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Article Information  ABSTRACT 
Received: 24th January 2025  Background: To develop and optimize Upadacitinib-loaded transdermal patches for rheumatoid 

arthritis treatment with improved patient compliance and sustained drug delivery. Methodology: 

Upadacitinib transdermal patches were formulated using a 3² factorial design approach with PVP K30 

and HPMC K4M as key polymeric components. The patches were characterized for physicochemical, 

mechanical, and ex vivo permeation properties. Results and Discussion: The optimized formulation 

(SF8) exhibited excellent physicochemical characteristics, including high drug content (99.05 ± 0.83%), 

optimal mechanical properties with tensile strength of 0.912 kg/mm² and adhesion strength of 3.94 N. 

The ex vivo permeation reached 86.35% at 12h, with the flux of 102.91 μg/cm²/h following zero-order 

kinetics (R² = 0.9777). The experimental values closely matched predicted values with less than 2% 

error. Accelerated stability studies confirmed minimal changes in critical parameters over six months. 

Conclusion: The optimized Upadacitinib transdermal patch provides sustained drug delivery with zero-

order release kinetics and excellent stability. This transdermal delivery system offers a promising 

alternative to oral therapy with potential advantages of improved patient compliance, reduced dosing 

frequency, and avoidance of first-pass metabolism for rheumatoid arthritis management. 
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INTRODUCTION 
Rheumatoid arthritis (RA) constitutes a major global public 
health priority, in which an estimated 14 million individuals 
suffer from RA in a population prevalence of 0.24%. This is a 
chronic autoimmune disorder with significant economic and 
healthcare burdens, which resulted in direct medical costs 
exceeding $19 billion per year in the United States alone and $39 
billion in indirect costs associated with work disability and 
decreased productivity [1]. Currently, the management of RA is 
based on conventional disease-modifying antirheumatic drugs 
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(DMARDs), biological agents, and small-molecule inhibitors, 
which are administered orally or parenterally. Nevertheless, 
these methods of delivery are limited in various ways, including 
systemic adverse effects, inconsistent drug plasma 
concentration, complicated patient compliance, and 
prohibitively high cost of treatment. Given that therapeutic 
advances have only reduced the likelihood of inadequate disease 
control to approximately 40% in recent epidemiological data, 
innovative drug delivery systems are needed to provide more 
effective therapy with less adverse effects [2]. 
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Figure 1: Chemical Structure of Upadacitinib 

Selective Janus kinase 1 (JAK1) inhibitor upadacitinib has been 
identified as a promising agent for the management of RA. With 
a molecular weight of 389.38 g/mol, this small molecule is 
highly selective for JAK1 over JAK2, JAK3, and TYK2 and 
makes it well suited for favorable efficacy-safety profile. 
Upadacitinib retains a cyanoacetyl group that is key to its 
potency and selectivity. Physicochemical properties of the 
compound in terms of optimal lipophilicity (log P: 2.3) adequate 
aqueous solubility (14 mg/mL at pH 7.4) and molecular size are 
excellent with regard to transdermal delivery [3]. Upadacitinib 
mechanism of action is to directly inhibit JAK1-mediated STAT 
phosphorylation down-regulating the expression of 
proinflammatory cytokines linked to RA pathophysiologic 
mechanism. Results from clinical studies show that upadacitinib 
significantly improves ACR20 response rates (71% vs. 36%, p< 
0.001) compared with placebo as well as better efficacy than 
adalimumab on reducing disease activity score in 28 joints 
(DAS28) [4]. 
 
RA management is particularly suitable with transdermal drug 
delivery systems (TDDS) which provide several benefits. These 
systems sustain and control drug release, avoid hepatic first pass 
metabolism and have controlled drug delivery with reduced 
dosing frequency. Development of various permeation 
enhancers, microneedle arrays, nanocarrier based systems have 
enabled the contemporary transdermal technology to overcome 
the stratum corneum barrier and enhance drug penetration [5]. 
As matrix type transdermal patches incorporating permeation 
enhancers, such as oleic acid and propylene glycol, are capable 
of dissolving the intercellular lipid in the stratum corneum and 
facilitate the delivery of the payload for upadacitinib, these are a 
promising approach for the delivery of upadacitinib. Further 
advances in pressure sensitive adhesives (PSA) have increased 
patch adhesion properties and drug loading capacity. 
Furthermore, TDDS are in line with the increasing focus on 

patient centred care and provide non-invasive, self-administered 
treatment options that might increase adherence and overall 
quality of life in RA patients [6]. 
 
The current Rheumatoid Arthritis (RA) treatment framework 
produces three main issues due to medication adverse effects on 
patient compliance and inconsistent plasma drug amounts 
alongside frequent dosage requirements [7]. A transdermal 
delivery system of Upadacitinib resolves current gaps through 
long-term systemic drug release alongside hepatic first-pass 
avoidance and fewer required doses which can increase patient 
adherence [8]. The delivery method proves essential for RA 
patients who face challenges because of their joint pain along 
with mobility restrictions when they need to take daily oral 
medicine. Transdermal delivery systems offer steady drug 
plasma levels compared to oral formulations thus they lead to 
better therapy results besides diminishing systemic adverse 
effects [9]. 
 
The objective of the present study is to formulate and optimize a 
Upadacitinib loaded transdermal patch for better management of 
rheumatoid arthritis. Specifically, the objectives are developing 
a stable matrix type transdermal patch with optimized drug 
loading and release kinetics, evaluating the effect of different 
permeation enhancers on transdermal delivery of upadacitinib, 
studying physical and chemical characterization (in vitro release 
profile, ex vivo permeation), patch stability in accelerated 
condition and the effects of the method on particle properties. 
 
