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ABSTRACT: Background: Orally administered meloxicam is associated with gastro-
intestinal adverse reactions and variable bioavailability due to first-pass metabolism. 
Transdermal drug delivery systems (TDDS) offer a promising alternative because they 
enable prolonged drug release and enhanced therapeutic efficacy. Objective: The cur-
rent study aimed to develop and evaluate meloxicam-loaded transdermal patches using 
different polymeric blends to optimize their physicochemical characteristics and drug 
release behavior. Methods: Meloxicam transdermal patches were prepared by the solvent 
evaporation method using hydroxypropyl methylcellulose (HPMC) in combination with 
either polyvinyl alcohol (PVA) or polyvinylpyrrolidone (PVP). Six formulations (F1–F6) 
were evaluated for thickness, weight variation, folding endurance, expansion index, sur-
face pH, drug content uniformity, and in vitro drug diffusion using phosphate buffer 
(pH 7.4). Drug–polymer compatibility was evaluated using Fourier transform infrared 
spectroscopy (FTIR). Drug release kinetics were analyzed using mathematical models. 
Statistical analysis using one-way ANOVA followed by Tukey’s test demonstrated signif-
icant formulation-dependent differences (p < 0.05). Results: All formulations exhibited 
acceptable physicochemical characteristics and a surface pH compatible with skin appli-
cation. Among the tested formulations, F1 (HPMC:PVA, 3:1) demonstrated the highest 
cumulative drug release (92% over 12 h), along with good drug content uniformity and 
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1. INTRODUCTION

Transdermal drug delivery systems (TDDS) represent an 
established alternative to conventional oral and parenteral 
dosage forms, particularly for drugs requiring prolonged ther-
apy. By enabling controlled drug transport across the skin, 
TDDS avoid gastrointestinal degradation and hepatic first-
pass metabolism, thereby improving systemic availability 
and minimizing dose-dependent adverse effects. Additional 
advantages include sustained plasma drug levels, improved 
patient adherence, reduced dosing frequency, and the ability 
to terminate therapy by removing the patch when necessary 
(Chourasia et al., 2019; Sravanthi et al., 2020).

Non-steroidal anti-inflammatory drugs (NSAIDs) remain 
a cornerstone in the management of pain and inflammatory 
disorders such as arthritis and musculoskeletal conditions. 
However, chronic oral administration of NSAIDs is fre-
quently associated with gastrointestinal irritation, ulceration, 
and systemic toxicity, largely attributable to repeated dosing 
and high peak plasma concentrations. These limitations high-
light the need for alternative drug delivery strategies capable 
of maintaining therapeutic efficacy while reducing systemic 
exposure (Beale et al., 2010; Mahajan et al., 2018).

Meloxicam is a preferential cyclooxygenase-2 (COX-2) 
inhibitor widely prescribed for the treatment of inflammatory 
and degenerative joint diseases. Despite its clinical usefulness, 
oral meloxicam therapy is associated with gastrointestinal dis-
comfort and variable bioavailability. Delivering meloxicam 
via the transdermal route may mitigate these drawbacks by 
providing sustained systemic drug delivery, minimizing peak-
related adverse effects, and enhancing therapeutic consistency 
(Di Costanzo and Angelico, 2019).

Among TDDS designs, matrix-type transdermal patches 
are particularly attractive due to their simplicity, stability, 
and ease of fabrication. In these systems, the drug is homo-
geneously dispersed within a polymeric matrix that gov-
erns hydration, mechanical integrity, and drug diffusion. 
The choice and ratio of polymers critically influence patch 
performance, including swelling behavior, flexibility, drug 

entrapment efficiency, and drug release kinetics. Hydrophilic 
polymers such as hydroxypropyl methylcellulose (HPMC), 
polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP) 
are commonly employed because of their film-forming capa-
bility, biocompatibility, and ability to modulate drug trans-
port through hydrated polymer networks (Siepmann and 
Siepmann, 2016).

The present study was designed to develop meloxi-
cam-loaded transdermal patches using different combina-
tions of HPMC with PVA or PVP. The effect of polymeric 
composition on physicochemical characteristics, in vitro drug 
diffusion, and release kinetics was systematically evaluated 
to identify an optimized formulation suitable for sustained 
transdermal delivery of meloxicam. This study focused on 
HPMC–PVA and HPMC–PVP blends as model hydrophilic 
polymer systems because of their film-forming capability, bio-
compatibility, widespread use in TDDS, and suitability for 
comparative evaluation. Other natural and synthetic poly-
mers, such as chitosan, ethyl cellulose, Eudragit, carbopol, or 
composite polymer networks, may exhibit different diffusion 
and mechanical properties and warrant future investigation. 

