Evaluation of NMR-based strategies to differentiate fresh from frozen-thawed fish supported by multivariate data analysis
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Supplementary Information
Table S1. Metadata of the fish samples
	Group
	Fish species
	Origin
	Form
	Sample Weight
	Freezing method
	Frozen storage time

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	450 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	450 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	400 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	350 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	350 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	300 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	300 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	250 g
	­
	­

	fresh
	mackerel (Scomber scombrus)
	wild caught
	fillet
	50 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	1000 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	800 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	600 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	550 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	500 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	350 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	350 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	350 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	350 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	350 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	350 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	fillet
	1250 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	900 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	850 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	800 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	750 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	600 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	600 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	550 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	550 g
	­
	­

	fresh
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	400 g
	­
	­

	fresh
	trout (Oncorhynchus aguabonita, golden trout)
	aquaculture
	gutted fish
	450 g
	­
	­

	fresh
	trout (Oncorhynchus aguabonita, golden trout)
	aquaculture
	gutted fish
	300 g
	­
	­

	fresh
	trout (Salmo trutta fario, river trout)
	aquaculture
	gutted fish
	350 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	1500 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	800 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	750 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	650 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	650 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	550 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	550 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	550 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	500 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	400 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	400 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	400 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	350 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	fillet
	300 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	loin
	600 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	loin
	350 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	loin
	300 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	loin
	300 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	loin
	250 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	loin
	250 g
	­
	­

	fresh
	cod (Gadus morhua)
	wild caught
	loin
	200 g
	­
	­

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	550 g
	cold storage room
	7 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	350 g
	cold storage room
	23 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	300 g
	cold storage room
	15 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	250 g
	cold storage room
	15 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	200 g
	cold storage room
	23 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	600 g
	blast freezing
	7 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	400 g
	blast freezing
	15 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	350 g
	blast freezing
	23 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	300 g
	blast freezing
	20 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	300 g
	blast freezing
	23 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	250 g
	blast freezing
	15 days

	frozen-thawed
	mackerel (Scomber scombrus)
	wild caught
	gutted fish
	200 g
	blast freezing
	23 days

	frozen-thawed
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	500 g
	cold storage room
	22 days

	frozen-thawed
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	300 g
	cold storage room
	15 days

	frozen-thawed
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	500 g
	blast freezing
	22 days

	frozen-thawed
	trout (Oncorhynchus mykiss, rainbow trout)
	aquaculture
	gutted fish
	300 g
	blast freezing
	15 days

	frozen-thawed
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	800 g
	cold storage room
	22 days

	frozen-thawed
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	700 g
	cold storage room
	13 days

	frozen-thawed
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	650 g
	cold storage room
	21 days

	frozen-thawed
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	850 g
	blast freezing
	22 days

	frozen-thawed
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	650 g
	blast freezing
	13 days

	frozen-thawed
	trout (Oncorhynchus mykiss, salmon trout)
	aquaculture
	gutted fish
	600 g
	blast freezing
	21 days

	frozen-thawed
	trout (Oncorhynchus aguabonita, golden trout)
	aquaculture
	gutted fish
	350 g
	cold storage room
	15 days

	frozen-thawed
	trout (Oncorhynchus aguabonita, golden trout)
	aquaculture
	gutted fish
	400 g
	blast freezing
	15 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	550 g
	cold storage room
	15 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	cold storage room
	20 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	cold storage room
	29 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	400 g
	cold storage room
	15 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	400 g
	cold storage room
	23 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	350 g
	cold storage room
	15 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	600 g
	blast freezing
	15 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	550 g
	blast freezing
	20 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet 
	500 g
	blast freezing
	23 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	blast freezing
	15 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	blast freezing
	15 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	fillet
	450 g
	blast freezing
	29 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	loin
	300 g
	cold storage room
	21 days

	frozen-thawed
	cod (Gadus morhua)
	wild caught
	loin
	250 g
	blast freezing
	21 days



Table S2. Analysis of the lipid fraction: Method development and optimization (fat extraction, sample solution)
	Optimized parameter
	Applied and evaluated versions
	Criterium of choice
	Choice

	(Mixture of) organic solvents
	Chloroform/methanol 2/1, v/v [1]; chloroform/methanol 2/2, v/v [2];                    n-hexane [3];                                                    n-hexane/isopropanol 3/2, v/v [4];             ethyl acetate/ethanol 2/1, v/v [5]; cyclohexane/isopropanol 10/8, v/v [6]; methanol/methyl tert-butyl ether 3/10, v/v [7]; methanol/diethyl ether/petroleum ether 15/34/34, v/v/v [8]
	Extraction efficiency (total fat yield, and yield of different fat classes represented by intensities of different signals in the 1H NMR spectra), reproducibility (double determination)
	Cyclohexane/isopropanol 10/8, v/v

