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Abstract

Objective: The current study was to develop a simple, rapid, and reliable RP-HPLC method was proposed for the quantification of
Upadacitinib in bulk drug and pharmaceutical dosage forms.

Materials & Methods: Separation was achieved on C18 column using ethanol and 10 mM ammonium acetate in 60:40 (v/v) at isocratic
flow rate of 0.5 mL/min over 6 min runtime. The method produces sharp and well-resolved peak with 2.8 min retention time. It displays
excellent specificity, with no interference from excipients.

Results: System suitability results were within acceptable limits, with tailing factor of 1.03 and 5813 theoretical plates indicates good
column efficiency. The method demonstrates high sensitivity, with LOD and LOQ values of 0.025 pg/mL and 0.082 pg/mL, respectively.
A strong linear response was noticed over 30-105 pg/mL (r* = 0.9999). Precision was proved with %RSD values of 0.49 (intra-day) and
0.60 (inter-day), while accuracy was observed in the range of 99.38 % to 100.47%. The method remains stable under small deliberate
variations proves its robustness and ruggedness. The forced degradation studies show highest degradation under peroxide (8.76%), and
acidic (4.75%), while drug remains stable under basic (3.81%) conditions, thermal (5.07%) and photolytic (2.12%) stress. No interference
from degradation products was observed proves its stability-indicating capability. The assay was noticed to be 99.12 % and demonstrates
suitability for routine quality and stability assessment of Upadacitinib. The sustainability of the method was evaluated with the use of
the AGREE (0.82), and GAPI (4.8E+02), displayed in the center corresponds to the E-factor of 475, meaning that approximately 475 g of
waste is generated per gram of analyte analyzed.

Conclusion: Overall, the results demonstrate the ability of the method to maintain a good balance between analysis reliability,
environmental effects, and operational convenience.

Keywords: Upadacitinib, HPLC analytical method, Stability-indicating analysis, Method validation, formulation assay, greenness
assessment
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RP-HPLC becomes an important tool in pharmaceutical

Introduction research and routine quality control analysis.”!

The active pharmaceutical ingredient (API) was the key
componentin drug product responsible to produce intended
therapeutic effect.! The accurate assessment of identity
and quantity of APl was very essential in pharmaceutical
analysis because it was directly influences safety and efficacy
of medicine. Among the available analytical techniques,
RP-HPLC was widely used for this purpose.”” This method
enables effective separation, detection, and measurement
of APIs in complex formulations. Owing to its high sensitivity,
reliability, and suitability for broad range of compounds,

Upadacitinib is an orally bioavailable, selective Janus
kinase (JAK) inhibitor that selectively targets JAK1-mediated
signaling pathways that are involved in inflammatory and
immune-mediated processes. It was developed with the
aim of creating JAK inhibitors that have greater selectivity
than previous JAK inhibitors, thereby increasing efficacy
while minimizing side effects. Upadacitinib is indicated for
the treatment of certain chronic inflammatory conditions,
including rheumatoid arthritis, psoriatic arthritis, atopic
dermatitis, and ulcerative colitis.
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Upadacitinib works by selectively targeting JAK1-mediated
cytokine signaling pathways that are involved in disease
progression. This mechanism of action is effective in reducing
inflammation, relieving symptoms, and enhancing quality
of life. Its oral bioavailability and rapid onset of action have
made it an essential part of immunomodulatory therapy.™

Upadacitinib is widely used in the management of
immune-mediated inflammatory conditions. Some of
the conditions that upadacitinib is used to treat include
moderate to severe rheumatoid arthritis, psoriatic arthritis,
atopic dermatitis, and ulcerative colitis.”! Upadacitinib
acts by selectively targeting Janus kinase 1 (JAKT), which is
responsible for cytokine signaling. This is significant in that
it enables the management of symptoms, control of disease,
and generally improves outcomes in patients. Therefore,
upadacitinibis an essential part ofimmunotherapy in modern
medicine.®

