
Greener analytical methods for the determination of nutraceuticals 

and quality assessment

Paola Donato1, Luigi Mondello1,2

1University of Messina, Italy; 2Chromaleont s.r.l., Italy



University of Messina

Department of Chemical, Biological, Pharmaceutical and Environmental Sciences

Messina Institute of Technology - MeIT

https://sepsci.unime.it
https://www.chromaleont.it

https://sepsci.unime.it/
https://www.chromaleont.it/


MeIT & Chromaleont

Facilities

Sample preparation/Chromatography 

Spectroscopy/Mass Spectrometry           

Organic synthesis/Molecular Biology 

Biotechnology/Fermentation

Analytical data processing

Software/Libraries



Overview

➢ Triacylglycerol Fingerprinting in Table Oils for Assessing Quality and Authenticity

➢ Profiling of Oxygen Heterocyclic Compounds in Cold-pressed Citrus Essential Oils

➢ Analysis of Alkylpyrazines from Maillard Reaction in Foods

Replacing HPLC methods with SFC-based

• Gain additional selectivity

• Reduce environmental impact

• Increase operators’ safety

• Decrease operational costs



Triacylglycerol Fingerprinting in Table Oils                                                            

for Assessing Quality and Authenticity



Separation is achieved by temperature gradient

➢ High efficiency (N)

column length is virtually unlimited

➢ Limited selectivity () 

limited variety of stationary phases

Separation is achieved by solvent/density gradient

➢ High efficiency (N)

low viscosity (longer columns, small particles)

➢ High selectivity() 

temperature and pressure highly change selectivity

Separation is achieved by solvent gradient

➢ Limited efficiency (N)

pressure drop through the HPLC column

➢ High selectivity () 

numerous separation modes: RP, NP, HILIC

GC

Techniques for Triacylglycerol Separation

LC

SFC

Fatty acids

Native lipids

Native lipids



HPLC Techniques for Triacylglycerol Separation

• NARP-LC with C18-bonded silica stationary phases

retains the analytes according to hydrophobicity or partition number, PN = CN - (2*DB)

• Ag-HPLC on silica phases impregnated with silver nitrate

retains the analytes according to the double bond number

• Both methods are well suited for these hydrophobic compounds (no water in the mobile phases)

• Whatever the HPLC method, there are always unresolved pairs of peak:

TAGs having the same ECN (NARP-LC), TAGs with the same unsaturation number (Ag-HPLC)

• Both methods make use of toxic organic solvents

• In both methods elution gradients are required, resulting in an additional equilibration time



ELSD, CAD, APCI-MS/ESI detection

• The response coefficients vary depending on mobile phase composition while a mobile

phase gradient is always necessary to ensure the elution of all TAGs in LC.

• Quantitation requires multi-calibration, or post-column addition, or post-column gradient

compensation, because of the continuous change of the mobile phase composition.

UV detection

• The UV absorbance of TG is rather weak, requiring measurement at low wavelengths to

achieve a measurable response.

• The strong UV absorption of acetone or methylene chloride, which often compose mobile

phases in NARP-LC, hinders UV detection.

Techniques for Triacylglycerol Detection



▪ Ethanol: safe, high affinity for CO2 (SFE-SFC).

▪ Increases the mixture density, the polarity and also 

the specific interactions (hydrogen bonding). 

▪ scCO2 will also tune the dielectric and overall 

solvating properties of ethanol (permittivity).

Pure CO2

Critical pressure (PC): 73 atm

Critical temperature (TC): 31 °C 

SFs are highly compressed gases which combine 

properties of gases (high diffusivity) and liquids 

(solvating properties) in an intriguing manner. 

SFs offer a range of unusual chemical possibilities 

in both synthetic and analytical chemistry.

The modifier

SFC-PDA on Partially Porous Stationary Phases 

Faster analyses/Longer columns 

Higher resolution at moderate pressure drops 



Operation in SFC: Critical Point Loci for 

CO2 – Ethanol Binary Mixture

Yeo et al., J. Chem. Eng. Data 2000, 45, 932-935.