2. MATERIALS AND METHODS

2.1. Materials

Meloxicam was obtained from Shifaco (Yemen). 
Hydroxypropyl methylcellulose (HPMC) was purchased from 
Phre Chemical (India), polyvinylpyrrolidone (PVP K30) from 
Uni-Chemical (India), and polyvinyl alcohol (PVA) was pro-
cured from a local market. Sodium lauryl sulfate (SLS) and pro-
pylene glycol (PG) were obtained from Pure Chemical (India). 
Nutrient agar was supplied by HiMedia (India), while sodium 
chloride and sodium dihydrogen phosphate were obtained 
from Pure Chemical (India) and WINLAP (UK), respectively.

Dichloromethane (DCM) and methanol were pur-
chased from SRL (India). Distilled water was supplied by 
AZHA Pharma (Yemen). Additional laboratory materials 

stable mechanical properties. FTIR analysis confirmed the absence of chemical interac-
tions between meloxicam and the polymers. Kinetic modeling indicated that drug release 
predominantly followed diffusion-controlled and non-Fickian mechanisms. Conclusion: 
The optimized formulation (F1) demonstrated favorable performance as a matrix-type 
transdermal patch for sustained meloxicam delivery. These findings highlight the influ-
ence of polymeric composition on drug release behavior and support the potential of 
transdermal systems as an alternative to oral meloxicam therapy.
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	 Dose = flux × area of patch (cm2) ×  
		  time for duration of release (hr)

Where:
Area of patch = 6.25 cm2

Time required for drug release = 12 h
Dose = 0.7788 x 6.25 x 12 = 58.41mg/6.25 cm2

Area of film spread = 78.5 cm2

Dose loaded = 733.6 mg/78.5 cm2

2.2.4. Preparation of meloxicam transdermal patches
Transdermal patches were fabricated using the solvent 

evaporation method. Polymeric matrices were prepared by 
dissolving HPMC in combination with either PVA or PVP 
in suitable solvents selected according to the solubility charac-
teristics of the polymers. Meloxicam was dissolved separately 
and incorporated into the polymeric solution along with pro-
pylene glycol and sodium lauryl sulfate. The resulting disper-
sion was mixed thoroughly to ensure the uniform distribution 
of all components. The homogeneous solution was cast onto 
flat glass surfaces and allowed to dry under controlled ambi-
ent conditions. After complete solvent removal, the formed 
films were carefully detached and stored under desiccated 
conditions until further evaluation (Shafique et al. 2021). 
Table 3 shows the different formulations of the meloxicam 
transdermal patches.

2.2.5. Evaluation of patch characteristics

2.2.5.1. Physical appearance and thickness
Prepared films were visually examined for surface uniformity, 

flexibility, and transparency. Thickness measurements were per-
formed at multiple locations using a digital micrometer, and the 
average values were calculated (Shafique et al. 2021).

2.2.5.2. Mechanical strength
Folding endurance was evaluated by repeatedly fold-

ing each patch at the same location until structural failure 
occurred. The number of folds sustained before rupture was 
recorded (Shafique et al. 2021).

2.2.5.3. Weight uniformity
Individual patches were weighed using an analytical bal-

ance to assess the uniformity of the formulation and casting 
process (Shafique et al. 2021).

2.2.5.4. Swelling behavior
Patch samples were exposed to phosphate buffer (pH 7.4) 

to evaluate their hydration characteristics. The extent of swell-
ing was determined by measuring the change in weight over a 
defined period (Mann et al., 2022).

included UV cuvettes, a pH meter, and a micrometer from 
Mettler Toledo (China); Petri dishes from Glass Co. (India); 
and pH indicator paper from Hydrion (China). Modified 
Franz diffusion cells and magnetic stir bars were also used. 
Instrumentation included a UV-Visible spectrophotome-
ter (Shanghai Sunny, China), a dissolution system (Laboa, 
China), a magnetic heating stirrer (Labtex, China), and a dig-
ital micrometer screw gauge (Real Instrument, China).

2.2. Methods

2.2.1. UV–visible spectrophotometric analysis of meloxicam
Quantitative estimation of meloxicam was carried out 

using UV-Visible spectrophotometry. A primary stock solu-
tion was prepared by dissolving meloxicam in 0.1 N sodium 
hydroxide, followed by appropriate dilution with distilled 
water to obtain a series of working solutions. The absorption 
spectrum was recorded over a wide wavelength range to iden-
tify the characteristic absorption maximum. All subsequent 
measurements were performed at the selected wavelength, 
and a calibration curve was generated to establish the rela-
tionship between concentration and absorbance (Chaudhary 
et al., 2018).

2.2.2. FTIR compatibility assessment
To investigate possible physicochemical interactions 

between meloxicam and the selected polymers, Fourier trans-
form infrared spectroscopy (FTIR) was employed. Samples of 
the pure drug, individual polymers, and their physical mix-
tures were prepared as potassium bromide discs and analyzed 
over a broad spectral range. Samples were scanned over the 
range of 4000–400 cm–1. The resulting spectra were examined 
for changes in characteristic functional group peaks to assess 
molecular compatibility within the formulation matrix (Iqbal 
et al., 2020).