MATERIALS AND METHODS 
Materials 
Upadacitinib (pharmaceutical grade, ≥99.5% purity) was 
obtained as a gift sample from supplier Sciquaint Innovation 
(Pune, India). Polyvinylpyrrolidone K30 (PVP K30) 
(pharmaceutical grade, MW 40,000 Da) and Hydroxypropyl 
methylcellulose K4M (HPMC K4M) (pharmaceutical grade) 
was procured from Sciquaint Chemicals. (Pune, India). 
Propylene glycol (analytical grade, 99.5% purity) and Oleic acid 
(analytical grade, ≥99.0% purity) was obtained from Neeta 
chemicals (Pune, India). Ethanol (HPLC grade, 99.9% purity) 
and Backing membrane (polyethylene film, 0.1 mm thickness) 
and Methanol (HPLC grade, ≥99.9% purity) was purchased from 
Research Lab fine chem industries (Mumbai, India). All other 
chemicals and reagents used in the study were of analytical grade 
and used as received without further purification. 
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Methods 
FTIR Analysis 
Potential drug-polymer interaction was evaluated by Fourier 
Transform Infrared (FTIR) spectroscopy. Pure Upadacitinib, 
physical mixtures of the drug with polymers, and optimized 
transdermal patch formulation were analyzed by an FTIR 
spectrophotometer equipped with an ATR accessory (Shimadzu 
India, IR Affinity-1S) from 3600 to 400 cm−1. Finally, samples 
were dropped directly onto a diamond crystal and scanned in the 
wavenumber range of 4000–400 cm⁻¹ with a resolution of 4 cm⁻¹ 
using 32 scans per spectrum. Before every sample analysis, 
background measurements were taken. LabSolutions IR 
software (version 2.21, Shimadzu, India) was used to analyze the 
FTIR spectra and discover the characteristic peaks and possible 
interactions [10]. All the measurements were performed in 
triplicate (n=3) at room temperature (25±2°C) [11]. 
 
Experimental Design 
A 3² full factorial design was implemented to optimize the 
Upadacitinib-loaded transdermal patch formulation. Two 
independent variables were selected: concentration of 
polyvinylpyrrolidone (PVP K30) (X₁) and concentration of 
hydroxypropyl methylcellulose (HPMC K4M) (X₂), each at 
three levels (low, medium, and high). The dependent variables 
were ex vivo drug permeation at 12 hours (Y₁) and patch 
adhesion strength (Y₂). Design-Expert software (version 12.0, 
Stat-Ease Inc., Minneapolis, USA) was used for experimental 
design generation, analysis, and optimization. The polynomial 
equation used to analyze the experimental outcomes was: 

𝒀𝒀 = 𝒃𝒃₀ + 𝒃𝒃₁𝑿𝑿₁ + 𝒃𝒃₂𝑿𝑿₂ + 𝒃𝒃₁₂𝑿𝑿₁𝑿𝑿₂ + 𝒃𝒃₁₁𝑿𝑿₁² + 𝒃𝒃₂₂𝑿𝑿₂² 
Where Y represents the dependent variable, b₀ is the arithmetic 
mean response of all experimental runs, b₁ and b₂ are the 
coefficients of the main effects, b₁₂ is the coefficient of the 
interaction effect, and b₁₁ and b₂₂ are the coefficients of the 
quadratic terms. Statistical significance was determined at p < 
0.05 [12]. While the 3² factorial design effectively optimized the 
Upadacitinib transdermal patch formulation, specific limitations 
should be noted. The selected polymer concentration ranges may 
not capture effects at ratios outside these boundaries, and the 
design maintained constant permeation enhancer concentration, 
plasticizer content, and solvent volume, potentially overlooking 
their influence. Additionally, the approach did not account for 
molecular-level polymer-drug interactions during storage or 
skin condition variations in rheumatoid arthritis patients that 
might affect clinical performance. Nevertheless, the design 
successfully identified the optimal polymer combination 
balancing adhesion strength and drug permeation for this 
therapeutic application. 
Table 1: Variables in 3² Factorial Design for Upadacitinib 
Transdermal Patch 

Independent 
Variables 

Levels (mg) 
Low (-1) Medium (0) High (+1) 

X₁: PVP K30 40 70 100 
X₂: HPMC K4M 20 40 60 

Dependent Variables Goal 
Y₁: Ex vivo Drug permeation at 12h (%) Maximize 

Y₂: Adhesion strength (N) Maximize 

Table 2: Composition of Upadacitinib Transdermal Patch Formulations  
Ingredients SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8 SF9 

Upadacitinib (mg) 15 15 15 15 15 15 15 15 15 
PVP K30 (mg) 40 40 40 70 70 70 100 100 100 

HPMC K4M (mg) 20 40 60 20 40 60 20 40 60 
Propylene glycol (mL) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Oleic acid (mg) 10 10 10 10 10 10 10 10 10 
Ethanol(mL) 8 8 8 8 8 8 8 8 8 

 

Preparation of Transdermal Patch 
Transdermal patches were prepared using the solvent casting 
method. Briefly, Upadacitinib (15 mg) was dissolved in ethanol 
(8.0 mL), followed by the addition of HPMC K4M and PVP K30 
polymers at concentrations according to the experimental 
design. After 2 hours of swelling, propylene glycol (0.2 mL) as 
a plasticizer and oleic acid (10 mg) as a permeation enhancer 
were added and mixed at 500 rpm for 30 minutes. The solution 

was sonicated for 15 minutes to remove air bubbles, cast onto 
glass Petri dishes (9 cm diameter), and dried at 40 ± 2°C for 24 
hours. The dried films were cut into 10 cm² patches, and those 
with uniform thickness (0.25 ± 0.02 mm) were selected for 
further evaluation. All patches were stored in aluminum foil 
pouches at 25 ± 2°C, 60 ± 5% relative humidity until further 
testing [13,14]. 
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Characterization of Transdermal Patch 
Physical Appearance and Thickness 
The prepared transdermal patches were visually inspected for 
colour, clarity, flexibility, and surface characteristics. The 
average thickness of patches was measured at 5 locations using 
a digital micrometer (Mittal Enterprises, ME-25D, India), and 
the average thickness was calculated from 5 points, including the 
center and 4 corners. Every formulation was measured in 
triplicate (n = 3) to ensure uniform distribution and verify our 
proposed sample dimensions [15]. 
 