Despiteits effectiveness in the management ofimmune-
mediated conditions, upadacitinib is associated with
several side effects. Some of the side effects include upper
respiratory tract infections, nausea, headaches, acne, and
mild elevations in liver enzymes. However, other more
serious side effects include severe infections, including
tuberculosis. Other serious side effects include cardiovascular
events, thrombosis, and malignancies. Malignancies include
lymphomas and skin cancers. Laboratory abnormalities
include elevated cholesterol levels, low white blood cell
count, and anemia. Therefore, monitoring is essential in
ensuring that patients using upadacitinib achieve effective
outcomes.”!

Upadacitinib molecular weight is 380.375 g/mol,
molecular formula is C;;H,gF;NgO, IUPAC name is (35,4R)-
3-ethyl-4-(3H-imidazo[2-a]pyrrolo[3-e]pyrazin-8-yl)-N-(2,2,2-
trifluoroethyl)pyrrolidine-1-carboxamide, The molecular
structure of Upadacitinib was presented in Figure 1.Drug class
is Janus kinase (JAK) inhibitor, and Routes of administration
is Oral (by mouth). Previous literature has been noted that
QbD approaches Enantiomeric Quantification®®, RP-HPLC,

“KONTN
FF H

—

N/N
1
N -
H N

Figure 1: Chemical structure of Upadacitinib
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RP-HPLC combination!'®, UPLC-MS/MS in plasma 1712,
UPLC™! LC-MS/MS in plasma!’*'”}, biological samples using
two different electrodes!'®, and clinical trial™ to developing
analytical methods for Upadacitinib. The preliminary
objective of this study was to develop and validate a reliable
analytical method for the estimation of Upadacitinib in its
pharmaceutical dosage form, along with stability assessment
through formed degradation studies. To evaluate the eco-
friendly nature of the developed method by applying suitable
green analytical chemistry assessment tools. The proposed
method will be systematically validated in accordance with
recognized regulatory guidelines to ensure its suitability for
routine analysis.

Materials and Methods

Upadacitinib APl with 99.09% purity and its Tablet formulation
(Rinvoq® 30 mg) were procured from Honour labs, Hyderabad.
HPLC-grade solvents includes methanol, acetonitrile, and
water, In addition with AR grade chemicals includes buffer
solutions, hydrogen peroxide (H,0,), sodium hydroxide
(NaOH) and hydrochloric acid (HCl) were supplied by Merck
Specialties Pvt. Ltd., Mumbai, India.

Instrumentation

The study was performed using an LC-7000 HPLC system
(PEAK, India) fitted with an LC-P7000 AT VP pump. The
samples introduced manually through Rheodyne injector
with 20 pL fixed loop, using Hamilton syringe (USA). Detection
was carried through UV detector, and data were processed
using Autochro-3000 Chromatostation software (version
3.55, Zhejiang University, PRC). The other instruments
used include Denver SI-234 analytical balance (Bohemia),
UV-Visible spectrophotometer (Teccomp UV-2301, India),
and pH meter (Systronics, India). The sample preparation was
performed through GT Sonic ultrasonic bath (India) along
with borosilicate vacuum filtration setup. All solutions were
filtered through 0.2 um membrane filters before analysis.

Standard solution preparation

A stock solution of Upadacitinib was prepared by accurately
weigh 10 mg of drug and transfers it into a 10 mL volumetric
flask. The compound was dissolved in methanol, and the
volume was adjusted to the mark with same solvent to obtain
1 mg/mL (1000 pg/mL) concentration. This stock solution
was further diluted with diluent to prepare working standard
solutions within 30-105 pg/mL concentration range and was
stored at 4°C until analysis.

Formulation solution preparation

A sample solution of formulation was prepared using
Upadoz® brand containing 45 mg of Upadacitinib. An
amount of tablet powder equivalent to 10 mg of drug was
accurately weigh and transfer into 10 mL volumetric flask
with 5 mL of methanol. The mixture was sonicated for 5 min
to achieve complete dissolution. The resultant solution was
filter through 0.45 um membrane filter to remove insoluble
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materials. The volume was then made up to mark with
methanol and further dilutions were performed with same
solvent as required for analysis.