2.2.3. Preparation the transdermal patches of Meloxicam TDP
Calculations dose of drug (Mahajan et al., 2018)

The estimated partition factor of meloxicam

	
app

0.1 in n-octanol(log P)
buffer pH7.4

=

	 logKp(cm/hour) = –2.72 + 0.7logKoct – 0.0061MW

log Kow = 3.54, The molecular weight is 351.4.,  
water solubility = 22 mg/ml.

	 Flux = Kp × Sw. So, Flux= 3.54 x 0.022 = 0.7788
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2.2.5.5. Surface pH
To assess skin compatibility, hydrated patches were placed 

on buffered agar surfaces, and the surface pH was measured 
using pH indicator strips (Shafique et al. 2021).

2.2.5.6. Drug content uniformity
Drug content was determined by dissolving defined sec-

tions of each patch in suitable solvent systems, followed by 
spectrophotometric analysis. The results were expressed as 
the percentage of drug content relative to the theoretical  
value (Shafique et al. 2021).

2.2.6. In vitro drug diffusion study
The release behavior of meloxicam from the prepared patches 
was evaluated using a diffusion cell assembly. A hydrated dial-
ysis membrane was mounted between the donor and recep-
tor compartments. Patch samples were placed in the donor 
compartment, while the receptor compartment contained 
phosphate buffer maintained at physiological temperature 
and continuously agitated. Aliquots were withdrawn from 
the receptor medium at predetermined time intervals and 
replaced with fresh buffer to maintain sink conditions. The 
amount of meloxicam diffused was quantified by spectropho-
tometric analysis, and cumulative drug release profiles were 
constructed (Rafique et al., 2016). 

2.2.7. Kinetic analysis of drug release
The in vitro release data were analyzed using estab-

lished mathematical models to elucidate the mechanism 
of drug release. Correlation coefficients were used to evalu-
ate the goodness of fit of each kinetic model, enabling the 

Table 1 
Calibration curve of Meloxicam.

Conc. µg/ml Absorbance at λ = 360 nm

2 0.101

4 0.213

6 0.337

8 0.442
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Figure 1. Calibration Curve of Meloxicam at λ = 360 nm.

interpretation of the contributions of diffusion and polymer 
relaxation to meloxicam release.

2.3. Statistical analysis

All experiments were conducted in triplicate (n = 3), and 
the results are expressed as the mean ± standard deviation. 
Statistical comparisons among the formulations were per-
formed using one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s post hoc multiple comparison test, with 
statistical significance accepted at p < 0.05. 

3. RESULTS AND DISCUSSIONS

3.1. UV–visible spectrophotometric analysis of meloxicam 

After scanning, the λmax of meloxicam was found to 
be 360  nm. The calibration curve demonstrated a linear 
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Figure 2. FTIR of Meloxicam, HPMC, PVA, PVP, M+H+PVA, and M+H+PVP

relationship between concentration and absorbance, with an 
R² value of 0.9968 for meloxicam.

3.2. FTIR compatibility assessment results

Fourier Transform Infrared (FTIR) spectroscopy was 
employed to assess the compatibility of meloxicam with the 
polymers incorporated into the transdermal patch formu-
lations, namely hydroxypropyl methylcellulose (HPMC), 
polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP). 
The FTIR spectra of pure meloxicam, the individual poly-
mers, and their corresponding physical mixtures (meloxicam–
HPMC–PVA and meloxicam–HPMC–PVP) are illustrated 
in Fig. (2) (Alburyhi et al., 2025). 

The FTIR spectrum of pure meloxicam exhibited dis-
tinct absorption bands characteristic of its chemical struc-
ture, including a broad peak around 3450 cm–1 attributed to 
O–H stretching, aromatic C–H stretching near 3066  cm–1, 
aliphatic C–H stretching at approximately 2931 cm–1, a 
prominent carbonyl stretching band around 1745 cm–1, and 
aromatic C=C stretching near 1629 cm–1. These absorption 
bands are consistent with the reported spectral features of 
meloxicam and confirm the structural integrity of the drug. 
HPMC exhibited a broad O–H stretching band in the region 
of 3400 cm–1, along with characteristic ether-related C–O–C 
stretching vibrations between 1050 and 1150 cm–1. The FTIR 
spectrum of PVA displayed a broad O–H stretching band 
around 3300 cm–1, accompanied by a sharp C–H stretching 

peak near 2940 cm–1. In contrast, PVP exhibited a strong 
absorption band at approximately 1650 cm–1, corresponding 
to the carbonyl stretching vibration of its lactam ring (Rowe 
et al., 2009; Rafique et al., 2016; Thakore SD et al., 2021).