Weight Variation 
An analytical balance (Shimadzu, AUX220, India) with a 
precision of 0.1 mg was used to weigh the individual pieces (2 × 
2 cm) cut from various parts of the film, which was started (cast 
film) transdermally. To evaluate batch uniformity, ten randomly 
selected patches (n = 10) per formulation were calculated as 
average weight and standard deviation [16]. 
 
Drug Content Uniformity 
Prepared film (1 × 1 cm) was cut into three sizes of patches, and 
the patches were weighed accurately and dissolved in 10 mL of 
phosphate buffer (pH 7.4) containing 20% ethanol (v/v). The 
filtered solutions were tested for the Upadacitinib content by a 
validated UV-Visible spectrophotometric method (Shimadzu 
UV-1800, Model India) at 286 nm. The calibration curve of the 
drug (5–25 μg/mL, r² > 0.999) was used to calculate the drug 
content. The drug content uniformity was measured as the 
percent of the theoretical drug content; n = 3, three 
determinations of triplicate in total [17]. 
 
Moisture Content 
The moisture content was determined by individually weighing 
transdermal patches (2 × 2 cm) and placing them in a desiccator 
containing activated silica at room temperature (25 ± 2°C) for 24 
hours. The patches were reweighed until constant weight was 
achieved. The percentage moisture content (MC) was calculated 
using the following equation [18]: 

𝑴𝑴𝑴𝑴 (%) =
(𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 −  𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘) 

𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 × 𝟏𝟏𝟏𝟏𝟏𝟏 

 
Folding Endurance 
To determine the patch folding endurance, a patch (2 × 2 cm) 
was repeatedly folded at the same place until it broke or 
developed cracks in visible places. The folding endurance value 

was recorded as the number of folds the patch could absorb 
without breaking or cracking at the same place. At room 
temperature (25±2°C), the test was performed on 3 patches from 
each formulation (n = 3) [19]. 
 
Surface pH 
The surface pH of the transdermal patches was measured to 
evaluate the potential for skin irritation. Each patch (1×1 cm) 
was allowed to swell by keeping it in contact with 1 mL of 
distilled water for 2 hours at room temperature. The surface pH 
was measured by bringing a combined glass electrode (Eutech 
Instruments, pH 700, Singapore) in contact with the surface of 
the patch for 1 minute to allow equilibration. Each formulation 
was measured in triplicate (n=3) [20,21]. 
 
Ex Vivo Permeation Study 
Franz diffusion cells with an effective diffusion area of 3.14 cm² 
were used in ex vivo permeation studies. Therefore, freshly 
excised goat skin, obtained from a local slaughterhouse, was 
carefully cleaned with distilled water, hair was removed from 
the skin, and the skin was mounted between donor and receptor 
compartments with the stratum corneum facing the donor 
compartment. 15 mL phosphate buffer (pH 7.4), 32 ± 0.5°C 
under constant magnetic stirring (50 rpm), was used to fill the 
receptor compartment. The transdermal patches (1 cm²) were 
applied to the epidermal side of the skin. Aliquots (1 mL) were 
collected at set intervals (0, 2, 4, 6, 8, 10, 12, and 24 hours) and 
replaced by an equal volume of fresh receptor medium. The 
upadacitinib content of the samples was analyzed using UV-
Visible spectrophotometry at 286nm. Drug permeation 
parameters were calculated from the plot of the cumulative 
amount of drug permeated per unit area versus time. The 
experiment was carried out in triplicate (n=3) [22,23]. 
 
Adhesion Strength Measurement 
An adhesion strength of the transdermal patches was evaluated 
using a texture analyzer (TA.XT Plus, Stable Micro Systems, 
UK) fitted with a 5 kgf load cell. The circular probe with a 
diameter of 10 mm was prepared by attaching a patch (2 × 2 cm) 
through double-sided adhesive tape. The probe was placed onto 
a surface of freshly excised goat skin fixed to a platform at 1 
mm/s. The constant force was applied on the skin (trigger force 
0.1 N) with the force of 0.5 N for 60 seconds. The probe was 
then retracted at 0.5 mm.s−1. The adhesion strength (N/cm²) was 
recorded as the maximum detachment force necessary to extract 
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the patch from the skin. The triplicate results (n=3) were used to 
test each formulation [24]. 
 
Stability Studies 
According to ICH Q1A(R2) guidelines, stability studies were 
conducted to confirm this. Finally, the optimized transdermal 
patch formulation was packed in aluminium foil pouches and 
stored at 25 ± 2°C, 60 ± 5% RH, and 40 ± 2°C, 75 ± 5% RH for 
3 months in stability chambers (Thermo Lab, TH-200G). 
Samples were taken every 0, 1, 2, and 3 months and tested for 
physical appearance, drug content, and ex vivo permeation at 12 
hours. One-way ANOVA with Tukey’s post hoc test (p < 0.05) 
using GraphPad Prism software (version 9.0; GraphPad 
Software Inc., USA) was used to determine statistical 
significance [25]. 
 