Al-Hamimi, Mayoral, Cunico & Turner, Anal. Chem. 2016, 88, 4336-4345.

xA (CO2) T/K T/°C P/bar %EtOH
phase transition 
pattern

1 304.10 30.95 73.8 0 CP
0.956 298.15 25 61.81 4.4 BP
0.956 303.15 30 67.46 4.4 BP

0.956 310.58 37.43 77.73 4.4 CP
0.956 313.15 40 81.18 4.4 DP
0.956 323.15 50 93.1 4.4 DP
0.938 303.15 30 66.78 6.2 BP
0.938 313.15 40 79.46 6.2 BP

0.938 318.24 45.09 86.35 6.2 CP
0.938 323.15 50 93.17 6.2 DP
0.938 333.15 60 104.95 6.2 DP
0.863 313.15 40 78.42 13.7 BP
0.863 323.15 50 93.38 13.7 BP

0.863 328.36 55.21 100.89 13.7 CP
0.863 333.15 60 107.64 13.7 DP
0.863 343.15 70 119.49 13.7 DP
0.769 323.15 50 92.55 23.1 BP
0.769 333.15 60 106.88 23.1 BP
0.769 343.15 70 119.84 23.1 BP

0.769 350.62 77.47 128.04 23.1 CP
0.769 353.15 80 130.59 23.1 DP
0.769 363.15 90 138.31 23.1 DP
0.697 363.15 90 137.34 30.3 BP
0.697 373.15 100 144.03 30.3 BP
0.697 376.15 103 146.78 30.3 BP

0.697 377.17 104.02 146.30 30.3 CP
0.697 378.16 105 145.89 30.3 DP
0.646 390.15 117 150.99 35.4 BP
0.646 392.15 119 151.19 35.4 BP

0.646 393.08 119.93 151.54 35.4 CP
0.646 395.15 122 151.74 35.4 DP

90 °C60 °C



The effect of column temperature 

on TAG separation 

by SFC

15 °C

20 °C

25 °C

30 °C
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Instrumentation (Shimadzu Nexera-UC System)

SFC-PDA on Partially Porous Stationary Phases 
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▪ Column: Ascentis Express C18                                       

(4 x 15 cm × 4.6 mm, 2.7 μm)

▪ Mobile phase: CO2 (A), Ethanol (B)

▪ Oven Temperature: 25 °C 

▪ Elution: Isocratic at 5% B 

▪ Flow rate: 2.0 mL min−1 

▪ Injection volume: 0.3 μL 

▪ Detection: 205 nm 

▪ BPR: 200 bar, 50 °C

LnLnP   CN= 52, DB= 6 LLLn   CN= 54, DB= 7

PARTITION NUMBER: 40

Peak 1: LnLnP

Peak 2: LLLn

One Column (15 cm)
Two Columns (30 cm)
Three Columns (45 cm)
Four Columns (60 cm)

SFC-PDA Method for TAG Analysis



SFC-PDA Analysis of Vegetable Oils



SFC-PDA Analysis of Vegetable Oils



SFC-PDA Analysis of Vegetable Oils

The elution order of TAGs was mainly governed by hydrophobicity of the solutes: retention increases with PN

Similarly to what observed in RP-HPLC on ODS columns, the apolar character of TAGs becomes dominant at

the higher PN values, providing more interaction with the separation medium and diminished solubility in the

mobile phase; as a result, the retention increases.

Specific behaviours: the reversal of the retention order between TAGs differing by one palmitic (P, C16:0) or one

oleic (O, C18:1) chain. This point resolves most difficulties encountered in NARP-LC for pairs of peaks such as

PLO/OLO:

OLP PN= (52)-(2x3)=46

OLO PN= (54)-(2x4)=46



TAG Identification in Vegetable Oils

A classical retention diagram provides additional

suggestions to:

• identify minor compounds that would not have

been described previously

• annotate the chromatograms of previously

undescribed oils

This diagram is based on the identical energy transfer, i.e. 

retention variation, related to an identical structural 

modification between two analytes. 

• Increasing the number of methylene groups causes a 

regular variation in retention. 

• The same effect can be observed when varying the 

number of double bonds. 