In the spectra of the physical mixtures, all major charac-
teristic peaks of meloxicam and the polymers were clearly 
retained, with no appearance of new peaks or disappearance 
of existing peaks. This observation indicates the absence of 
chemical incompatibility between the drug and the polymeric 
components. Slight variations in peak intensity and minor 
band broadening were observed, which may be attributed to 
weak intermolecular interactions, such as hydrogen bonding, 
between meloxicam and the polymer chains. Such interac-
tions are commonly associated with improved drug dispersion 
within polymeric matrices and enhanced physical stabil-
ity of the formulation (Erxleben, 2016; Zhou et al., 2025). 
Overall, the FTIR findings confirm that meloxicam remains 
chemically stable in the presence of HPMC, PVA, and PVP, 
supporting the suitability of these polymers for use in the 
transdermal patch system without the risk of drug degrada-
tion or adverse chemical interactions.

3.3. Proposed formulations of meloxicam transdermal patches

Table 2 outlines the composition of six different formu-
lations (F1–F6) of meloxicam-loaded transdermal patches 
developed using the solvent evaporation technique. Each 
formulation was designed by varying the polymeric matrix 
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Table 2
Proposed formulations of meloxicam transdermal patches.

Ingredients F1 F2 F3 F4 F5 F6

(3:1) (2:1) (3:2) (3:1) (2:1) (3:2)

Meloxicam (mg) 733.6 733.6 733.6 733.6 733.6 733.6

HPMC (mg) 3,750 3,750 3,750 3,750 3,750 3,750

PVP (mg) – – – 1,250 1,875 2,500

PVA (mg) 1,250 1,875 2,500 – – –

DCM + Methanol 
(1:2) (ml)

– – – 50 50 50

Propylene glycol (mg) 1,000 1,125 1,250 1,000 1,125 1,250

SLS (mg) 100 112.5 125 100 112.5 125

D. Water (mL) 50 50 50 – – –

*The above formula gave patch of 78.5 cm2 area.

components—hydroxypropyl methylcellulose (HPMC), 
polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP)—
to investigate their influence on drug release, mechanical 
integrity, and skin permeation characteristics. All formulations 
contained a fixed drug loading of 733.6 mg of meloxicam 
per 78.5 cm² of patch area, ensuring uniformity across the 
test samples. HPMC was consistently included at 3750 mg 
in all formulations because of its well-established film-form-
ing ability and biocompatibility, which provide mechanical 
strength and modulate drug release (Kumar et al., 2022). 
Formulations F1–F3 employed HPMC:PVA blends in ratios 
of 3:1, 2:1, and 3:2, respectively, whereas F4–F6 were based 
on HPMC:PVP combinations in similar ratios. PVA was used 
in F1–F3 as a secondary film-forming agent to enhance flexi-
bility, reduce brittleness, and support drug dispersion (Parhi, 
2017). PVP was selected for F4–F6 because of its hydro-
philicity and ability to enhance swelling and drug diffusion 
(Waleka et al., 2021). These blends allowed the comparative 
evaluation of the mechanical, swelling, and diffusion profiles 
based on variations in the polymeric matrix. The choice of 
solvents varied according to polymer solubility. Formulations 
containing PVA (F1–F3) used distilled water, whereas for-
mulations containing PVP (F4–F6) used a DCM:methanol 
mixture (1:2) to ensure complete dissolution and homoge-
neous casting. Propylene glycol (5% of the polymer content) 
was employed as a plasticizer in all formulations to impart 
elasticity and reduce brittleness (Siepmann et al., 2016). 
Sodium lauryl sulfate (SLS) was included at varying concen-
trations (100–125 mg) as a permeation enhancer to facilitate 
drug diffusion through the stratum corneum (Dragicevic and 
Maibech, 2017). The systematic variation in polymer ratios 
and excipients aimed to optimize critical formulation attri-
butes, such as drug entrapment, patch integrity, hydration/
swelling behavior, and transdermal drug flux. By evaluating 

the effects of PVA and PVP concentrations in combination 
with HPMC, the study enabled the identification of the 
most effective matrix composition for controlled meloxicam 
delivery. After solvent evaporation, the dried residue formed 
the desired patch, with the drug entrapped within the poly-
mer matrix (Phatale et al., 2022). Transdermal patch systems 
are generally engineered to deliver the incorporated drug in 
a controlled and nearly constant manner over an extended 
period following application to the skin. Such sustained drug 
delivery is particularly beneficial for the long-term manage-
ment of chronic disorders, as it helps maintain stable systemic 
drug levels while minimizing dosing frequency. The effective-
ness of transdermal drug transport can be demonstrated by 
several indicators, including the presence of the drug in the 
systemic circulation, the identification of the parent com-
pound or its metabolites in excretory fluids, and observable 
therapeutic outcomes following patch application (Tanwar 
and Schdeva, 2016).