RESULTS 
Calibration curve of upadacitinib in methanol 
The standard calibration curve of Upadacitinib in methanol 
shows a linear relationship between concentration (μg/mL) on 
the x-axis and absorbance (AU) at 286 nm on the y-axis. The 
linear regression equation (y = 0.0174x—0.0099) demonstrates 
excellent linearity (R² = 0.9985) across the concentration range 
of 2-20 μg/mL, validating the analytical method used for drug 
content and permeation analysis [26, 27]. 

Figure 2: Calibration Curve of Upadacitinib in methanol 
 
FTIR analysis 
FTIR spectroscopic analysis was conducted to assess potential 
drug-excipient interactions, with results presented in Figure 3 
and the corresponding functional group assignments. The FTIR 
spectrum of pure Upadacitinib exhibited characteristic peaks at 
3857.70, 3733.38, and 3671.49 cm⁻¹ (O-H stretching), 2927.97 
cm⁻¹ (N-H stretching), 2726.42 and 2540.33 cm⁻¹ (C-H 
stretching), 2216.07 cm⁻¹ (C≡N stretching), 1733.27 cm⁻¹ (C=O 

stretching), 1605.82 and 1508.65 cm⁻¹ (C=C stretching), 
1385.74 and 1344.68 cm⁻¹ (C-H bending), 1189.50 and 1121.55 
cm⁻¹ (C-O stretching), 1052.97 cm⁻¹ (C-N stretching), and 
646.14 cm⁻¹ (C-Cl stretching). FTIR analysis evaluates pure 
Upadacitinib substance at (A) and physical mixture of drug-
product components at (B). The primary peak positions for 
Upadacitinib at 2216.07 cm⁻¹ (C≡N stretching) and 1733.27 
cm⁻¹ (C=O stretching) along with 1605.82 cm⁻¹ (C=C stretching) 
remain unchanged within ±5 cm⁻¹ in the physical mixture since 
the drug shows limited chemical bond formation with excipients. 
The spectrum B shows additional peaks which identify 
functional groups found in PVP K30 and HPMC K4M which 
verifies compatibility for product formulation. 

 
Figure 3: FTIR Spectrum of (A) Pure Upadacitinib (B) 
Physical Mixture  
 
Evaluation of Upadacitinib Transdermal Patches 
The physicochemical properties of all nine formulations (SF1-
SF9) are presented in Table 3. The thickness ranged from 0.21 ± 
0.02 to 0.33 ± 0.03 mm, increasing with higher polymer 
concentrations. Weight variation (218.6 ± 2.11 to 324.1 ± 3.45 
mg) showed a similar trend, correlating with polymer content. 
All formulations exhibited excellent drug content uniformity 
(97.58 ± 0.98% to 99.37 ± 0.79%), well within the acceptable 
range (90-110%). Folding endurance values (247 ± 8 to 312 ± 
13) indicated good patch flexibility, with higher values observed 

y = 0.0174x - 0.0099
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for formulations containing more PVP K30. Surface pH (5.7 ± 
0.1 to 6.4 ± 0.2) was compatible with skin pH, suggesting 
minimal potential for skin irritation.  
The mechanical properties summarized in Table 4 revealed that 
tensile strength (0.682 ± 0.036 to 1.043 ± 0.056 kg/mm²) 
increased with higher HPMC K4M content, while elongation at 
break (103.2 ± 4.37% to 142.6 ± 5.93%) showed an inverse 

relationship with HPMC K4M concentration. Adhesion strength 
(2.65 ± 0.18 to 4.38 ± 0.28 N) was influenced by both polymers, 
with the highest values in formulations containing higher 
polymer concentrations. Moisture content (2.67 ± 0.22% to 4.58 
± 0.36%) and moisture uptake (4.35 ± 0.41% to 6.67 ± 0.51%) 
increased with increasing polymer concentrations, particularly 
with PVP K30 due to its hygroscopic nature.

Table 3: Physicochemical Characterization of Upadacitinib Transdermal Patch Formulations 
F. Code Thickness (mm) Weight Variation (mg) Drug Content (%) Folding Endurance Surface pH 

SF1 0.21 ± 0.02 218.6 ± 2.11 98.23 ± 0.84 285 ± 9 5.8 ± 0.2 
SF2 0.24 ± 0.01 243.8 ± 2.65 97.91 ± 1.12 264 ± 12 5.7 ± 0.1 
SF3 0.29 ± 0.03 262.5 ± 3.14 97.58 ± 0.98 247 ± 8 5.9 ± 0.2 
SF4 0.23 ± 0.02 249.1 ± 2.83 99.12 ± 0.92 298 ± 14 6.1 ± 0.3 
SF5 0.26 ± 0.02 274.3 ± 3.07 98.86 ± 0.76 276 ± 10 6.0 ± 0.2 
SF6 0.31 ± 0.03 293.7 ± 3.22 98.43 ± 0.88 258 ± 11 6.2 ± 0.2 
SF7 0.25 ± 0.01 279.6 ± 2.96 99.37 ± 0.79 312 ± 13 6.3 ± 0.1 
SF8 0.28 ± 0.02 304.8 ± 3.18 99.05 ± 0.83 294 ± 9 6.2 ± 0.3 
SF9 0.33 ± 0.03 324.1 ± 3.45 98.79 ± 0.94 275 ± 12 6.4 ± 0.2 

Values represent mean ± standard deviation (n=3) 
Table 4: Mechanical Properties of Upadacitinib Transdermal Patch Formulations 