Goiffon Diagram 



One major difference from NARP-LC is that 

the solubility of Palmitate chain (P, C16:0) in 

the subcritical mobile phase is higher than the 

one of Oleate (O, C18:1).

This different retention and solubility between 

NARP-HPLC and SFC partly explains the 

improvement of resolution obtained in SFC, 

which is not only related to efficiency 

performance.

Difficult identifications concern TAGs having 

identical partition number, with the same CN 

and DB, and saturated TAGs. 

Retention decreases with increasing DB, with straight lines 

Connecting compounds of a series. 



PN    CN   DB

OOO 48     54   3

OLO 46     54   4

OLL 44     54   5

LLL 42     54   6

log k’ 

DB

Different PN

same CN, different DB

TAG Identification in Vegetable Oils



PN    CN   DB

OOO 48     54   3

OOP 48     52   2

OPP 48     50   1

PPP 48     48   0

DB

log k’ 

TAG Identification in Vegetable Oils

Same PN

different CN, different DB



• The chromatographic quantitation of TAGs is usually based only on the relative areas of

chromatographic peaks, neglecting potential differences in the relative responses of TAGs

differing in the number of double bonds and acyl chain lengths.

• The obvious advantage of such an approach is its simplicity, but it may lead to significant

systematic errors in the determination of TAG concentration.

• Lipid samples contain very complex TAG mixtures, but commercial standards are available only

for a limited range of TAGs, mostly single-acid type R1R1R1.

• Less common TAGs are expensive and PUFAs are prone to oxidation, hence quantitation based

on the calibration curves for all TGs is practically impossible even if only major TAGs are taken

into account. 

An approach for the quantitation of complex TAG mixtures with a limited range of authentic TAG 

standards (single-acid type) was sought in this work.

TAG Quantification in Vegetable Oils



• Working solutions of saturated TAGs (MMM, PPP, MaMaMa, SSS) at 100, 200, 500, 1000, 2000,

5000 mg/L and unsaturated TAGs (PoPoPo, OOO, LLL, LnLnLn) at 100, 200, 500, 1000, 2000 mg/L

• Working solution of OOO, OO, O at 100, 200, 500, 1000 and 2000 mg/L

• Matrix-matched in oil samples (3%) to check for matrix effects (5 L injection)

• Calculation of the RFs (ratio of calibration slopes a(OOO)/a(TAG) and the weighing factors)

• Validation by with GC-MS with LRI

• Comparison with GC-FID results (FAMEs samples on SLB-IL 60, 30 m x 0.25 mm x 0.20 m)

TAG Quantification in Vegetable Oils



The UV absorbance of TAG at 205 nm results from:

(a) the ester functions linking the hydrocarbon chains to the glycerol

head, which should be the same to all TAGs

(b) the double bonds in the hydrocarbon chains, which would differ

between the TG.

TAGs having different chain length and identical double bonds show 

close UV absorbance, while TAG with different numbers of double 

bonds have significantly different absorbance (aUV). 

aUV

Total number of DB in TAGs

y = 33.76x + 4397.5
R² = 0.9985

0
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SSS (IPA-205 nm)

• 5 calibration points provided better precision than RFs based 

on a single point only.

• the ratio of calibration slopes a(OOO)/a(TAG) was used for

the calculation of RFs of individual TAGs.

TAG Quantification in Vegetable Oils

SSS (RFSSS= 9.7)

OOO (RFOOO= 1)



Detection of EVOO Adulteration

• The addition of vegetable oils of low commercial and nutritional values to olive oils represents

common adulterations that are reflected in the final oil composition and quality.