Evaluation parameters of different formulations of 
Meloxicam Transdermal Patch

Appearance/Organoleptic Properties

Formulation Appearance

F1 Light green, soft, flexible

F2 Light green, soft, flexible

F3 Light green, soft, flexible

F4 Light green, soft, flexible

F5 Light green, soft, flexible

F6 Light green, slightly tough

3.4. Evaluation of physicochemical properties of meloxicam 
transdermal patches

Table 3 summarizes the physicochemical evaluation of six 
meloxicam transdermal patch formulations (F1–F6) designed 
with varying ratios of HPMC, PVA, and PVP. The evaluated 
parameters included physical appearance, thickness, weight 
variation, folding endurance, swelling index, surface pH, and 
drug content, all of which are critical for ensuring patch per-
formance, stability, and patient acceptability.

3.4.1. Appearance and thickness
All patches, except F6, exhibited a uniform appearance 

characterized as light green, soft, and flexible, whereas F6 was 
slightly tougher, likely because of the higher PVP concentra-
tion, which can promote brittle film formation upon solvent 
evaporation (Dragicevic and Maibech, 2017). Thickness val-
ues ranged from 0.33 to 0.40 mm, indicating uniform film 
casting. Statistical analysis revealed significant differences 
among the formulations (p < 0.05), with F1 exhibiting the 
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Table 3 
Physicochemical evaluation parameters of meloxicam transdermal patches with ANOVA/Tukey multiple comparison 
grouping.

Parameter F1 F2 F3 F4 F5 F6

Thickness (mm) 0.400 ± 0.015a 0.330 ± 0.018c 0.330 ± 0.020c 0.340 ± 0.021bc 0.350 ± 0.015b 0.360 ± 0.014b

Weight variation (mg) 716.0 ±3.6d 583.0 ±3.7f 641.0 ±4.4e 1080.0 ±3.8b 919.0 ±3.6c 1163.0 ±4.3a

Folding endurance 60.0 ±1.7e 156.0 ±3.6c 320.0 ±1.7a 250.0 ±2.0b 180.0 ±1.7c 20.0 ±2.0f

Swelling index (%) 122.0 ±4.0b 60.8 ±3.4e 58.4 ±3.1e 86.9 ±3.9d 127.0 ±4.0b 136.0 ±3.5a

Surface pH 6.00 ±0.15a 6.00 ±0.14a 6.00 ±0.18a 6.00 ±0.20a 6.00 ±0.13a 6.00 ±0.16a

Drug content (%) 94.5 ±3.5a 92.6 ±4.3ab 88.2 ±2.6c 92.6 ±2.9ab 91.9 ±3.7b 85.5 ±3.8d

Values are expressed as mean ± SD (n = 3). Within each row, values bearing different superscript letters differ significantly (one-way ANOVA followed by 
Tukey’s post hoc test, p < 0.05).

greatest thickness (0.400 ± 0.015 mma), which was signifi-
cantly higher than those of F2 and F3 (0.330 ± 0.018–0.020 
mmc). F4–F6 exhibited intermediate values (b–bc). Despite 
these statistically significant differences, the narrow thickness 
range confirms practical uniformity suitable for transdermal 
application. The slight increase in thickness with increasing 
polymer concentration may be attributed to the greater den-
sity of the solid polymeric matrix.

3.4.2. Weight uniformity
Patch weight varied significantly among the formulations 

(p < 0.05), ranging from 583 mg (F2f) to 1163 mg (F6a), 
with each formulation being statistically distinct according to 
Tukey’s grouping. This finding indicates that polymer compo-
sition significantly influenced patch mass. In the HPMC:PVA 
series (F1–F3), increasing the PVA concentration reduced 
water evaporation and contributed to greater film mass reten-
tion, consistent with previous reports on the permeability 
characteristics of PVA (Patil and Mahapatra, 2016; Patel and 
Shah, 2018). Similarly, the higher weights of the PVP-rich 
formulations, particularly F6, may be attributed to the hygro-
scopic nature of PVP and increased solvent retention. Despite 
the statistically significant differences, all formulations exhib-
ited acceptable weight uniformity, indicating consistent cast-
ing and uniform drug distribution.

3.4.3. Mechanical strength
Folding endurance differed significantly among the for-

mulations (p < 0.05) and was strongly influenced by the 
polymer ratio. F3 exhibited the highest mechanical strength 
(320 ± 1.7a), which was significantly greater than that of all 
other formulations, suggesting that the HPMC:PVA (3:2) 
blend produced optimal elasticity and cohesive strength. F4 
ranked second (250 ± 2.0b), whereas F2 and F5 shared the 
same significance group (156–180c), indicating no significant 

difference between them. F1 (60 ± 1.7e) and, particularly, F6 
(20 ± 2.0f) exhibited significantly lower flexibility. The poor 
folding endurance of F6 supports the inference that higher 
PVP levels increase brittleness when not sufficiently plasti-
cized (Sethi and Mazumder, 2018). These statistically signif-
icant differences confirm that polymer composition critically 
governs the mechanical integrity of the patches.