	Ratio of organic solvents
	Cyclohexane/isopropanol 10/8; 2/1; 3/1; v/v respectively
	Extraction efficiency (total fat yield, and yield of different fat classes represented by intensities of different signals in the 1H NMR spectra), reproducibility (double determination)
	Cyclohexane/isopropanol 2/1, v/v

	Phase separation / reduction of the residual water signal in the 1H NMR spectrum
	Extraction with H2O;                               extraction with H2O, addition of 2.0 g NaCl in phase separation ("salting out");            extraction with H2O, addition of 1.0 mL      0,05 NaCl-dilution in phase separation;          extraction with 5 % NaCl-dilution instead of water;                                                           extraction with a saturated NaCl-dilution; extraction with water, drying of the organic phase with 2.0 g dried Na2CO3 for 1.5 h
	Intensity of the residual water signal and its overlapping with signals of the lipid fraction (cod samples were mainly affected), reproducibility (double determination)
	Extraction with 5 % NaCl-dilution instead of water

	Potential acid catalysis
	Without acid catalysis;                                with diluted HCl (20 mL concentrated HCl to 80 mL H2O, incl.  5 % NaCl);                       with citric acid buffer (1.26 g citric acid anhydrate, 1,41 g disodium phosphate to    200 mL H2O, incl. 5 % NaCl)
	Shifting of signals due to lower pH in residual water, resolution of the signals, extraction efficiency (total fat yield, and yield of different fat classes represented by intensities of different signals in the 1H NMR spectra), reproducibility (double determination)
	Without acid catalysis

	Potential two-step extraction
	Extraction with cyclohexane/isopropanol/5% NaCl in one step;                                                  first extraction with cyclohexane/isopropanol, then second extraction after adding 5 % NaCl (two-step extraction)
	Extraction efficiency (total fat yield, and yield of different fat classes represented by intensities of different signals in the 1H NMR spectra), reproducibility (double determination)
	Two-step extraction

	Mixing
	Extraction with an ultra turrax;             extraction with an ultrasonic bath;                extraction with a shaker
	Extraction efficiency (total fat yield, and yield of different fat classes represented by intensities of different signals in the 1H NMR spectra), reproducibility (double determination)
	Extraction with a shaker

	Mixing
	Extraction with a shaker without glass beads; extraction with a shaker with glass beads
	Extraction efficiency (total fat yield, and yield of different fat classes represented by intensities of different signals in the 1H NMR spectra), reproducibility (double determination)
	Extraction with a shaker without glass beads

	Sample solution for 1H NMR, 13C NMR
	CDCl3; CDCl3/MeOD4 2/1; CDCl3/MeOD4 3/1; CDCl3/MeOD4 3/2; CDCl3/MeOD4 1/1; v/v respectively
	Solubility of the fat extract, shifting of the signal of the residual water
	CDCl3/MeOD4 1/1, v/v


[1] Folch J, Lees M, Sloane Stanley GH (1956) A simple method for the isolation and purification of total lipides from animal tissues. J Biol Chem. https://doi.org/10.1016/S0021-9258(18)64849-5
[2] Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and purification. Can J Biochem Physiol. https://doi.org/10.1139/o59-099
[3] Velioğlu HM, Temiz HT, Boyaci IH (2015) Differentiation of fresh and frozen-thawed fish samples using Raman spectroscopy coupled with chemometric analysis. Food Chem. http://dx.doi.org/10.1016/j.foodchem.2014.09.073
[4] Hara A, Radin NS (1978) Lipid extraction of tissues with a low-toxicity solvent. Anal Biochem. https://doi.org/10.1016/0003-2697(78)90046-5
[5] Lin J-H, Liu L-Y, Yang M-H, Lee, M-H (2004) Ethyl acetate/ethyl alcohol mixtures as an alternative to folch reagent for extracting animal lipids. J Agric Food Chem. https://doi.org/10.1021/jf049360m
[6] Smedes F (1999) Determination of total lipid using non-chlorinated solvents. Analyst. https://doi.org/10.1039/A905904K
[7] Matyash V, Liebisch G, Kurzchalia TV, Shevchenko A, Schwudke D (2008) Lipid extraction by methyl-tert-butyl ether for high-throughput lipidomics. J Lipid Res. https://doi.org/10.1194/jlr.D700041-JLR200
[8] Ramalhosa MJ, Paíga P, Morais S, Alves MR, Delerue-Matos C, Oliveira, MBPP (2012) Lipid content of frozen fish: Comparison of different extraction methods and variability during freezing storage. Food Chem. https://doi.org/10.1016/j.foodchem.2011.07.123