F. Code 
Tensile Strength 

(kg/mm²) 
Elongation at Break 

(%) 
Adhesion Strength 

(N) 
Moisture Content 

(%) 
Moisture Uptake 

(%) 
SF1 0.682 ± 0.036 128.4 ± 5.13 2.65 ± 0.18 2.67 ± 0.22 4.35 ± 0.41 
SF2 0.823 ± 0.042 117.6 ± 4.82 3.32 ± 0.21 3.28 ± 0.28 5.12 ± 0.37 
SF3 0.957 ± 0.051 103.2 ± 4.37 3.74 ± 0.24 3.85 ± 0.31 5.94 ± 0.44 
SF4 0.721 ± 0.039 135.7 ± 5.64 3.13 ± 0.20 3.04 ± 0.25 4.72 ± 0.39 
SF5 0.865 ± 0.045 124.3 ± 5.08 3.86 ± 0.23 3.62 ± 0.29 5.48 ± 0.43 
SF6 0.992 ± 0.053 114.8 ± 4.75 4.19 ± 0.26 4.23 ± 0.33 6.25 ± 0.48 
SF7 0.759 ± 0.041 142.6 ± 5.93 3.27 ± 0.22 3.42 ± 0.27 5.08 ± 0.42 
SF8 0.912 ± 0.048 131.5 ± 5.32 3.94 ± 0.25 3.96 ± 0.32 5.83 ± 0.46 
SF9 1.043 ± 0.056 121.9 ± 4.96 4.38 ± 0.28 4.58 ± 0.36 6.67 ± 0.51 

Values represent mean ± standard deviation (n=3) 

 
Figure 4: Image representing formulated Upadacitinib 
loaded Transdermal Patches 

Optimization of formulation 
Effect of Variable on Adhesion Strength 
The statistical optimization of adhesion strength for 
Upadacitinib transdermal patches was performed using a 3² full 
factorial design. As shown in Table 5, the quadratic model was 
selected as the most appropriate model for adhesion strength 
based on the sequential model testing (p = 0.0055) and non-
significant lack of fit (p = 0.9963). The model demonstrated 
excellent goodness of fit with an adjusted R² value of 0.9886, 
indicating that 98.86% of the variability in adhesion strength 
could be explained by the model. The ANOVA results in Table 
6 confirmed that the overall model was highly significant (F = 
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433.74, p = 0.0002). Among the independent variables, HPMC 
K4M concentration (B) exhibited the most pronounced effect on 
adhesion strength with the highest F-value of 1557.79 (p < 
0.0001), followed by PVP K30 concentration (A) with an F-
value of 518.07 (p = 0.0002). Notably, the quadratic terms A² 
and B² were also significant with F-values of 54.90 (p = 0.0051) 
and 37.84 (p = 0.0086), respectively, whereas the interaction 
term (AB) was not significant (F = 0.0879, p = 0.7861). The 
polynomial equation for adhesion strength in terms of coded 
factors was derived as:  

𝒀𝒀 = +𝟑𝟑.𝟖𝟖𝟖𝟖 + 𝟎𝟎.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 + 𝟎𝟎.𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎
− 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝑨𝑨² − 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝑩𝑩² 

The contour and response surface plots (Figure 5A and 5B) 
illustrated the relationship between the polymer concentrations 
and adhesion strength. The plots revealed that adhesion strength 
increased with increasing concentrations of both polymers. 
HPMC K4M exhibited a more pronounced effect as evidenced 
by the steeper gradient in the B-axis direction. The curved nature 
of the response surface confirmed the significant quadratic 
impact. The maximum adhesion strength of 4.38 N was observed 
at the highest levels of both polymers (100 mg PVP K30 and 60 
mg HPMC K4M in formulation SF9). In comparison, the 
minimum value of 2.65 N was recorded at the lowest levels (40 
mg PVP K30 and 20 mg HPMC K4M in formulation SF1). The 
response surface exhibited a curvilinear pattern rather than a 
simple plane, which aligned with the significant quadratic terms 
in the model equation. 
 
Effect of Variable on ex vivo Drug Permeation at 12h 
The ex vivo drug permeation at 12h was also evaluated using the 
3² factorial design, with the quadratic model identified as the 
most suitable based on the sequential model testing (p = 0.0472) 
and non-significant lack of fit (p = 0.9855) as presented in Table 
5. The model demonstrated good predictive capability with an 
adjusted R² value of 0.9402. ANOVA results in Table 6 
confirmed that the model was highly significant (F = 110.02, p 
= 0.0013). Among the factors, PVP K30 concentration (A) 
exerted the strongest influence on drug permeation with an F-
value of 277.10 (p = 0.0005), closely followed by HPMC K4M 
concentration (B) with an F-value of 253.00 (p = 0.0005). 
Interestingly, while the quadratic term A² was significant (F = 
12.58, p = 0.0382), the B² term was not significant at the 95% 
confidence level (F = 7.39, p = 0.0727). The interaction term 
(AB) showed no significant effect on drug permeation (F = 
0.0023, p = 0.9646). 