3.4.4. Swelling behavior
The swelling index showed statistically significant differ-

ences among the formulations (p < 0.05). F6 demonstrated 
the highest swelling (136 ± 3.5a), which was significantly 
greater than that of all other formulations, whereas F1 and 
F5 (122–127%b) were not significantly different from each 
other. F2 and F3 exhibited the lowest swelling values (e) and 
were statistically similar. These findings confirm that PVP-
rich formulations promote greater hydration because of the 
hydrophilic nature of the polymer, whereas PVA-containing 
systems limit water uptake because of their lower water per-
meability (Kumar et al., 2018; Godbole et al., 2017). The 
statistical grouping further supports the direct influence of 
polymer type on swelling-mediated drug diffusion. The mod-
erate swelling observed in F1 may partly explain its superior 
drug release behavior while maintaining structural stability.

3.4.5. Surface pH
All formulations exhibited surface pH values ranging 

from 6.0 to 6.5, which are compatible with normal skin 
physiology. Statistical analysis revealed no significant differ-
ences among the formulations (all shared superscript a, p > 
0.05), confirming that polymer composition did not signifi-
cantly affect surface pH. This uniformity is desirable, as it 
suggests a minimal risk of skin irritation and supports the 
dermatological suitability of the developed patches (Alkilani 
et al., 2022).
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associated with higher PVP concentrations (Albertini et al., 
2018). These findings support the role of polymer composi-
tion in controlling drug retention and matrix homogeneity.

Collectively, the statistical analysis confirmed that polymer 
composition significantly influenced thickness, weight, fold-
ing endurance, swelling behavior, and drug content, whereas 
surface pH remained unaffected. Among the tested formula-
tions, F1 exhibited the most balanced physicochemical pro-
file, combining significantly higher drug content, favorable 

3.4.6. Drug content uniformity:
Drug content ranged from 85.5% (F6d) to 94.5% (F1a), 

with statistically significant differences among the formula-
tions (p < 0.05). F1 exhibited significantly higher drug con-
tent than F3, F5, and F6, indicating superior drug entrapment 
within the HPMC:PVA matrix. F2 and F4 shared overlap-
ping significance groups (ab), suggesting statistically compara-
ble drug-loading efficiency. The lowest drug content observed 
in F6 may be attributed to drug migration or phase separation 

Table 4 
Cumulative drug release profiles of formulations F1–F6 over 12 h in phosphate buffer (pH 7.4)