HPLC Method Development

The development of method was initiated with selection
of an appropriate detection wavelength using UV-Visible
spectrophotometer. In this, standard solution (60 pg/mL)
of Upadacitinib was scanned over 400-200 nm to obtain
its absorption spectrum. Considering the polar nature of
the drug, separation was performed on reversed-phase
C18 column. Different chromatographic conditions were
systematically evaluated with the variation of composition
of mobile phase. These include combinations of methanol,
acetonitrile, and water in different ratios with maintenance
of constant flow rate of 0.5 mL/min. Multiple trials were
performed using under isocratic conditions to achieve
suitable separation characteristics. These experiments
were conducted to identify appropriate chromatographic
conditions for reliable analysis of Upadacitinib.

Method validation

The ICH guidelines!’™2% were adopted for method
validation to confirm its suitability for quantitative analysis.
The method specificity was evaluated with the analysis of
blank, standard, and formulation samples to ensure that
no interference possible at retention time of Upadacitinib.
The chromatograms obtained from different preparations
were carefully correlates to verify the ability of method
to selectively identify analyte in presence of excipients.
Retention time consistency further confirms the reliable
identification capability of proposed method. The system
suitability was assessed by six repeated injections of standard
solution, and parameters such as peak area, tailing factor,
and theoretical plate count were examined. The acceptance
criteria includes %RSD below 2%, tailing factor not exceeds 2,
and theoretical plates greater than 2000 confirms adequate
system performance.’?*

Method sensitivity was established with the determination
of detection limit (LOD) and quantification limit (LOQ).
These concentrations represent the lowest detectable and
measurable concentrations of method. These values were
obtained based on signal-to-noise ratios of 3:1 and 10:1,
respectively, using progressively diluted solutions.

Method linearity was assessed with the preparation
and analysis of a series of standard solutions from LOQ
level up to higher concentrations using a stock solution
(1 mg/mL). Each level was injected in triplicate (20 uL),
and calibration curve was constructed by plotting peak
area against concentration. Regression analysis confirms
relationship between concentration and response. Precision
was evaluated at concentration of 60 ug/mL by performing
six replicate analyses. Both repeatability (intra-day) and
intermediate precision (inter-day over three days) were
tested, and results were expressed as %RSD. Accuracy
was determined through recovery studies using standard
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addition technique at 50%, 100%, and 150% levels, where
known amounts of Upadacitinib were added to placebo
and analyzed.

The ruggedness was verified by two different analysts
under similar experimental conditions, and consistency of
results was expressed as %RSD. Robustness was examined
with the introduction of small deliberate changes in
chromatographic conditions includes mobile phase
composition, flow rate, and detection wavelength (+5%), and
their impact on method performance was assessed. Finally,
the method was applied for the analysis of market tablet
formulations. The samples prepared were analyzed under
optimized conditions, and assay results were calculated
using calibration curve proves the applicability of method
for routine quality control analysis. 24

Stress degradation study

The stress degradation studies were conducted to evaluate
stability of drug under different stress conditions over
24 hours. In acid degradation, 50 mg of drug was treated
with 0.1 N HCI, follows neutralization and dilution to 60
pg/mL before analysis. Base degradation was performed
in similar manner using 0.1 N NaOH. The oxidative stress
was induced with the treatment of drug with 3% hydrogen
peroxide. Then, the solution was neutralized and diluted
to the required concentration. In photolytic studies, drug
sample was exposes to UV light at 247 nm for 24 hours, while
thermal degradation was assessed with expose of sample
to thermal temperature at 60°C for the same duration. After
each stress condition, samples were appropriately prepared
and analyzed in the proposed method. These studies help
to understand the stability behavior of drug under different
environmental and chemical conditions that ensure its quality
and performance during storage.'?’!