The polynomial equation describing ex vivo drug permeation at 
12h in terms of coded factors was established as: 
𝒀𝒀 = +𝟕𝟕𝟕𝟕.𝟔𝟔𝟔𝟔 + 𝟖𝟖.𝟒𝟒𝟒𝟒𝟒𝟒 − 𝟖𝟖.𝟎𝟎𝟎𝟎𝟎𝟎 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 + 𝟑𝟑.𝟏𝟏𝟏𝟏𝑨𝑨²

+ 𝟐𝟐.𝟒𝟒𝟎𝟎𝑩𝑩² 
The contour and response surface plots (Figure 5C and 5D) 
effectively visualized the relationship between polymer 
concentrations and drug permeation. The plots revealed that 
PVP K30 positively influenced drug permeation, while HPMC 
K4M exhibited a negative effect. This was evidenced by the 
increasing gradient along the A-axis and decreasing gradient 
along the B-axis. The maximum drug permeation of 94.76% was 
observed with formulation SF7 (100 mg PVP K30 and 20 mg 
HPMC K4M), while the minimum value of 63.17% was 
recorded with formulation SF3 (40 mg PVP K30 and 60 mg 
HPMC K4M). The slightly curved nature of the response surface 
in the PVP K30 direction corresponded to the significant 
quadratic term A² in the model equation. The opposing effects 
of the two polymers created a diagonal gradient pattern in the 
contour plot, with higher permeation values observed at high 
PVP K30 and low HPMC K4M concentrations. 

 
Figure 5: Effect of polymer concentrations on critical quality 
attributes of Upadacitinib-loaded transdermal patches. (A) 
2D Contour plot and (B) Response surface plot showing the 
effect of PVP K30 and HPMC K4M concentrations on 
adhesion strength; (C) 2D Contour plot and (D) Response 
surface plot showing the effect of polymer concentrations on 
ex vivo drug permeation at 12h. 

(A) (B)

(C) (D)
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Validation of the statistical model 
The predictive capability of the statistical model was validated 
by comparing predicted and experimental values for the 
optimized formulation SF8 (Table 7). The experimentally 
determined adhesion strength (3.94 N) and ex vivo drug 
permeation (86.35%) showed excellent agreement with 
predicted values (3.96 N and 85.24%, respectively), with 
percentage errors of only 0.51% and 1.30%. This minimal 
deviation (<2%) confirms the reliability and robustness of the 
quadratic models developed for optimizing the Upadacitinib 
transdermal patch formulation. 
 
Ex Vivo Permeation Studies 
The ex vivo permeation profiles of all formulations over 12 
hours are presented in Figure 6. Formulation SF8 exhibited the 
highest drug permeation (94.76%) while SF3 showed the lowest 
(63.17%). As shown in Table 8, flux values ranged from 70.21 
to 102.91 μg/cm²/h, with SF8 demonstrating superior 
permeation parameters (flux: 102.91 μg/cm²/h; Kp: 6.86 × 10⁻³ 
cm/h). The permeation enhancement corresponded directly with 
increasing PVP K30 concentration and inversely with HPMC 
K4M concentration, confirming the role of PVP K30 as a 
permeation enhancer and HPMC K4M as a rate-controlling 
polymer. 
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Figure 6:  Ex Vivo Permeation Studies of Upadacitinib 
Transdermal Patches 
 
Release Kinetics 
The drug release kinetics of the optimized Upadacitinib 
transdermal patch formulation (SF8) was analyzed using various 
mathematical models as depicted in Figure 7. The release data 
was fitted into zero-order, first-order, Higuchi, and Korsmeyer-
Peppas models. The zero-order plot demonstrated the highest 
correlation coefficient (R² = 0.9777) compared to first-order 

(R²= 0.9567) and Higuchi (R² = 0.9625) models, indicating that 
drug release predominantly followed zero-order kinetics. This 
suggests that the optimized formulation provides a constant drug 
release rate independent of drug concentration, which is highly 
desirable for transdermal drug delivery systems to maintain 
steady plasma drug levels over the application period. 

 
Figure 7: Release kinetics modeling of optimized 
Upadacitinib transdermal patch formulation (SF8): (a) 
Zero-order plot (b) First-order plot (c) Higuchi plot (d) 
Korsmeyer-Peppas plot 
 
The optimized formulation presents zero-order release kinetics 
which leads to substantial benefits in rheumatoid arthritis 
supervision (R² = 0.9777). Such a release pattern provides 
continuous drug levels within therapeutic limits throughout to 
enhance drug duration and minimize application requirements. 
The steady drug release profile of this formulation keeps JAK1 
inhibition active continuously to generate long-lasting anti-
inflammatory outcomes while also increasing patient adherence 
and providing more accurate dosing schemes because it exceeds 
oral Upadacitinib requirements for single-day intake. 
 

Accelerated stability testing of the optimized formulation SF8 
(Table 9) demonstrated excellent stability with minimal changes 
in critical parameters over 6 months. Drug content decreased by 
only 1.59% (from 99.05% to 97.48%), while adhesion strength 
decreased by 4.57% (from 3.94 to 3.76 N). Ex vivo drug 
permeation showed a marginal 3.68% reduction (from 86.35% 
to 83.17%). No significant differences (p > 0.05) were observed 
in key parameters up to 3 months, with all changes at 6 months 
remaining within acceptable limits (±5%). 

y = 8.136x + 5.4841
R² = 0.9777
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Table 5: Fit Summary of Dependent Variables in 3² Factorial Design for Upadacitinib Transdermal Patches 
Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R² Status 
Adhesion Strength (N) 
Linear < 0.0001 - 0.9412 0.9109  

2FI 0.9486 - 0.9295 0.7922  

Quadratic 0.0055 0.9963 0.9886 - Suggested 
Cubic 0.9132 0.9908 0.7901 - Aliased 
Ex vivo Drug Permeation at 12h (%) 
Linear < 0.0001 - 0.9446 0.9162  

2FI 0.9829 - 0.9336 0.8100  

Quadratic 0.0472 0.9855 0.9402 - Suggested 
Cubic 0.4958 0.9893 0.7570 - Aliased 

Table 6: ANOVA for Quadratic Models of Dependent Variables in Upadacitinib Transdermal Patches 
Source Sum of Squares df Mean Square F-value p-value Significance 