Table S3. Analysis of the polar fraction: Method development and optimization (press juice analysis, water extraction analysis, sample solution)
	Optimized parameter
	Applied and evaluated versions
	Criterium of choice
	Choice

	Gaining of the press juice 
	Centrifugation at 4,000 x g; centrifugation at 39,412 x g; mechanical squeezing
	Gained volume of press juice (especially for fat fish)
	Centrifugation at 39,412 x g

	Protein removal
	Ultrafiltration (with centrifugal filters); precipitation with trichloroacetic acid; precipitation with perchloric acid; carrez precipitation
	Baseline, extraction efficiency (yield of different polar metabolites represented by intensities of different signals in the NMR spectra), reproducibility (double determination)
	Ultrafiltration (with centrifugal filters)

	Type of ultrafiltration filters
	Available filters differing in pore diameter, volumina, membrane material, manufacturer
	Permeability of the sample solution, extraction efficiency (yield of different polar metabolites represented by intensities of different signals in the NMR spectra), reproducibility (double determination)
	2 kDa, Hydrosart membrane, Vivaspin, Sartorius, Göttingen, Germany

	Filter washing-protocol for glycerol removal
	Ten times washed with 2.0 mL H2O, and each filtrate measured with 1H NMR
	Acceptable minimal residual signals of glycerol
	Four times washing

	Ultrafiltration time
	1 h, 1.5 h, 2 h, 2.5 h
	Permeability of the sample solution
	1.5 h

	Buffer of the sample solution: pH value
	Different buffers pH 2.2, pH 3.9,        pH 6.0, pH 6.7, pH 9.7. Additional titration of the sample solution (with buffer pH 6.0) to pH 6.00, 6.35, 6.65 and 7.00
	Baseline, shift and intensity of signals in the NMR spectra
	pH 6.65

	Buffer of the sample solution: buffer capacity 
	1M, 2M and 3M disodium phosphate buffer 
	Shift of signals
	2M disodium phosphate buffer 

	Potential titration of sample solution
	96 fish samples (press juice, fifth approach and water extract, sixth approach) analyzed with or without additional titration via BTpH unit from Bruker, Rheinstetten, Germany
	Average accuracy for correct classification after PCA-LDA
	Without additional pH titration





[bookmark: _GoBack]Table S4. NMR measurements: Method optimization
	Optimized parameter
	Applied and evaluated versions/tests
	Criterium of choice
	Choice

	D1-delay
	Lipid fraction: Inversion-Recovery (T1 determination). Polar fraction: D1-delays from 1.0 s up to 30.0 s tested
	D1-delay needed for T1 recovery, acquisition time
	Lipid fraction 1H: 10.0 s, 13C: 5.0 s,     31P: 5.0. Polar fraction: 15 s

	Receiver gain
	Automated determination of maximal receiver gain via TopSpin
	Maximal possible receiver gain
	Lipid fraction, 1H: 20.2 13C: 203,         31P: 203. Polar fraction: 128

	Number of scans
	Lipid fraction, 1H: 16, 32, 64, 128; 13C: 1024, 2048, 4096; 31P: 512, 1024, 2048. Polar fraction 32, 64, 128
	S/N (especially of minor signals), acquisition time
	Lipid fraction, 1H: 64, 13C: 1024, 31P: 1024. Polar fraction: 64

	Acquisition time
	Evaluation of decrease of the free induction decay (FID) after choosing the number of scans
	As low as possible
	Lipid fraction 1H: 4.0 s, 13C: 2.6 s, 31P: 2.5 s. Polar fraction: 8.0 s

	Measurement temperature
	280, 290, 300, 310 K
	Shifting of signals (especially residual water in lipid fraction, 1H NMR)
	300 K (each approach)

	Polar fraction: Water suppression
	Presaturation (10 Hz, 25 Hz, 50 Hz), watergate, excitation sculping
	Quality of water suppression
	presaturation (25 Hz)


Note: Parameters for the 1H NMR based minor component screening were selected as stated in the material and methods section, and were not further optimized in this study.

