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Text S1: Operational Principles of GA-PLS and FFA-PLS Algorithms
The Genetic Algorithm-PLS (GA-PLS) method was implemented through evolutionary optimization of wavelength selection. Binary-encoded chromosomes represented wavelength subsets, with each bit indicating selection (1) or exclusion (0) of a specific wavelength. An initial population of chromosomes was randomly generated and evaluated using leave-one-out cross-validation to calculate fitness based on root mean square error of cross-validation (RMSECV). Superior chromosomes were selected for reproduction through genetic operators including crossover and mutation. The evolutionary process continued iteratively until convergence, yielding an optimized wavelength subset. To account for the stochastic nature of genetic algorithm optimization, the GA-PLS procedure was repeated 100 times using different random seeds. Wavelength selection frequency was recorded across all runs, and wavelengths selected in more than 70% of runs were retained as the final optimized subset for each analyte, ensuring that only consistently informative wavelengths contributed to the final calibration model. PLS calibration models were then constructed using the selected wavelengths, with the optimal number of latent variables determined through cross-validation. 
The Firefly Algorithm-PLS (FFA-PLS) approach employed swarm intelligence principles for wavelength optimization. Fireflies representing wavelength selection vectors were initialized with continuous values subsequently converted to binary selections. Light intensity, inversely proportional to RMSECV, quantified solution quality. Fireflies moved toward brighter individuals according to attractiveness functions decreasing with distance, while incorporating random exploration components. This iterative process identified optimal wavelength combinations, followed by PLS model development using the selected variables. Similarly, the FFA-PLS optimization was repeated 100 times using different random seeds to verify the stability of the swarm intelligence-based wavelength selection. Wavelengths selected in more than 70% of runs were retained as the final optimized subset.


Table S1: Concentrations of the 25-mixture calibration set designed using Brereton partial factorial methodology.
	No.
	Favipiravir (µg/mL)
	[bookmark: OLE_LINK1]Molnupiravir (µg/mL)
	Nirmatrelvir (µg/mL)

	1
	8
	8
	16

	2
	8
	4
	8

	3
	4
	4
	24

	4
	4
	12
	12

	5
	12
	6
	24

	6
	6
	12
	16

	7
	12
	8
	12

	8
	8
	6
	12

	9
	6
	6
	20

	10
	6
	10
	24

	11
	10
	12
	20

	12
	12
	10
	16

	13
	10
	8
	24

	14
	8
	12
	24

	15
	12
	12
	8

	16
	12
	4
	20

	17
	4
	10
	8

	18
	10
	4
	16

	19
	4
	8
	20

	20
	8
	10
	20

	21
	10
	10
	12

	22
	10
	6
	8

	23
	6
	4
	12

	24
	4
	6
	16

	25
	6
	8
	8




Table S2: Concentrations of the 20-mixture validation set designed using central composite methodology.
	 No.
	Favipiravir (µg/mL)
	Molnupiravir (µg/mL)
	Nirmatrelvir (µg/mL)

	1
	11
	11
	22

	2
	5
	5
	22

	3
	11
	5
	10

	4
	8
	8
	16

	5
	5
	5
	10

	6
	11
	11
	10

	7
	11
	5
	22

	8
	8
	8
	16

	9
	8
	8
	16

	10
	5
	11
	22

	11
	5
	11
	10

	12
	8
	8
	16

	13
	8
	8
	16

	14
	8
	8
	7

	15
	8
	8
	25

	16
	8
	12.5
	16

	17
	8
	3.5
	16

	18
	8
	8
	16

	19
	3.5
	8
	16

	20
	12.5
	8
	16





Table S3: Optimized algorithm-specific parameters for GA-PLS models used in wavelength selection and multivariate calibration for simultaneous determination of favipiravir, molnupiravir, and nirmatrelvir.
	Parameter
	Favipiravir
	Molnupiravir
	Nirmatrelvir

	Population size
	44
	48
	56

	Maximum generations
	120
	120
	240

	Mutation rate
	0.004
	0.003
	0.006

	% Wavelength used at initiation
	15
	20
	20

	Window width
	1
	1
	1

	% Population same at convergence
	80
	90
	90

	Crossover type
	Double
	Double
	Double

	Maximum number of latent variables
	4
	5
	6

	Cross-validation
	Random
	Random
	Random

	Number of subsets (CV)
	25
	25
	25

	Number of iterations
	2
	2
	2


	


