Supplementary Table S1 Comparison of the proposed method with reported analytical methods for Tofacitinib.
	Method Reference
	Optimization Strategy
	Solvent System
	Greenness / Sustainability
	Remarks / Limitations

	UV Spectrophotometry (Gorantla et al., 2018)
	OFAT
	Methanol / Water
	Not Assessed
	Lacks stability-indicating capability; low sensitivity.

	RP-HPLC (Sankar et al., 2017)
	OFAT
	Acetonitrile : Buffer
	Low (Uses Acetonitrile)
	Uses toxic solvents; no risk assessment or robustness testing.

	LC-MS/MS (Wang et al., 2022)
	OFAT
	Acetonitrile : Formic Acid
	Not Assessed
	High instrument cost; impractical for routine QC.

	RP-HPLC (Microchem. J., 2024)
	OFAT
	Acetonitrile : 0.2% Phosphoric Acid
	Greenness Mentioned
	Uses Acetonitrile (toxic); No WAC scoring.

	Reported HPLC (Chromatographia, 2025)
	OFAT
	Acetonitrile : Buffer*
	Not Assessed
	[Verify specific solvent in PDF]

	Proposed Method
	A-QbD (Box-Behnken)
	Methanol : 0.1% OPA
	High (AGREE: 0.74, WAC: 0.81)
	First application of White Analytical Chemistry with full stability profiling.





Supplementary Table S2 Analytical Target Profile (ATP)
	ATP Element
	Description
	Target / Acceptance Criteria
	Scientific & Regulatory Justification
	Evaluation Method

	Analytical Purpose
	Quantitative estimation of TF in tablet dosage form and bulk using RP-HPLC
	Accurate, precise, robust, and environmentally compliant method
	Defines the intended measurement function and analytical context per ICH Q14
	Method validation report

	Performance Goal
	Determine TF content with minimal variability
	Accuracy: 98–102% recovery; Precision: %RSD ≤ 2%; Robustness: variation ≤ 2%
	Establishes an acceptable uncertainty range
	Validation of linearity, precision, and recovery

	Specificity
	Ability to separate TF from degradation and excipient peaks
	No interference at TF RT
	Ensures method selectivity (ICH Q2 (R2))
	Forced degradation & placebo blank tests

	Sensitivity
	Quantification at the therapeutic level
	LOD ≤ 0.5 µg/mL; LOQ ≤ 1.5 µg/mL
	Confirms suitability for low-dose tablet assay
	Signal-to-noise ratio (3:1 and 10:1)

	Precision
	Reproducibility of peak area and RT
	%RSD ≤ 2% intra/inter-day
	Key for batch-to-batch uniformity
	Repeatability studies

	Accuracy
	Closeness to true value
	Recovery = 98–102% at 80, 100, 120% spike levels
	Required for quantitative methods
	Standard-addition method

	Robustness
	Resistance to deliberate variation
	MeOH ± 1%, flow ± 0.05 mL/min, T ± 2 °C → RSD < 2%
	Demonstrates stability under small perturbations
	DOE-based robustness test

	Greenness & SDG Alignment
	Minimization of solvent and waste
	Solvent use < 5 mL/run; run time < 6 min
	Supports UN SDGs 12 & 13; aligns with “Analytical Greenness Metric”
	AGREE metric or GAPI tool



Supplementary Table S3  Quality Target Product Profile (QTPP)
	Attribute
	Target / Criteria
	Rationale (from text)
	Potential Impact on ATP
	Regulatory Reference

	Analyte
	TF (label claim 5 mg/tablet)
	Defines product assay requirement
	High
	ICH Q8(R2)

	Dosage Form Matrix
	Tablet powder extracted in methanol/0.1% OPA
	Affects recovery and precision
	High
	WHO QC Guidelines

	Analytical Method Type
	RP-HPLC with UV DAD detection @ 286 nm
	Provides selectivity and quantitative response
	High
	ICH Q2(R2)

