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Context

Functional food

Food industry market worldwide
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Context

Secondary plant ' , , Substitutes for
metabolites Bioactive compounds ' synthetic additives

Pharmacological and
, toxicological effects in
A Terpenoids humans and animals

Beneficial effect on
human health

Optimization of

G5 i

Extraction Separation Identification
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o]t 4 Sample pre-treatment
PLANT MATERIAL Collection, Classification,

washing, drying, grinding

- -

Conventional extraction Innovative extraction Solvent selection
techniques techniques v

Solvent selection

Organic solvents

(MeOH, EtOH, Acetone, EtAc...)
Water

Supercritical Fluids (Water, CO,)
lonic Liquids (IL)

Deep eutectic Solvents (DES)

v Ultrasound Assisted (UAE)

Solid — Liquide Extraction Microwave-assisted (MAE)
(Soxhlet, Maceration...) Supercritical Fluids

Pressurized Liquid (PLE)

Enzyme-assisted (EAE)

Microextraction (SPME, SDME...)

4 l Purification
Crude Extracts « Solid-Phase Extraction (SPE)
e Prep-Chromatography

v
Purified Extracts

Organic solvents
(MeOH, EtOH, Acetone, EtAc...)

Identification and
Quantification

Spectrophotometric analysis Chromatographic analysis

UV-Vis spectrophotometry . Thin—Layer.Chromatography (TLC)
Total Phenolic content (TPC) High Performance Thin-Layer Chromatography (HPTLC)

Total Flavonoid content (TFC) . .
Total Anthocyanins Content (TAC) Blo-gwded & chemo- High Performance Liquid Chromatography (HPLC)

.. L N . coupled with detectors : Non-volatile compounds (phenolic
Antioxidant activity (DPPH, ABTS, FRAP) gwded separation Mass Spectrometer (HPLC-MS) acids, flavonoids, anthocyanins ...

Diode Array Detector (HPLC-DAD)

Nuclear Magnetic Resonance Gas Chromatography (GC) coupled with detectors
Spectroscopy (NMR) Mass Spectrometer (GC-MS)
Flame lonization Detector (GC-FID)

Volatile compounds
Non-volatile (after derivatization)
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Context

ﬁ
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Green Analytical
Chemistry

- i
i ,.
o o

Improving the
environmental performance
of analytical methods

12 principles of GAC
Galuszka et al. 2013

G -

% Towards a green economy in Europe “Reduction in the use of

EU environmental policy targets and objectives 2010-2050 petro_chemlcal_ solvents and
\\/ volatile organic compounds

. > .
. European Environment Agency ‘,,') (f/ammable, volatile and
highly toxic)”

- B

Wastes
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Context

Deep Eutectic Solvents — DES

Natural Deep Eutectic Solvents — NaDES
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DES... whatis it ?

4

- Liquid
—> Low volatility

Solid compound 1 Solid compound 2 ——p  Chemical & thermal stability
Hydrogen Bond Hydrogen Bond — Non. flammable o
Acceptor Donor —> Environmental compatibility

—p Low cost

HBA HBD
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DES... what is it ?

4

— Liquid in a wide range of T°
—> Low vapor pressure

Solid compound 1 Solid compound 2 ——p  Chemical & thermal stability
Hydrogen Bond Hydrogen Bond —> Non flammable -
Acceptor Donor —> Environmental compatibility

- LOow cost

HBA HBD

—_—

Natural substances ‘ NaDES

Primary and secondary metabolites O High solubilization capacity
O Biodegradable

O Organic acids
O Amino acids
O Carbohydrates
O Terpenoids
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DES... what is it ?

DES phase diagram

TO

TO

melting melting

Tomelting (HBA)
Tomelting (HBD)
lid + Liqui 4
=0 quid * Solid + |iguid
s
Eutectic point
Solid
0% 25 0/ 50 % 75 % 100 %
100 % 75 % 50 % 25 % 0 %
HBA HBD
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DES... what is it ?