Assessment of method greenness

The greenness of the developed RP-HPLC method for the
estimation of Upadacitinib was assessed using two well-
established tools, namely the Analytical Greenness (AGREE)
metric and the Green Analytical Procedure Index (GAPI).
These tools were employed to comprehensively evaluate
the environmental sustainability and eco-friendliness of the
proposed analytical method in accordance with the principles
of Green Analytical Chemistry. Both tools examine different
aspects of method development—from sample preparation
to waste disposal—thus providing a holistic understanding
of the method’s environmental impact.

In the AGREE evaluation, the assessment was carried out
using the AGREE software (online calculator) developed by
Pena-Pereira and co-workers, which quantifies the adherence
of the analytical procedure to the twelve principles of Green
Analytical Chemistry. The method-related parameters,
including the nature and volume of solvents, energy
consumption, sample size, automation, waste generation,
and safety of reagents, were systematically entered into the
software interface. Each principle was scored automatically
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Figure 2: Chromatograms obtained for Upadacitinib under different experimental conditions

based on the provided data, and default weightings were
used to maintain uniformity. The AGREE tool generated a
circular, clock-like pictogram displaying individual scores
for each principle, along with a final cumulative greenness
score ranging from 0 (least green) to 1 (most green). The
visual and numerical outputs were saved for subsequent
documentation and interpretation. 2%

The GAPI approach was simultaneously employed to
provide a visual evaluation of the method’s environmental
performance throughout all analytical stages. The GAPI
assessment, fifteen parameters that covers the entire
workflow such as sample collection, preparation, reagent
selection, instrumentation, and waste treatment were
analyzed. Each parameter was classified and color-coded
as green (low environmental impact), yellow (moderate
impact), or red (high impact), based on the inherent
characteristics of the method. Environmentally benign
choices such as the use of ethanol-water as mobile phase,
minimal sample volume, and reduced analysis time were
particularly considered favorable in the scoring process.
The resulting GAPI pictogram provided a semi-quantitative
visual representation of the overall greenness profile of the
developed method.?”!

RESULT AND DISCUSSIONS

The method development was systematically performed
to achieve optimal chromatographic conditions for reliable
analysis of Upadacitinib. Initially, detection wavelength
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was selected to scan standard solution (60 pug/mL) using a
UV-Visible spectrophotometer. The absorption spectrum
exhibits maximum at 232 nm and was chosen for subsequent
analysis due to its suitability for sensitive detection.

A series of chromatographic trials were conducted
with the alteration in composition of mobile phase with
maintenance of constant 0.5 mL/min flow rate and detection
at 232 nm. In Trial 1 (Figure 2A), ethanol and 0.1% formic acid
in the ratio of 75:25 (v/v), the chromatogram displays poor
peak shape with splitting, although the baseline remains
stable, indicates partial separation capability. Trial 2 (Figure
2B) was performed with ethanol and 0.1% formic acid ratio
to 25:75 (v/v), results in a broad and asymmetric peak along
with baseline disturbances. This chromatographic response
makes the condition unsuitable. Then, Trial 3 (Figure 2C) was
employed with ethanol and 0.1% formic acid in 50:50 (v/v).
This condition produces wide peak with excessive tailing and
unstable baseline with system suitability parameters falls
outside acceptable limits.

Further modification in Trial 4 (Figure 2D), using ethanol
and 10 mM ammonium acetate in an 80:20 (v/v), produces
broad peak with significant tailing with baseline free from
interference. In Trial 5 (Figure 2E), using mobile phase ratio to
ethanol and 10 MM ammonium acetate (75:25, v/v) improves
peak sharpness. However, peak symmetry and response were
still not satisfactory in this condition. Finally, Trial 6 (Figure 2F),
with ethanol and 10 MM ammonium acetate in a 60:40 (v/v)
under isocratic conditions, provides well-defined, sharp, and
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Figure 3: Chromatogram observed for Upadacitinib

symmetrical peak within 6 min runtime at system pressure
of 6.2 £ 3 MPa. These optimized conditions demonstrate
acceptable system suitability and were therefore selected
for further validation of the method.