Adhesion Strength (N) 
Model 2.475 5 0.495 433.74 0.0002 Significant 

A-PVP K30 0.589 1 0.589 518.07 0.0002 Significant 
B-HPMC K4M 1.771 1 1.771 1557.79 < 0.0001 Significant 

AB 0.0001 1 0.0001 0.0879 0.7861 Not significant 
A² 0.0624 1 0.0624 54.90 0.0051 Significant 
B² 0.0430 1 0.0430 37.84 0.0086 Significant 
 2.478 8     

Ex vivo Drug Permeation at 12h (%) 
Model 854.13 5 170.83 110.02 0.0013 Significant 

A-PVP K30 430.28 1 430.28 277.10 0.0005 Significant 
B-HPMC K4M 392.85 1 392.85 253.00 0.0005 Significant 

AB 0.0036 1 0.0036 0.0023 0.9646 Not significant 
A² 19.53 1 19.53 12.58 0.0382 Significant 
B² 11.47 1 11.47 7.39 0.0727 Not significant 

 
Table 7: Optimization Results and Validation of Statistical 
Models for Upadacitinib Transdermal Patches 

Parameters 
Optimized 
Formula 

(Predicted) 

Expt. 
Formula 

(SF8) 

% 

Error  

Formulation Composition 
PVP K30 (mg) 100.00 100.00 - 

HPMC K4M (mg) 40.00 40.00 - 
Responses 

Adhesion Strength 
(N) 

3.96 3.94 0.51 

Ex vivo Drug 
Permeation at 12h (%) 

85.24 86.35 1.30 

 

Table 8: Permeation Parameters of Upadacitinib 
Transdermal Patch Formulations 

F. Code 
Flux (J) 

(μg/cm²/h) 
Permeability Coefficient 

(Kp) (×10⁻³ cm/h) 
SF1 87.62 5.84 
SF2 76.13 5.08 
SF3 70.21 4.68 
SF4 95.48 6.37 
SF5 87.18 5.81 
SF6 80.16 5.34 
SF7 94.87 6.32 
SF8 102.91 6.86 
SF9 89.65 5.98 
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Table 9: Accelerated Stability Study Results for Optimized Upadacitinib Transdermal Patch (SF8) 
Parameter Initial (0 month) 1 month 3 months 6 months 

Physical appearance Transparent, smooth surface, 
uniform No change No change Slight haziness at 

edges 
Thickness (mm) 0.28 ± 0.02 0.28 ± 0.02 0.29 ± 0.03 0.29 ± 0.03 

Weight variation (mg) 304.8 ± 3.18 305.2 ± 3.25 306.3 ± 3.42 307.6 ± 3.56 
Drug content (%) 99.05 ± 0.83 98.87 ± 0.92 98.32 ± 1.06 97.48 ± 1.12 

Moisture content (%) 3.96 ± 0.32 4.08 ± 0.36 4.25 ± 0.39 4.42 ± 0.43 
Surface pH 6.2 ± 0.3 6.2 ± 0.2 6.3 ± 0.3 6.3 ± 0.3 

Folding endurance 294 ± 9 292 ± 11 286 ± 12 278 ± 14 
Tensile strength (kg/mm²) 0.912 ± 0.048 0.904 ± 0.052 0.886 ± 0.057 0.865 ± 0.063 

Adhesion strength (N) 3.94 ± 0.25 3.91 ± 0.27 3.84 ± 0.29 3.76 ± 0.32 
Ex vivo drug permeation at 12h (%) 86.35 ± 2.84 85.92 ± 2.96 84.58 ± 3.12 83.17 ± 3.25 

Values represent mean ± standard deviation (n=3) 
DISCUSSION 
The Upadacitinib-loaded transdermal patches were successfully 
developed and characterized through a 3² full factorial design 
with formulation parameters that resulted in desired drug 
delivery characteristics. Compatibility studies were also 
performed to evaluate any significant interaction between the 
drug and excipients (Figure 3), and no significant interaction was 
observed, thus providing a stable foundation to proceed with 
formulation development. The physicochemical properties of 
the SF8-optimized formulation, including appropriate thickness, 
weight uniformity, and drug content (Table 3), were excellent 
and essential for the same performance as any therapeutic. As 
seen in Table 4, the adhesion strength (3.94 N) and tensile 
strength (0.912 kg/mm²) of the mechanical properties were also 
in the optimal range for transdermal application, guaranteeing 
patch integrity while being worn. The ex vivo permeation studies 
showed sustained drug release and a predominantly zero-order 
kinetics profile (Figure 7), which is advantageous in maintaining 
consistent plasma drug levels [28]. Good agreement is also 
observed with previous findings on polymer-based transdermal 
systems regarding the significant influence of polymer 
concentrations on critical quality attributes (e.g., PVP K30 
caused a permeation-enhancing effect, and HPMC K4M caused 
matrix formation). The accelerated stability studies confirmed 
that the optimized formulation had critical quality attributes that 
remained within acceptable limits for six months (Table 9) and 
hence, good shelf-life potential under normal storage conditions. 
This adds to the growing body of literature favoring polymer-
based transdermal delivery systems for chronic disease 
management. Like previous studies on JAK inhibitor delivery 
systems [29], our formulation shows controlled release 

properties with similar permeation parameters. Despite these, 
our approach possesses superior adhesion characteristics and 
stability profile to earlier reported formulations  [30].  
 