	Chromatographic Mode
	Isocratic C18 column (250×4.6 mm, 5 µm)
	Ensures reproducible retention and efficiency
	Medium
	Pharmacopoeial standard

	Mobile Phase Composition
	Methanol:0.1% OPA (60:40 v/v)
	Optimized for resolution and symmetry
	High
	A-QbD optimization result

	Flow Rate
	0.7 mL/min
	Balances efficiency and pressure
	High
	DOE output

	Column Temperature
	30 ± 2 °C
	Maintains reproducibility and viscosity
	Medium
	Equipment specification

	Injection Volume
	20 µL
	Ensures detectability with minimal overload
	Low
	Standard HPLC practice

	Run Time
	≤ 6 min
	Short analysis time (eco-friendly)
	Medium
	SDG 12 compliance

	Performance Goals
	Resolution > 2.0; Tailing < 1.5; Plates > 8000
	Meet system suitability
	High
	ICH Q14

	Validation Parameters
	Accuracy, precision, linearity, robustness
	Verify method suitability
	High
	ICH Q2(R2)

	Regulatory Compliance
	ICH Q8 (R2), Q9, Q14 + UN SDGs
	Ensures lifecycle management
	High
	EMA Guidance 2024



Supplementary Table S4  Critical Quality Attributes (CQAs)
	CQA
	Definition
	Target / Acceptance Criteria
	Impact on Analytical Performance
	Criticality Level
	Measurement / Evaluation

	Retention Time (Y₁)
	Elution time of TF peak
	6.0 ± 0.3 min
	Indicates selectivity and stability
	High
	Direct HPLC measurement

	Tailing Factor (Y₂)
	Symmetry of TF peak
	≤ 1.5
	Reflects column health & mobile-phase suitability
	High
	USP method <621>

	Theoretical Plates (Y₃)
	Column efficiency
	≥ 8000
	Evaluates efficiency & reproducibility
	High
	System-suitability test

	Peak Area (Y₄)
	Integrated response proportional to [TF]
	RSD ≤ 2%
	Determines quantitation accuracy
	High
	Linearity study

	Resolution (Y₅)
	Separation between TF & nearest impurity
	≥ 2.0
	Ensures specificity
	Medium
	Forced-degradation data

	LOD / LOQ
	Sensitivity parameters
	LOD ≤ 0.5 µg/mL; LOQ ≤ 1.5 µg/mL
	Confirms detection capability
	Medium
	Signal/noise 3:1 / 10:1

	Robustness Metric
	RSD after ± variation tests
	≤ 2% change
	Confirms method stability
	Medium
	DOE robustness test



Supplementary Table S5 Critical Material Attributes (CMAs)
	Material / Component
	Attribute
	Target Specification
	Effect on CQAs
	Risk Level
	Control / Mitigation Strategy

	Stationary Phase (Column)
	C18 (250 × 4.6 mm, 5 µm)
	USP L1, inert silica
	Affects Y₂ & Y₃
	High
	Use same manufacturer; condition column

	Mobile Phase – Methanol
	Organic %
	60 ± 1 %
	Impacts Y₁, Y₂ & Y₄
	High
	Premix; verify ratio gravimetrically

	Aqueous Phase (0.1% OPA)
	pH ≈ 3.0
	Stable ± 0.1
	Affects peak shape (Y₂) & retention
	Medium
	Fresh daily; pH meter check

	Solvent Quality
	HPLC grade (99.9 %)
	UV transparent
	Influences baseline noise & LOD
	Medium
	Supplier qualification

	Sample Matrix
	Tablet excipients
	Inert to mobile phase
	May affect resolution (Y₅)
	Medium
	Validate sample prep protocol

	Filtration Material
	0.45 µm membrane
	Non-adsorptive PTFE
	Prevents particulate interference
	Low
	Pre-rinse filters

	Buffer Strength
	0.1 % w/v OPA
	± 5 % tolerance
	Affects RT and plates
	Medium
	Check concentration gravimetrically