Chromatograms observed in Trail 1 to 5 were given in
figure A to E respectively whereas optimized chromatogram
inF.

Method Validation

The method specificity was proved by comparison of
chromatograms observed from blank, standard, and
formulation samples. The chromatographic results show
no interfering peaks at retention time of Upadacitinib.
These is no response was detected in the blank solution
indicates the absence of matrix interference. The retention
time remains consistent at 2.8 min across all injections,
demonstrates reliable identification of the analyte and good
selectivity of method. In the optimized chromatographic
conditions, the system suitability parameters were noticed
to be within acceptable limits. The peak display good
symmetry with tailing factor of 1.03, and column efficiency
of 5,813 theoretical plates. These results confirm that the
method provides adequate performance for analysis. The
corresponding chromatograms are presented in Figure 3.

Table 1: Linearity results for the Upadacitinib

S.No Concentration in ug/mL Area response
1 30 390363.7

2 45 566339.3

3 60 753284.2

4 75 924832.1

5 90 1098221.7

6 105 1278936.8

The method sensitivity was evaluated with the assessment
of LOD and LOQ, which were determined to be 0.025 ug/mL
and 0.082 pg/mL, respectively. These low values indicate
that the method has the capability to detect and accurately
measure very small amounts of Upadacitinib, confirms its
high sensitivity. The method linearity was assessed with the
preparation of a series of standard solutions with courage of
wide concentration range includes working concentration of
60 pg/mL. The mean peak areas obtained after analysis of
these solutions were used to construct a calibration against
concentration. The method displays strong linear relationship
over 30-105 pg/mL concentration range for Upadacitinib. The
regression equation obtained was y = 11829x + 36893, with
a correlation coefficient (R?) of 0.9999, indicates excellent
linearity and proportional response within the studied
range. The linearity data was presented in Table 1 and its
corresponding calibration curve was presented in Figure 4.

The method precision was evaluated in terms of
repeatability (intra-day) and intermediate precision (inter-
day). The %RSD values were observed as 0.36% for intra-day
and 0.42% for inter-day analysis. Both these %RSD values were
well within acceptable limit of 2%. These results indicate that
this method provides consistent and reliable measurements
for Upadacitinib. The detailed precision data are presented
in Table 2.

Ruggedness was assessed by performance of analysis
under similar conditions by two different analysts on different
days using same instrument. A standard solution of 60

Upadacitinib

nnnnnn

- A i cn 21 S 190

Concentration in pg/m

Figure 4: Linearity calibration curve observed for Upadacitinib in the
proposed method
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Table 2: Results observed in the evaluation of Precision and
Ruggedness test for the proposed method

S.No Intraday Precision Interday Precision ~ Ruggedness
1 757584.2 750394.6 758364.7

2 752397.9 754732.7 759203.1

3 758092.6 758433.2 752876.2

4 758498.1 752339.8 757925.3

5 753027.3 754789.2 7597251

6 754087.5 758303.8 752186.2
%RSD  0.36 0.42 043

pg/mL was analyzed in six replicates by each analyst. The
%RSD values were noticed to be 0.44%, which was within
permissible limit of less than 2%. This demonstrates that
the method was reproducible and not significantly affects
with the variations in analyst proves its robustness in routine
analysis (Table 2).

Method robustness was evaluated with the introduction
of small deliberate changes in analytical conditions like slight
variations in detection wavelength, buffer pH, and mobile
phase composition. The standard solution of Upadacitinib
(60 pug/mL) was analyzed under these modified conditions.
The observed percentage variation was within 0.05% to
0.86% range and values well within desired limit of less
than 2%. These results indicate that minor changes in
experimental parameters do not significantly affect the
analytical performance confirms that the method was reliable
and stable under varied conditions. The robustness data are
summarized in Table 3.