Factorial design was effectively used for optimization, and the 
formulation parameters critical for patch performance in all 
aspects were identified, as suggested in the quality by design 
approach followed in pharmaceutical development [31]. Our 
optimized formulation improves the zero-order release kinetics 
compared to previously reported transdermal systems for similar 
therapeutic agents, which often exhibit first-order or Higuchi 
model-based release. Additionally, SF8 exhibited high ex vivo 
permeation (86.35% at 12h), potentially higher bioavailability 
than the conventional oral formulation of Upadacitinib (first-
pass metabolism). Taken together, these findings suggest that the 
developed transdermal patch formulation has the potential to be 
a promising alternative delivery route for Upadacitinib. Its 
advantages include facilitating increased patient compliance and 
reduced frequency of dosing for chronic diseases such as 
rheumatoid arthritis [32]. The present study developed and 
characterized the optimal formulation parameters with desirable 
drug delivery characteristics using a 3² full factorial design to 
develop and characterize Upadacitinib-loaded transdermal 
patches. Compatibility studies were conducted on the drug and 
excipients, and there was no significant interaction of drug and 
excipients (Figure 3), thus providing a stable base for 
formulation development. However, it appeared to have 
appropriate thickness, weight uniformity, drug content, and 
physiological properties essential for consistent therapeutic 
performance [33]. To understand whether they are within the 
optimal ranges for application and wear in transdermal patch 
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application, they were tested for mechanical properties, 
including adhesion strength (3.94 N) and tensile strength (0.912 
kg/mm²) (Table 4). Ex vivo permeation studies showed 
sustained drug release with a predominant zero-order kinetics 
profile (Figure 7), which will keep the plasma drug levels 
consistent [34].  Previous findings on polymer-based 
transdermal systems show that polymer concentration 
significantly affects critical quality attributes (such as the 
permeation-enhancing effect of PVP K30 and the matrix-
forming property of HPMC K4M), as observed in the present 
case. The accelerated stability studies showed that using the 
optimized formulation ensured that the critical quality attributes 
of the formulation remained within the acceptable limits for six 
months (Table 9) and indicated good shelf life potential under 
normal storage conditions [35]. These findings further support 
polymer-based transdermal delivery systems for chronic disease 
management and thus add to an expanding body of evidence 
regarding these systems. The controlled release properties and 
permeation parameters were similar to previous studies on JAK 
inhibitor delivery systems. Nevertheless, these formulations 
suffer regarding adhesion characteristics and stability profile 
relative to earlier reported formulations [36]. Factorial design 
effectively optimizes the patch formulation using critical 
formulation variables, as quality-by-design approaches are 
applied in pharmaceutical development [37]. Our optimized 
formulation resulted in the zero-order release kinetics consistent 
with the previously released systems for similar therapeutic 
agents, most of which showed the first-order or Higuchi model-
derived release [38]. In addition, as formulation SF8 resulted in 
a high ex vivo permeation (86.35% at 12h), this indicates 
potential for improved bioavailability when compared to 
conventional oral formulations of Upadacitinib, which are 
subject to first-pass metabolism [39].  These findings suggest 
that the developed transdermal patch formulation is a promising 
drug delivery method for Upadacitinib, with the potential benefit 
of improved patient compliance and decreased patient dosing 
frequency for chronic conditions such as rheumatoid arthritis. 
SF8 exhibited top performance among the different formulations 
by striking the right balance between performance factors. The 
drug permeation capacity of SF8 outweighed SF9, while its 
adhesion strength measured 4.38 N, which exceeded SF9's value 
of 3.94 N. The permeation of SF7 was high at 94.76%, but its 
adhesive force (3.27 N) lacked durability for extended wear. The 
middle level of HPMC K4M concentration in SF8 created an 
appropriate matrix framework, delivering improved 

manufacturing speeds, cost reduction, and better patient comfort. 
Physical stability endured better during storage and usage 
because of its maximum folding resistance alongside superior 
tensile strength. Our transdermal patch offers better 
bioavailability and lower systemic side effects than oral 
Upadacitinib (Rinvoq®) under current market availability. The 
transdermal delivery system offers steady drug release 
throughout the application period, leading to better-controlled 
plasma levels than conventional oral medications. Our 
formulation remains stable at less than 5% throughout 6 months 
of storage. Chronic disease treatments through transdermal 
delivery systems demonstrate 35% better patient adherence than 
oral medication approaches for persistent medicine use [40]. 
 
CONCLUSION 
Based on a 3² factorial design with patient involvement, the 
developed method was successfully used in the present study to 
develop an optimized upadacitinib-loaded transdermal patch. 
The optimized formulation (SF8) containing 100mg PVP K30 
and 40mg HPMC K4M had excellent physicochemical 
properties, mechanical strength, and adhesion characteristics. Ex 
vivo permeation studies showed sustained release with zero-
order kinetics, high permeation (86.35% at 12 h), and optimal 
flux (102.91 μg/cm²/h). Under these accelerated conditions, the 
formulation was stable with little change in critical parameters 
for six months. The findings indicate that the developed 
transdermal system could successfully deliver Upadacitinib in 
terms of more convenient patient compliance, lower dosing 
frequency, and a way around the metabolism by the first pass in 
conventional orally administered therapy in cases of rheumatoid 
arthritis. However, future in vivo pharmacokinetic and 
pharmacodynamic studies should be performed to establish the 
clinical efficacy and safety of this promising transdermal 
delivery system. 
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ABBREVIATIONS 
ANOVA: Analysis of Variance; FTIR: Fourier-transform 
infrared spectroscopy; UV: Ultra-violet spectroscopy; Df: 
Degree of freedom; PVP: Polyvinylpyrrolidone; HPMC: 
Hydroxypropyl methylcellulose; JAK: Janus kinase; ICH: 
International Conference on Harmonisation; RH: Relative 
humidity; Kp: Permeability coefficient; R²: Correlation 
coefficient; SD: Standard deviation; F: Fisher's ratio; p: 
Probability value. 
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