• Samples: EVOO, EVOO spiked with 5-50% of adulterant oils (corn, soybean, peanut)

Evaluation of statistically significant differences 

(ANOVA)

Biplot (PCA)



NARP-HPLC*  

analysis time:  > 100 min

solvent consumption: > 120 mL (AcN, IPA)

SFC 

analysis time: < 35 min

solvent consumption: 3.5 mL (bio-EtOH)
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INSTRUMENT PRESSURE LIMIT

660 bar

NARP-HPLC

SFC

*Holcapek et al. J. Sep. Sci. 2005, 28, 1315-1333

▪ NARP-HPLC: max of 3 columns (15 cm each)

▪ SFC: up to 12 columns can be coupled, 

reaching a total length of 180 cm

The experimental pressure drop is much lower 

in SFC compared to NARP-HPLC

Method Features: NARP-HPLC vs. SFC 



1. Sample treatment and preparation

2. Sample size and number of samples

3. In Situ measurements or in laboratory

4. Analytical steps

5. Automation/minizaturization of analytical method

6. Use of derivatization reagents

7. Volume of analytical waste generated

8. Number of analysis determined

9. Energy consumption

10. Use of reagents from renewable sources

11. Use of toxic reagents

12. Safety of the operator

Analytical GREEnness Metric Approach

Method Features: NARP-HPLC vs. SFC 

SubFC method

0 1
green

NARP-HPLC method



Profiling of Oxygen Heterocyclic Compounds 

in Cold-pressed Citrus Essential Oils



coumarines furocoumarines

polymethoxyflavones



Published Methods for OHC Analysis 

HPLC-PDA (LRI), HPLC-MS/MS

SFC-MS/MS



Column: Ascentis Express C18 (5 cm × 4.6 mm × 2.7 µm) 

Mobile phase: H2O/MeOH/THF 85:10:5 v/v (A); MeOH/THF 95:5 v/v (B)

Elution: 0–4.5 min, 15–28% B; 4.5–7.0 min, 28–60% B; 7.0–11.0 min, 60–85% B, and 11.0–14.0, 85% B.

PDA: 190-400 nm, chrom. extr. 315 nm

Flow rate: 2.0 mL min-1; Oven temperature: 40 °C; Injection volume: 2 µL

OHC Standard Mixture

RP-HPLC-PDA Analysis



RP-HPLC-PDA Analysis

Column: Ascentis Express C18 
(5 cm × 4.6 mm × 2.7 µm) 

Mobile phase: H2O/MeOH/THF 85:10:5 v/v (A); 
MeOH/THF 95:5 v/v (B)

Elution: 0–4.5 min, 15–28% B; 4.5–7.0 min, 
28–60% B; 7.0–11.0 min, 60–85% B, and 11.0–
14.0, 85% B.

Flow rate: 2.0 mL min-1

PDA: 190-400 nm, chrom. extr. 315 nm

Oven temperature: 40 °C

Injection volume: 2 µL

OHCs in Citrus cold-pressed EO samples



Column: Ascentis Express HILIC (25 cm × 2.1 mm × 2.7 µm) 

Injection volume: 1 µL

Mobile phase: CO2 (A); EtOH + 0.6% water and 0.07% TFA (B)

Elution: 0-1 min, 0-3% B; 4-6 min, 3-10% B; 11 min, 20% B 

Flow rate: 1.0 mL min-1

PDA: 190-400 nm, chrom. extr. 315 nm

BPR: 120 bar

Oven temperature: 40 °C

Nexera-UC

Energy consumption

SFC-PDA Analysis



SFC-PDA Analysis

SFC-PDA chromatogram of cold-pressed 

LIME essential oil



SFC-PDA Analysis

SFC-PDA chromatogram of cold-pressed 

LEMON essential oil



Analysis Costs

Analysis time: 19 min

Mobile phase A: H2O/MeOH/THF, 85:10:5, v/v
  
Mobile phase B: MeOH/THF, 95:5, v/v

Solvent consumption: 38 mL 

Mobile phase A consumption: 21 mL 
(17.85 mL H2O + 2.1 mL MeOH + 1.05 mL THF)

Mobile phase B consumption: 17 mL 
(16.15 mL MeOH + 0.85 mL THF)

Solvent cost:  2.03 €/analysis

Water 33.70 € (1L)
Methanol 58.50 € (1L)
Tetrahydrofuran 197 € (1L)

Waste disposal: 38 mL, 0.095 €

Analysis time: 15 min

Mobile phase A: CO2 
 
Mobile phase B: EtOH/TFA, 95:5, v/v

Solvent consumption: 15 mL 

Mobile phase A consumption: 14 mL 
(14 mL CO2)