Method accuracy was evaluated through recovery studies
by spiking pre-analyzed sample solutions with known
amounts of Upadacitinib at 50%, 100%, and 150% of the
label claim. The %RSD values were 0.56%, 0.27%, and 0.35%,
respectively and these values were within acceptable limit of
less than 2%. The % recoveries were noticed to be 99.38% to
100.47% range, indicate that method provides accurate and
reliable results without interference from excipients. These
findings confirm method suitability for precise quantification
of Upadacitinib in pharmaceutical formulations. The detailed
recovery data was presented in Table 4.

The proposed method was applied to assess content of
Upadacitinib in Upadoz® tablet formulation. The assay result
was observed to be 99.12% (59.47 pg/mL) and was noticed
to be close to the labeled amount. The method consistently
produces an assay values above 98%, indicates good accuracy
and reliability. These results demonstrate that method was
suitable for routine quality control analysis of Upadacitinib
in both bulk drug and finished dosage forms.

The HPLC analysis of Upadacitinib under various stress
conditions displays no interference between drug peak and its
degradation products. The peak purity results remain within
acceptable limits in all cases, confirms that Upadacitinib peak
was homogeneous and well resolved. These observations
demonstrate the method specificity and its ability to act
as a stability-indicating assay. The method successfully
enables the separation, identification, and quantification
of Upadacitinib under different stress conditions, includes
acidic, basic, oxidative (peroxide), thermal, and photolytic
degradation. This confirms that method was suitable for
stability studies and reliable evaluation of degradation
behavior. The number of degradation products formed
under different conditions was determined as 2, 0, 3, 0
and 0 under acidic, basic, peroxide, thermal, and UV light
stress conditions, respectively. Among these, maximum %
degradation was observed under peroxide stress conditions;
i.e., under peroxide stress, % degradation was 8.76% with the
formation of three degradation products. On the other hand,
minimum % degradation was observed under base, thermal
and UV stress conditions, determined as 3.81, 5.07 and 2.12,
respectively, showing higher stability of the drug substance
under these conditions. All the degradation products were
well separated without any interference with the peak
of the standard drug substance, thus it was confirmed
that the method developed was stability-indicating. The
comprehensive stress study chromatograms were presented
in Figures 5.

Assessment of method greenness:

The greenness of the developed RP-HPLC method for the
estimation of Upadacitinib was quantitatively evaluated
using the Analytical GREEnness (AGREE) metric tool. The
AGREE evaluation is based on the twelve principles of Green
Analytical Chemistry (GAC), each represented as a segmentin

Table 3: Robustness results for the Upadacitinib

S.No Condition Change Area % Change
1 Standard No change 753284.2 -

2 MP 1 Ethanol and 10 mM ammonium acetate in 65:35 (v/v) 752829.5 0.06

3 MP 2 Ethanol and 10 mM ammonium acetate in 55:45 (v/v) 752749.1 0.07

4 WL 1 229 nm 752875.8 0.05

5 WL 2 236nm 759725.9 0.86

6 pH 1 42 757439.6 0.55

7 pH 2 4.4 751761.3 0.20
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Table 4: Accuracy results for the reported Upadacitinib

% Recovery Concentration in ug/ml Amount Found % Recovery % RSD

Target Spiked Total

30 15 45 44.72 99.38 0.56
20% 30 15 45 45.08 100.18

30 15 45 44.60 99.11

30 30 60 60.24 100.41 0.27
100% 30 30 60 60.28 100.47

30 30 60 59.98 99.98

30 45 75 75.21 100.29 0.35
150%

30 45 75 74.73 99.64

30 45 75 7513 100.18

the circular pictogram (Figure 6), with colors ranging fromred
(poor) to green (excellent) depending on the environmental
friendliness of the analytical process. The central numerical
value represents the overall greenness score on a scale from
0 (least green) to 1 (most green).