Time (h) F1 F2 F3 F4 F5 F6

1 26.8±0.65c 23.5±0.67d 17.5±0.65e 30.9±0.75b 34.2±0.92a 31.4±0.95b

2 35.4±0.53a 35.5±0.85a 34.6±0.62a 33.3±0.65b 35.5±0.76a 35.2±0.90a

4 42.1±0.53c 41.9±0.85c 44.0±0.90bc 49.6±1.01a 46.2±0.95b 44.6±1.05b

6 56.9±1.10c 58.2±1.31b 57.1±1.15c 59.1±1.05ab 59.6±1.15a 56.3±1.15c

8 74.6±0.95a 70.3±1.11c 71.3±1.25bc 72.2±1.05b 72.5±1.20b 64.8±1.36d

10 86.9±1.11b 83.1±1.05c 81.6±1.10c 89.5±1.05a 88.0±1.25ab 81.2±1.05c

12 92.0±1.15a 86.5±1.45c 84.7±1.20d 91.2±1.02a 89.4±1.36b 83.8±1.40d

Mean ± SD (n=3); different superscripts within each row indicate significant difference (p < 0.05).
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Figure 3. In vitro cumulative drug release profiles of meloxicam transdermal patches (F1–F6) in phosphate buffer (pH 7.4) over 
12 h. Data are presented as the mean ± SD (n = 3). Error bars represent the standard deviation. Significant differences among the 
formulations at each time point were determined using one-way ANOVA followed by Tukey’s post hoc test (p < 0.05).
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(Dangre et al., 2016; Umaredkar et al., 2020). Significant 
differences became most pronounced during the sustained-
release phase. At 8 h, F1 (74.6 ± 0.95a) exhibited significantly 
higher drug release than all other formulations, whereas F6 
(64.8  ± 1.36d) exhibited significantly lower diffusion. F4 
and F5 occupied intermediate significance groups. At 10 h, 
F4 (89.5 ± 1.05a) exhibited the highest drug release and was 
statistically comparable only to F5 (88.0 ± 1.25ab), whereas 
F2, F3, and F6 belonged to significantly lower significance 
groups (c). At 12 h, F1 (92.0 ± 1.15a) achieved the highest 
cumulative drug release and was statistically comparable only 
to F4 (91.2 ± 1.02a), but significantly greater than F5 (89.4 ±  
1.36b), F2 (86.5 ± 1.45c), and the lowest-performing formu-
lations, F3 and F6 (d). These findings support the ranking of 
drug release performance as F1 > F4 > F5 > F2 > F3 > F6. 
Formulations F1–F3 utilized HPMC:PVA blends, whereas 
F4–F6 were based on HPMC:PVP systems. The superior 
performance of F1 (3:1 HPMC:PVA) may be attributed to 
an optimal balance among matrix swelling, permeability, and 
structural stability, whereas the significantly lower release 
observed with F3 suggests that increasing the PVA concentra-
tion may have formed a denser, more viscous gel barrier that 
hindered drug diffusion (Umaredkar et al.,2020). Within the 
HPMC:PVP formulations, F4 exhibited significantly greater 
late-stage drug release than F6, confirming that increasing the 
PVP concentration beyond an optimal level may promote 
excessive hydration and gel barrier formation, ultimately 
restricting sustained drug diffusion (Majee et al., 2025; 
Ramkant et  al., 2015). The biphasic release profile, consist-
ing of an initial burst release followed by controlled sustained 
release, is typical of matrix-controlled systems. Statistical 
comparisons revealed minimal differences during the initial 
burst phase but increasingly significant differences at later 
time points, indicating that polymer composition exerted 
greater control over sustained drug diffusion than over the 
initial release. The narrow error bars (±SD) observed through-
out the study indicate good reproducibility of the diffusion 
experiments and support the reliability of the release data. 
Collectively, these findings demonstrate that optimization 
of the polymer composition significantly influenced meloxi-
cam release behavior, with F1 providing the most favorable 
sustained drug release profile while maintaining controlled 
diffusion kinetics, supporting its selection as the optimized 
formulation for further in vivo investigation. 

3.6. Kinetic analysis of drug release results

The release profiles of all six formulations (F1–F6) 
were analyzed using Zero-order, First-order, Higuchi, and 
Korsmeyer–Peppas models to elucidate the mechanism of 

swelling behavior, acceptable thickness, and superior drug 
release performance, despite its lower folding endurance com-
pared with F3. F3 demonstrated significantly greater mechan-
ical strength but lower swelling and drug loading, whereas 
F6, although exhibiting the highest swelling, was limited by 
significantly lower flexibility and drug content. These results 
demonstrate that optimizing the polymer blend ratios is 
essential for achieving a balance among mechanical integrity, 
hydration behavior, and drug delivery performance.

3.5. In vitro drug diffusion study 

Table 4 and Fig. 3 present the cumulative percentage 
release of meloxicam from six transdermal patch formula-
tions (F1–F6) over 12 h in phosphate buffer (pH 7.4). All 
data are expressed as the mean ± SD (n = 3), and differences 
among the formulations at each sampling time were analyzed 
using one-way ANOVA followed by Tukey’s post hoc test  
(p < 0.05). An initial burst release was observed in all formu-
lations during the first 2 h, which is characteristic of matrix-
type transdermal systems because of the rapid release of drug 
located near the patch surface. At 1 h, statistically significant 
differences were observed among the formulations (p < 0.05), 
with F5 (34.2 ± 0.92a) exhibiting significantly greater drug 
release than all other formulations, whereas F3 (17.5 ± 0.65e) 
exhibited significantly lower drug release. F4 and F6 shared 
the same significance group (b), indicating comparable early 
diffusion behavior, whereas F1 (c) and F2 (d) exhibited inter-
mediate release. At 2 h, most formulations (F1, F2, F3, F5, 
and F6) shared the same significance group (a), indicating 
no significant differences among them, whereas F4 (33.3 ± 
0.65b) exhibited significantly lower drug release, suggesting 
that early-stage diffusion was governed primarily by hydration 
and surface drug availability rather than polymer-controlled 
diffusion resistance. As diffusion progressed, significant for-
mulation-dependent differences became more evident. At 4 h, 
F4 (49.6 ± 1.01a) exhibited significantly greater drug release 
than all other formulations, whereas F1 and F2 belonged to 
the lowest statistical group (c). F3 and F6 were statistically 
comparable (b–c), whereas F5 exhibited intermediate release 
(b). At 6 h, F5 (59.6 ± 1.15a) exhibited the highest drug 
release, although it was statistically comparable to F4 (59.1 
± 1.05ab), whereas F1, F3, and F6 belonged to the lower 
significance groups. These findings indicate that the poly-
mer ratio significantly influenced sustained diffusion kinet-
ics during the matrix hydration phase. For the HPMC:PVA 
series (F1–F3), increasing the PVA concentration signifi-
cantly reduced drug release at later time points, particu-
larly in F3, supporting the hypothesis that higher polymer 
content increases matrix viscosity and diffusional resistance  
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F3 = 0.9865, F2 = 0.9823, and F1 = 0.9704. For F2 and F3, 
the Korsmeyer–Peppas model provided a better fit than the 
Zero-order, First-order, and Higuchi models, indicating anom-
alous transport involving both diffusion and polymer relax-
ation. The superiority of the Korsmeyer–Peppas fit over the 
other models for several formulations supports non-Fickian 
release mechanisms rather than purely concentration-driven 
or simple diffusion-controlled release. The strong Higuchi 
and Korsmeyer–Peppas fits suggest that meloxicam release 
was predominantly governed by diffusion through hydrated 
polymer matrices combined with polymer relaxation/swell-
ing processes. This interpretation is further supported by 
the swelling index data, where highly swelling formulations 
showed corresponding diffusion-controlled behavior. Thus, 
kinetic modeling and ANOVA-supported release data collec-
tively indicate that polymer composition significantly affected 
not only the extent of drug release but also the underlying 
release mechanism. Although the Higuchi and Korsmeyer–
Peppas models suggested diffusion-controlled and anomalous 
transport mechanisms, these mathematical models simplify 
complex skin transport phenomena and assume idealized con-
ditions. The dialysis membrane-based Franz diffusion model 
does not fully replicate the structural and barrier properties 
of human skin; therefore, in vitro diffusion may not directly 
predict in vivo permeation behavior. Furthermore, kinetic 
models based on correlation coefficients provide mechanistic 
indications rather than definitive proof of the release mecha-
nisms. Compared with conventional oral meloxicam, which is 
associated with gastrointestinal irritation, fluctuating plasma 
levels, and first-pass metabolism, the optimized transdermal 
formulation (F1) demonstrated sustained release over 12 h, 
suggesting the potential to reduce dosing frequency and mini-
mize peak-related adverse effects. Although direct in vivo bio-
availability comparison was beyond the scope of this study, 
the sustained release behavior observed supports the poten-
tial therapeutic advantage of transdermal delivery over oral 