	Lamp / Detector
	Wavelength stability (286 ± 1 nm)
	± 1 nm
	Affects sensitivity (Y₄)
	Low
	Regular calibration



Supplementary Table S6 Critical Process Parameters (CPPs)
	Process Parameter
	Nominal Value
	Acceptable Range / Design Space
	Affected CQAs
	Risk Level (from FMEA)
	Control Strategy

	Flow Rate (mL/min)
	0.70
	0.68 – 0.72
	Y₁, Y₃, Y₄
	High
	Pump calibration; real-time monitoring

	Methanol Proportion (%)
	60
	58 – 62
	Y₁, Y₂, Y₄
	High
	Premixed solvent; limit variation ±1 %

	Column Temperature (°C)
	30
	28 – 32
	Y₂, Y₃
	Medium
	Oven PID control; temperature logging

	Injection Volume (µL)
	20
	18 – 22
	Y₄
	Medium
	Autosampler calibration

	Detection Wavelength (nm)
	286
	285 – 287
	Y₄
	Low
	Monthly lamp verification

	Sample Sonication (min)
	15
	10 – 20
	Y₄, Recovery
	Medium
	SOP control; time logging

	Filtration Integrity
	0.45 µm membrane filter
	Must pass clarity test
	Y₂ & baseline
	Low
	Visual inspection per batch

	Degassing Quality
	Ultrasonic 5 min
	No air bubbles
	All CQAs
	Medium
	Pre-run degassing SOP



Supplementary Table S7 BBD Design matrix for optimization Run (R1- R20)
	Run
	A: Methanol (%)
	B: Flow rate (mL/min)
	C: Temp (°C)
	Retention time (min)
	Tailing factor
	Plates (N)
	Peak area (mAU·s)

	1
	60
	0.7
	30
	3.36
	0.56
	4702
	375.8

	2
	60
	0.7
	25
	3.60
	0.62
	4600
	372.0

	3
	55
	0.8
	35
	4.00
	0.70
	4200
	360.5

	4
	60
	0.7
	35
	3.10
	0.55
	4750
	378.0

	5
	65
	0.6
	25
	2.80
	0.50
	4400
	370.0

	6
	65
	0.8
	35
	2.60
	0.53
	4300
	355.0

	7
	65
	0.8
	25
	2.70
	0.55
	4250
	360.0

	8
	60
	0.7
	30
	3.36
	0.56
	4702
	375.8

	9
	55
	0.8
	25
	4.20
	0.72
	4100
	355.0

	10
	65
	0.6
	35
	2.70
	0.52
	4450
	365.0

	11
	60
	0.8
	30
	3.05
	0.58
	4550
	362.0

	12
	60
	0.7
	30
	3.36
	0.56
	4702
	375.8

	13
	65
	0.7
	30
	2.90
	0.54
	4600
	368.0

	14
	55
	0.6
	25
	4.40
	0.75
	4050
	350.0

	15
	60
	0.7
	30
	3.36
	0.56
	4702
	375.8

	16
	55
	0.7
	30
	4.10
	0.70
	4150
	360.0

	17
	60
	0.7
	30
	3.36
	0.56
	4702
	375.8

	18
	60
	0.6
	30
	3.80
	0.60
	4500
	370.0

	19
	55
	0.6
	35
	4.00
	0.68
	4200
	355.0

	20
	60
	0.7
	30
	3.36
	0.56
	4702
	375.8



Supplementary Table S8 Risk Assessment Using FEMA Approaches
	Source of Variation
	Potential Cause
	Effect on CQAs (Y₁–Y₄)
	Severity (1–10)
	Occurrence (1–10)
	Detectability (1–10)
	RPN (=S×O×D)
	Risk Level
	Control Strategy

	Mobile Phase Composition (% MeOH)
	Solvent ratio variation
	Retention time ↑/↓; Peak shape distortion
	9
	6
	3
	162
	High
	Tight control (±1%), pre-mixed mobile phase