The AGREE score was 0.82 was observed indicating a
high level of greenness and excellent compliance with most
principles of Green Analytical Chemistry. The circular diagram

predominantly exhibited dark green and light green shades,
signifying that most aspects of the method align well with
sustainable analytical practices. The high score demonstrates
that the method effectively minimizes environmental impact
while maintaining analytical robustness and reliability.

The use of ethanol as the organic modifier instead of
traditional toxic solvents such as acetonitrile or methanol
contributed significantly to the favorable score, as ethanol
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Figure 5: Stress degradation chromatograms observed in the proposed method for the analysis of Upadacitinib
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iy

Figure 6: AGREE results observed for method proposed for the
analysis of upadacitinib

is biodegradable, renewable, and poses lower toxicity and
disposal concerns. The mobile phase composition of ethanol
and aqueous ammonium acetate buffer ensured reduced
solvent consumption and lower waste generation, fulfilling
principles related to safer solvent use, waste prevention, and
energy efficiency. The short analysis time (approximately 8
minutes) and the moderate flow rate (0.5 mL/min) further
enhanced the method’s sustainability by minimizing solvent
usage per run and reducing overall energy demand.
Principles associated with automation, miniaturization,
and real-time monitoring achieved satisfactory ratings, as
the RP-HPLC method utilizes automated sample injection and
UV detection, ensuring high precision with reduced human
exposure to reagents. The low sample volume and minimal
reagent requirement also reflected strong compliance with

o

4.8E+02

4

Figure 7: GAPI results observed for method proposed for the analysis
of upadacitinib
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green analytical principles focused on resource efficiency and
operator safety. Minor limitations were noted for principles
related to reagent preparation and waste treatment, as
ethanol remains a flammable solvent, and small volumes of
acidic or buffered waste still require proper disposal. These
factors slightly influenced the scoring of principles 8 and 11,
which appeared in lighter yellow-green shades.

Overall, the AGREE pictogram (Figure 6) and score
of 0.82 confirm that the developed RP-HPLC method is
environmentally sustainable, operator-safe, and efficient,
meeting the core objectives of Green Analytical Chemistry.
The results validate that this method not only achieves
accurate and precise quantification of Upadacitinib but also
demonstrates a strong commitment to eco-friendly analytical
practices, making it suitable for routine quality control and
stability studies with minimal ecological footprint.

The greenness profile of the proposed RP-HPLC method
for the estimation of Upadacitinib was comprehensively
evaluated using the Green Analytical Procedure Index (GAPI)
tool. The GAPI approach provides a holistic evaluation of the
environmental impact of the analytical procedure, covering
all stages of the workflow—from sample collection and
preparation to instrumental analysis and waste management.
The obtained GAPI pictogram, as shown Figure 7, illustrates
the method’s greenness through a five-segment pentagonal
pattern, where each segment represents a different stage
of the analytical process. The color code—green (low
environmental impact), yellow (moderate impact), and red
(high impact)—visually indicates the sustainability level of
each step.

In the present study, the GAPI pictogram revealed a
predominance of green-colored zones, confirming that most
analytical steps were environmentally benign and complied
well with the principles of Green Analytical Chemistry. The
central pentagon, representing the general method type and
its overall environmental impact, appeared yellow, indicating
amoderately sustainable analytical approach. This moderate
rating is attributed to the inherent use of solvents in liquid
chromatography and the requirement for instrument power,
both of which cannot be completely eliminated in HPLC-
based methods. Nevertheless, the absence of any red zones
signifies that no step in the procedure poses a significant
environmental hazard.