meloxicam release from the polymeric matrices. The goodness 
of fit of each model was assessed using the coefficient of deter-
mination (R²), where higher values indicate better agreement 
between the experimental data and the mathematical model. 
Zero-order plots showed strong correlation coefficients for all 
formulations (R2 = 0.963–0.987), indicating relatively con-
stant release rates over time. Among the formulations, F6 
(R² = 0.9867) and F1 (R² = 0.9845) exhibited the highest 
Zero-order fits, suggesting more controlled and sustained 
release behavior. Comparative analysis showed that F6 > F1 
> F4 > F2 > F5 > F3 for the Zero-order fit, indicating that 
formulation composition significantly influenced the mainte-
nance of constant release. The high Zero-order fit observed 
for F1 supports its statistically superior diffusion behavior 
observed in Table 4. First-order fitting varied considerably 
among formulations (R² = 0.855–0.975). F3 showed the 
highest First-order fit (0.9753), markedly greater than those 
of the other formulations, suggesting that its release was more 
concentration-dependent. This stronger First-order behavior 
for F3 is consistent with its comparatively lower cumulative 
release and denser polymer matrix, where drug release likely 
depends more strongly on the residual drug concentration 
within the system. The substantially lower First-order fits 
of F5 and F6 indicate that First-order kinetics did not ade-
quately describe those formulations. The Higuchi model 
showed consistently high correlations (R² > 0.95) across all 
formulations, supporting diffusion as a major mechanism 
of release. F2 exhibited the strongest Higuchi fit (0.9748), 
followed closely by F3 and F4, suggesting that release from 
these systems was strongly governed by matrix diffusion. 
The uniformly high Higuchi correlations quantitatively 
support the diffusion-controlled behavior observed experi-
mentally and confirm that drug transport through hydrated 
polymer networks contributed substantially to release. The 
Korsmeyer–Peppas model produced the highest overall 
goodness-of-fit values for several formulations, particularly  

Table 5 
Comparative kinetic model fitting parameters (R²) and mechanistic interpretation of meloxicam release from transdermal patches.

Formulation Zero-order R² First-order R² Higuchi R² Korsmeyer-Peppas R² n value Mechanism

F1 0.984492 0.919965 0.957590 0.970403 0.51 Non-Fickian

F2 0.979966 0.944239 0.974794 0.982257 0.48 Anomalous

F3 0.963273 0.975261 0.972968 0.986480 0.56 Non-Fickian

F4 0.982308 0.910253 0.967795 0.970163 0.52 Anomalous

F5 0.979491 0.864167 0.952709 0.952718 0.49 Anomalous

F6 0.986665 0.854756 0.958042 0.959322 0.45 Near Fickian

Release exponent values (n = 0.45–0.56) further confirmed anomalous/non-Fickian transport.
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