	Flow Rate (mL/min)
	Pump drift, air bubbles
	Retention time shift, resolution loss
	8
	5
	4
	160
	High
	Calibrate pump daily, purge system

	Column Temperature (°C)
	Oven fluctuation
	Viscosity, selectivity change
	7
	4
	5
	140
	Medium
	Maintain ±1°C, use preheated solvents

	pH of Mobile Phase
	OPA concentration error
	Ionization, peak tailing
	6
	4
	4
	96
	Medium
	Check pH daily, freshly prepare buffer

	Detector Wavelength (nm)
	Lamp aging, λ error
	Reduced sensitivity
	5
	3
	3
	45
	Low
	Periodic calibration

	Sample Preparation
	Incomplete dissolution, filtration error
	Low recovery, variable area
	7
	5
	3
	105
	Medium
	Ultrasonicate, use 0.45 µm membrane

	Injection Volume (µL)
	Autosampler error
	Peak area variability
	6
	3
	2
	36
	Low
	Autosampler validation

	Column Age/Type
	Stationary phase deterioration
	Efficiency ↓
	9
	4
	2
	72
	Medium
	Replace after 500 injections



Supplementary Table S9 Integration of Risk Assessment and Design Space Control Strategy
	Parameter
	Criticality (from FMEA)
	Design Space Range
	Acceptable Operating Range (Control Strategy)
	Monitoring Method
	Risk Mitigation

	Methanol (%)
	High
	58–62
	60 ± 1 %
	Ratio check before batch
	Use pre-mixed batch solvent

	Flow Rate (mL/min)
	High
	0.68–0.72
	0.7 ± 0.02 mL/min
	Real-time pressure log
	Pump auto-calibration

	Column Temperature (°C)
	Medium
	28–32
	30 ± 2 °C
	Digital probe
	Oven PID controller

	pH (Mobile Phase)
	Medium
	2.8–3.2
	3.0 ± 0.1
	pH meter
	Fresh buffer daily

	Wavelength (nm)
	Low
	285–287
	286 ± 1 nm
	DAD check
	Monthly lamp check

	Sample Prep
	Medium
	—
	Standardized
	Visual clarity
	Operator training


[bookmark: _Hlk219483998]Supplementary Table S 10 Preliminary trial runs
	Trial No.
	Mobile Phase (v/v)
	Flow Rate (mL min⁻¹)
	Temperature (°C)
	Observation / Result
	Decision

	1
	MeOH : Water (50:50)
	1.0
	25
	Peak eluted very late (> 10 min); broad peak.
	Rejected

	2
	MeOH : Water (70:30)
	1.0
	25
	Peak eluted very early (< 2 min); interference with solvent front.
	Rejected

	3
	MeOH : 0.1% OPA (60:40)
	1.0
	25
	Improved retention time; peak symmetry needs improvement.
	Selected as Center Point

	4
	MeOH : 0.1% OPA (60:40)
	0.6
	25
	Good separation; slight tailing.
	Lower Level Selected

	5
	MeOH : 0.1% OPA (60:40)
	0.8
	25
	Sharp peak; suitable pressure.
	Upper Level Selected

	6
	MeOH : 0.1% OPA (60:40)
	0.7
	35
	Temperature improved theoretical plates.
	Included in Range





Supplementary Table S 11 R², adjusted R², polynomial equation, p-values, and lack-of-fit. 
	Response Variable
	Regression Equation (Coded Factors)
	R2
	Adj. R2
	Pred. R2
	Model p-value
	Adeq. Precision

	Y1: Retention Time
	
	0.9998
	0.9997
	0.9987
	< 0.0001 (Sig)
	276.97

	Y2: Tailing Factor
	
	0.9610
	0.9259
	0.5920
	< 0.0001 (Sig)
	16.50

	Y3: Theoretical Plates
	
	0.9707
	0.9444
	0.7758
	< 0.0001 (Sig)
	18.30

	Y4: Peak Area
	



	0.9740
	0.9507
	0.8283
	< 0.0001 (Sig)
	19.42