	Parameter
	Favipiravir
	Molnupiravir
	Nirmatrelvir

	Number of fireflies
	48
	48
	56

	Maximum generations
	250
	250
	300

	α
	0.2
	0.2
	0.5

	βο
	1.2
	1.2
	1.4

	γ
	1
	1
	1


Table S4: Optimized algorithm-specific parameters for FFA-PLS models used in wavelength selection and multivariate calibration for simultaneous determination of favipiravir, molnupiravir, and nirmatrelvir.
Table S5:  Accuracy and precision data at three concentration levels (low, medium, high) including mean recovery percentages with standard deviations, intra-day precision, and inter-day precision for assessment of method reliability according to ICH Q2(R2) guidelines.
	Concentration (µg/mL)
	Accuracy             
 (% R ± SD) 
	Precision (%RSD) 

	Favipiravir (µg/mL)
	Molnupiravir (µg/mL)
	Nirmatrelvir (µg/mL)
	Favipiravir
	Molnupiravir
	Nirmatrelvir
	Favipiravir 
	Molnupiravir 
	Nirmatrelvir 

	
	
	
	
	
	
	Intra-day
	Inter-day
	Intra-day
	Inter-day
	Intra-day
	Inter-day

	6
	6
	12
	99.47 ± 1.438
	98.82 ± 1.347
	96.74 ± 1.551
	1.445
	1.863
	1.363
	1.745
	1.603
	2.079

	8
	8
	16
	98.22 ± 1.414
	101.46 ± 1.079
	102.85 ± 1.495
	1.439
	1.815
	1.064
	1.299
	1.453
	1.887

	10
	10
	20
	101.48 ± 1.302
	99.41 ± 1.156
	99.74 ± 1.238
	1.283
	1.856
	1.163
	1.727
	1.241
	1.817





Table S6: Selectivity assessment against pharmaceutical excipients and environmental co-contaminants.
	Interferent
	Favipiravir (8 µg/mL)
	Molnupiravir (8 µg/mL)
	Nirmatrelvir (16 µg/mL)

	
	Recovery ± RSD (%)
	Recovery ± RSD (%)
	Recovery ± RSD (%)

	None (Control)
	100.53 ± 1.12
	101.58 ± 1.515
	101.75 ± 1.337

	Pharmaceutical excipients
	
	
	

	Lactose monohydrate
	101.33 ± 1.112
	97.87 ± 1.215
	97.83 ± 1.122

	Microcrystalline cellulose
	96.79 ± 1.600
	101.8 ± 1.558
	103.31 ± 1.319

	Magnesium stearate
	97.83 ± 1.366
	99.79 ± 1.289
	98.07 ± 1.475

	Povidone (PVP K-30)
	100.22 ± 1.856
	98.86 ± 1.45
	99.33 ± 1.288

	Croscarmellose sodium
	100.3 ± 1.477
	100.93 ± 1.482
	96.62 ± 1.303

	Starch
	99.32 ± 1.457
	100.02 ± 1.664
	98.31 ± 1.731

	Titanium dioxide
	101.83 ± 1.726
	99.89 ± 1.858
	97.94 ± 1.811

	Talc
	101.39 ± 1.614
	97.13 ± 1.823
	98.24 ± 1.297

	Environmental/co-contaminants
	
	
	

	Humic acid
	96.6 ± 1.677
	96.43 ± 1.138
	105.77 ± 1.073

	Sodium dodecyl sulfate (SDS)
	97.74 ± 1.739
	103.09 ± 1.148
	103.81 ± 1.677

	Ibuprofen
	96.95 ± 1.155
	101.86 ± 1.218
	95.90 ± 1.148

	Paracetamol
	98.75 ± 1.696
	102.77 ± 1.787
	96.82 ± 1.378





[bookmark: _Hlk196300162][image: A diagram of a chemical structure
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Fig. S1: Chemical structures of favipiravir, molnupiravir and nirmatrelvir. 
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Fig. S2: Two-dimensional projection of experimental design space (favipiravir vs. molnupiravir). Calibration mixtures (teal circles, 25 samples) and validation mixtures (pink triangles, 20 samples) demonstrate comprehensive coverage with distinct separation between training and test sets.
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Fig. S3: Two-dimensional projection of experimental design space (favipiravir vs. nirmatrelvir). Calibration mixtures (teal circles, 25 samples) and validation mixtures (pink triangles, 20 samples) demonstrate comprehensive coverage with distinct separation between training and test sets.
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Fig. S4: Two-dimensional projection of experimental design space (molnupiravir vs. nirmatrelvir). Calibration mixtures (teal circles, 25 samples) and validation mixtures (pink triangles, 20 samples) demonstrate comprehensive coverage with distinct separation between training and test sets.
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