mV for P1 and -17.97 mV 
for P2, attached in supplementary file: Fig. SP5 and SP6) was stronger, limiting drug release. 
Conversely, at pH 7.4, the proportion of the drug in its cationic form was reduced, 
diminishing the electrostatic forces and resulting in higher drug release. The in vitro drug 
release profile for each EB/Na-MMT composite revealed that the release process was slow 
and sustained under both buffer conditions (pH 5.5 and 7.4). This sustained release behaviour 
can be attributed to the ion-exchange mechanism, where alkali metal ions in the buffer 
solutions exchange with the cationic drug molecules intercalated within the nanoclay. The 
improved dissolution is likely attributed to its transformation into an amorphous phase 
following incorporation into the Na-MMT. Importantly, the nanoclay exhibited superior drug 
release sustainability compared to SNPs. Nanoclay exhibited enhanced sustained release 
capabilities due to its unique ability to absorb and retain water molecules. This hydration 
induces swelling, creating diffusion barriers that delay the release of intercalated drugs, 
thereby prolonging the release period. In contrast, although SNPs interact with water via 
intermolecular H-bonds due to the presence of polar Si−O bonds, their swelling behaviour 
and their impact on drug release are considerably less pronounced compared to Na-MMT 
nanoclay. The layered structure of Na-MMT allows for considerable flexibility and 
expansion when hydrated. SNPs are rigid and lack the structural adaptability needed to swell 
substantially. The drug release percentage from these composites was lower at pH 5.5 
compared to pH 7.4, which can be explained by the higher presence of protonated drug 
molecules at acidic pH. The stronger electrostatic attraction between the positively charged 
drug molecules and the negatively charged Na-MMT surface at pH 5.5 reduced drug release 
efficiency. The preliminary screening of transdermal patches plays a critical role in 
evaluating their efficacy, safety and formulation optimization, while also guiding further 
development towards successful clinical application. Low moisture content in the patches 
helped preserve the integrity of their components, including the active pharmaceutical 
ingredients (API) and adhesive. Additionally, minimal moisture uptake reduced the risk of 
microbial contamination and prevented increased bulkiness. Na-MMT-based patches showed 
relatively higher moisture uptake that may restrict their storage conditions and shelf life, 
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especially in regions with high humidity. Since both the SNPs and Na-MMT nanoclay are 
hydrophilic, the incorporation of nanocarriers caused surface wettability and facilitated water 
penetration within the transdermal matrix. As a result, formulations B2 to B6 exhibited higher 
swelling indices compared to B1. Despite the slight increase in swelling observed in 
nanomedicine-containing patches, their original density was maintained, producing thin, 
non-bulky patches. The skin s slightly acidic pH, typically ranging from 4.5 to 6.0 [27], 
necessitates the formulation of patches with compatible surface pH values. Maintaining a pH 
similar to that of the skin ensures safety, reduces the risk of irritation, and prevents damage 
to the skin barrier. The surface pH values of the prepared patches confirmed their 
compatibility with the skin, highlighting their potential for safe application.  
 

FTIR spectra of the pure drug, polymers, and transdermal patches were recorded over a 
range of 400-4000 cm⁻¹. The pure EB drug exhibited major peaks at 1597 cm⁻¹ and 1492 
cm⁻¹, corresponding to aromatic C=C stretching, and at 1145 cm⁻¹ and 1084 cm⁻¹, attributed 
to S=O stretching vibrations (Fig. 3(a) and 3(b)) [28]. The spectra of pure drug-containing 
patch (B1) and SNPs-based patches (B2 and B3) displayed the drug's characteristic peaks 
within the range of 1300-1600 cm⁻¹ and the spectra of the Na-MMT-based patches (B4 to 
B6) exhibited the principal peaks of the drug within the range of 1140-1670 cm⁻¹, highlighted 
by the dotted circle in Fig. 3(a) and 3(b). Additionally, the spectra of B2 and B3 patches 
confirmed the incorporation of SNPs through a broad, strong band around 1085 cm⁻¹, 
representing the stretching of the C–O bond in TEOS and the presence of Na-MMT for B4-
B6 patches was verified by a broad, intense band near 1040 cm⁻¹, corresponding to Si–O 
bond stretching in the clay. Furthermore, additional peaks were observed in all patches, 
attributed to other constituent polymers. 
 