Mobile phase B consumption: 1 mL 
(0.95 mL EtOH + 0.05 mL TFA)

Solvent cost: 0.084 €/analysis

Compressed CO2 165 € (1,500 L)
Bio-ethanol 16.40 € (1L)
Trifluoroacetic acid 132 € (100 mL)

Waste disposal: 1 mL, 0.0025 €

HPLC-PDA SFC-PDA



1. Sample treatment and preparation

2. Sample size and number of samples

3. In Situ measurements or in laboratory

4. Analytical steps

5. Automation/minizaturization of method

6. Use of derivatization reagents

7. Volume of analytical waste generated

8. Number of analysis determined

9. Energy consumption

10. Use of reagents from renewable sources

11. Use of toxic reagents

12. Safety of the operator

Analytical GREEnness Metric Approach

Method Features: NARP-HPLC vs. SFC 

0 1
green

RP-HPLC-PDA SFC-PDA



Analysis of Alkylpyrazines from Maillard Reaction 

in Foods



1D-GC–TOFMS analysis of potato chips sample. 

L. Lojzova et al., Analytica Chimica Acta 641 

(2009)

TIC

deconvolution                

of 2,5- and 

2,6-dimethylpyrazine

M. Mazzucotelli et al., 

Talanta 259 (2023)

2D topographic plot of roasted 

hazelnut samples.

Challenges in Pyrazine Analysis



1. pyrazine
2. 2-methylpyrazine
3. 3-methylpyrazole
4. 2,6-dimethylpyrazine
5. 2,3-dimethylpyrazine
6. 2-ethylpyrazine
7. 2,3,5-trimethylpyrazine
8. 2-ethyl-3-methylpyrazine
9. 2-Ethyl-3,5-dimethylpyrazine
10. 2-Ethyl-3,6-dimethylpyrazine
11. 2,3-diethylpyrazine
12. 2,5-dimethylfuran

R² = 0.9205
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Column: C18, 150 x 3.0 mm, L x I.D., 2.7 m
Elution: 2-60% acetonitrile into water in 30 min, at 0.8 mL/min
Detection: UV at 272 and 215 nm (1 uL injection).

HPLC-PDA Analysis on a C18 Column



1. pyrazine
2. 2-methylpyrazine
3. 3-methylpyrazole
4. 2,6-dimethylpyrazine
5. 2,3-dimethylpyrazine
6. 2-ethylpyrazine
7. 2,3,5-trimethylpyrazine
8. 2-ethyl-3-methylpyrazine
9. 2-Ethyl-3,5-dimethylpyrazine
10. 2-Ethyl-3,6-dimethylpyrazine
11. 2,3-diethylpyrazine
12. 2,5-dimethylfuran

logP

Column: SupelCarbon LC PGC, 150 x 3.0 mm, L x I.D., 2.7 m
Elution: 2-60% acetonitrile into water in 30 min, at 0.8 mL/min
Detection: UV at 272 and 215 nm (1 uL injection).

HPLC-PDA Analysis on a PGC Column
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Column: PGC, 150 x 3.0 mm, L x I.D., 2.7 m

Elution: 1% Ethanol into CO2,  isocratic at 1.5 mL/min

Detection: UV at 272 nm; BPR: 101 bar

Temperature (& Selectivity)
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Datafile Name:pyrazines12.lcd
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Elution in SFC could be achieved by replacing 

60% gradient AcN with 1% bio-EtOH, isocratically

SFC-PDA Analysis on a PGC Column



SFC significantly reduces the usage of organic solvents 

and wastes by using SF CO2 as the mobile phase. 

Compliance of SFC with the principles of green chemistry: 

prevention of waste, use of safer solvents and reduced costs.

Renewable raw materials enable the reduction of the 

environmental impact with performance comparable to 

conventional petrochemical-based solvents.

Flow, composition, column temperature, and column outlet 

pressure are all independently controlled.

Limited pressure drops allow for faster analysis and/or 

higher separation efficiency.

Concluding Remarks
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