The segments corresponding to sample collection and
preparation were entirely green, reflecting minimal reagent
use, simple dissolution and filtration steps, and the absence
of toxic derivatizing or extraction agents. The method
employs ethanol-water and ammonium acetate buffer as
the mobile phase, both of which are safe, biodegradable,
and non-toxic, thereby eliminating the hazards associated
with conventional solvents like acetonitrile or methanol.
The instrumental analysis section also displayed a green
coloration, demonstrating the method'’s efficiency in
terms of solvent volume (only 4-5 mL per run) and energy
consumption (low flow rate and short runtime of about 8
minutes).
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The waste generation and treatment segment showed a
mixture of green and yellow zones, indicating that while the
total solvent waste is relatively small and composed of non-
hazardous materials, ethanol remains a flammable solvent
and thus requires appropriate handling and disposal. The
numerical value (4.8E+02) displayed in the center corresponds
to the E-factor of 475, meaning that approximately 475 g of
waste is generated per gram of analyte analyzed. Despite this
numerical value, which is typical for HPLC-based analyses,
the low-toxicity nature of the waste renders the method
significantly greener than conventional chromatographic
procedures.

Overall, the GAPI results confirm that the developed
RP-HPLC method for Upadacitinib demonstrates excellent
environmental compatibility, with the majority of its analytical
steps classified as green and only minor aspects (related to
solvent flammability and instrument energy use) showing
moderate impact. The combined evaluation indicates
that the method is sustainable, safe, and environmentally
responsible, making it highly suitable for routine quality
control applications and stability studies within a green
analytical chemistry framework.

A review of the literature indicated that previously
reported QbD-based analytical methods for Upadacitinib
showed linearity over a relatively narrow concentration
range. In contrast, the present method demonstrated a
significantly wider linearity range of 30-105 ug/mL, enabling
accurate quantification across low to high concentration
levels. Furthermore, the sensitivity of the developed method
was confirmed by low detection and quantification limits,
with LOD and LOQ found to be 0.025 pg/mL and 0.082 pg/
mL, respectively, for Upadacitinib. The broader linear range
combined with improved sensitivity highlights the capability
of the proposed method for comprehensive analysis. Based
on the comparative literature survey, no reported method
was found to cover such an extended concentration range
with comparable detection limits, indicating that the
developed method is novel, sensitive, and suitable for routine
analytical applications.

CONCLUSION

A simple, reliable, and stability-indicating RP-HPLC method
was proposed for the assessment of Upadacitinib in both
bulk drug and pharmaceutical formulations. The method
produces a clear and well-resolved peak at 2.8 min, without
any interference from excipients or degradation products.
System suitability results prove the good performance, with
tailing factor of 1.03 and 5813 theoretical plates indicates
efficient separation. The method displays high sensitivity,
with LOD and LOQ values of 0.025 ug/mL and 0.082 ug/
mL, respectively. A strong linear relationship was observed
over 30-105 pg/mL (R* = 0.9999). The precision results were
satisfactory, with %RSD values of 0.36 for intra-day and 0.42
for inter-day analysis. Accuracy was within acceptable limits,
with recovery values in 99.38% to 100.47% range. The method
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also demonstrates good ruggedness and robustness with
%RSD and % variation of below 2%. Forced degradation
studies confirm that method can effectively detect changes
in drug under different stress conditions and proves its
stability-indicating nature.

Besides the assessment of the method’s performance,
the environmental impact of the method was evaluated
using the AGREE and GAPI tools. The high value of the AGREE
tool (0.82) shows the strong compliance of the method with
the principles of green analytical chemistry. Moreover, the
use of ethanol as a non-toxic solvent and the ammonium
acetate buffer minimized the toxicity risk of the method.
In addition, the decrease in the run time and the flow rate
minimized the solvent consumption and the generation of
wastes. Moreover, the results of the GAPI tool showed the
eco-friendly character of the method, with a predominance
of the green areas of the tool and the absence of critical
environmental concerns. Moreover, the value of the E-factor
(475) of the method is acceptable due to the low toxicity and
biodegradability of the solvents used in the method and
the fact that the method is based on the HPLC technique.
Overall, the method complies with ICH guidelines and was
suitable for routine quality control, assay, and stability studies
of Upadacitinib. It was successfully applied to the analysis
of formulation tablets and proves its practical applicability.
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