The skin permeation study provided insights into the ability of the transdermal 
formulations to deliver the drug effectively through the skin barrier to achieve therapeutic 
levels. Due to the particle size range of 90-250 nm, SNPs were likely to penetrate the skin 
barrier efficiently, particularly via hair follicles and sweat glands, carrying encapsulated drug 
molecules. While the intercellular route offers a direct and rapid pathway through the stratum 
corneum (SC), the diffusion of rigid nanocarriers along this pathway is thought to be 
somewhat restricted because of their limited flexibility [29]. SNPs, primarily composed of 
silicon dioxide (SiO₂), exhibit a rigid and stable structure. The robust covalent bonds between 
silicon and oxygen atoms contribute to the strength and stiffness of the nanoparticle matrix. 
Na-MMT nanoclay is also considered rigid in its pure, dry and unmodified form. This is due 
to its layered silicate structure, where the layers are held together by ionic bonds between 
negatively charged silicate layers and interlayer sodium cations. In addition, the hydrophilic 
nature of SNPs and Na-MMT favours their interaction with aqueous environments, such as 
those found in sweat glands. These properties may facilitate their passage through the shunt 
route rather than the lipid-dominated intercellular route. Furthermore, the aqueous solubility 
of EB was increased after encapsulation in nanocarriers due to the loss of its crystallinity. 
This is why, formulations B2 to B6, enabled the permeation of nanomedicines more 
effectively through the skin barrier into PBS buffer (pH 7.4) compared to B1. Also, these 
findings aligned well with the results of the in vitro drug release studies. 

 
All transdermal formulations were stuck into first-order kinetics during the initial period 

of drug release because the release rate might depend on the amount of the drug adsorbed on 
the SNPs and Na-MMT surface (dissolution-controlled). After the burst release phase, these 
patches followed a combined release kinetics (first-order and Higuchi model). This implied 
the drug release was driven by unidirectional diffusion through the matrix along with the 
dissolution of the remainder adsorbed on the surface of nanocarriers [30].  
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The prolonged analgesic effect observed in mice and rats may be attributed to the ability 

of nanomedicine-based patches (B2 to B6) to maintain effective drug plasma concentrations 
over an extended duration with a single dose. The performance of B1 was inferior among the 
patches because pure EB molecules, with a log P value of 2.79, could partially penetrate the 
skin barriers but showed limited solubility in blood plasma. 

 
Although the present study demonstrates promising outcomes in terms of enhanced drug 

release, improved skin permeation and prolonged analgesic activity using nanomedicine-
loaded transdermal patches, it is important to consider the pathway towards clinical 
translation. For successful application in human subjects, several critical factors must be 
addressed. Firstly, large scale reproducibility of the nanocarriers and patch fabrication 
process needs to be ensured while maintaining uniform drug loading and stability. Secondly, 
comprehensive toxicity and safety evaluations, including long-term dermal toxicity, systemic 
absorption profile and immunological responses, must be carried out through preclinical 
studies before proceeding to human trials. Additionally, inter-individual variations in human 
skin, such as thickness, hydration level and barrier function, may significantly influence drug 
permeation, which requires careful optimization of the formulation. Regulatory 
considerations, including compliance with guidelines for nanomedicine-based drug delivery 
systems, also play a crucial role in clinical approval. Despite these challenges, the results 
obtained in this study strongly suggest that nanocarrier-assisted transdermal delivery of 
etoricoxib holds significant potential for translation into clinical applications, particularly for 
chronic pain management, where sustained and controlled drug release is highly desirable. 
Future studies focusing on clinical trials in human subjects will be essential to validate the 
safety, efficacy and patient compliance of these advanced transdermal systems. 

5 Conclusion 
In vitro and ex vivo drug release studies revealed that drug release from drug/Na-MMT 
composites and their corresponding patches was slower compared to that from SNPs and 
patches containing SNPs. In other words, the nanoclay was more capable of sustaining the 
drug release for an extended period in comparison to that of SNPs. In vivo analgesic activity 
showed that the transdermal patches containing nanomedicines maintained the effective 
plasma concentration of the drug for a few weeks, where Na-MMT-based nanomedicines 
provided significantly prolonged analgesia compared to SNP-based nanomedicines. The 
prepared patches showed no adverse effects such as redness, itching, inflammation or rash 
after application on the skin of mice and rats, i.e., the patches can be concluded as user-
friendly. The higher moisture uptake of Na-MMT-based patches indicated that they are better 
suited for storage under controlled or low-humidity (cold) conditions, where good stability 
can be maintained. These features of nanomedicine-loaded transdermal patches would make 
them suitable for long-term treatment of patients suffering from inflammation-related pain. 
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