—

o
R, X
o Quaternary
Ry—™N—/R; .
| ammonium salts
R, (choline chloride)

NH,

:OH Amino acid
R (proline, asparagine...)

October, 28t, 2021 - Belgrade

o
\/M Organic acids
n OH (dodecanal...)
CH,OH
H o OH
H
OH H Carbohydrates
OH H (glucose, fructose...)
H OH

2" Scientific Symposium of the Pharmaceutical Association of Serbia 8/30
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DES... what is it ?

o R OH Alcqhols o
R, X . (propandiol, glycol...) . .
R;,—/N—R, . n OH (dodecanol...)
| ammonium salts .
Rs (choline chloride) 2
R——N—H Amines
(urea...) CH,OH
N R—NH
NH, 2 H O._ OH
.o . . H
:OH Amino acid OH H Carbohydrates
R (proline, asparagine...) OH H (glucose, fructose...)
0. R c// Carboxylic acids H OH
o \ (oxalic acid, lactic acid...)
~OH
Other molecules... Terpenes...
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DES structures and characterization

Heating / Stirring |
Mix of HBA & HBD A A& B il
(80 - 100°C) - 1h ©o
Abbott (2003) ;e
+ — w —
S \J
U ﬂ <
I;IE(? 70-120 °C 100-200 tr/min D ES

@ 30 — 120 min Liquid

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 9/30




, , October, 28t, 2021 - Belgrade
DES structures and characterization

Heating / Stirring Freeze-drying
Mix of HBA & HBD \ Mix of HBA & HBD
(80 -100°C) - 1h 00 + Water
Abbott (2003) - Lyophilisation
(Gutierrez 2009)
Ultra-sounds ‘ Grinding

Mix of HBA & HBD + grinding
No thermo-degradation
Better purity

(Florindo 2014)

Mix of HBA & HBD
+ US (300 W) — 45°C -
30 min - stirring

(Pan 2021)

Evaporation

Mix of HBA & HBD in an organic solvent
and/or water

Evaporation and desiccator until constant mass
(Dai 2013)

Microwaves

Mix of HBA & HBD +
MW (200 W) -20s

(Gomez 2018)

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 10/30



heat flow (exo. up)

DES structures and characterization

DSC

Differential Scanning Calorimetry

DES Phase Diagram S/L
L-menthol

& carboxylic acids
(*Martins et al. 2018)

(@)
T

b
L
_/—\-_\\V\ gl R 7
_/W—*ﬁ-—-m
- -
= ——”_\\N________:a:n M3
T N s w1 Thermogram DSC
[P _'_"“\/'—‘-—3 i L-menthol &
\rl' TriOctylPhosphineOxide
! (TOPO)
50 40 30 20 10 O 10 20 30 40 50 60 70 80 90 100 (*Asci et al. 2021)

Temperature ("C)
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DES structures and characterization

=== |Intermolecular Interactions: Hydrogen & Van der Walls

bonds Interactions
Lactic Acid — Glucose 5:1 Citric Acid — Fructose 1:1 Citric Acid — Glucose 1:1
HO 0]

OH

ot 0o \///
Ho— OH
OH

CFH

3)

200A 7

1924 S 171A CGH M -

(1)

;@)

o O
HO )S/OH
HO HO

e}

Pisano et al. 2018. Structural analysis of natural deep eutectic solvents. Theoretical and experimental study. https://doi.org/10.1016/j.microc.2018.08.016
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DES structures and characterization

=) [VIodeling of intermolecular

H H H lucose .
interactions with NMR .0 lﬂ—,l 3, lac. a.
210N e H-2, (H-3)
OH “ H-6a,
lactic acid
lac. a.
glucose k) i ' LGH
...........
H-1, H-i, g e J‘
. m F e v VY PP LA
8.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
.y - HO0
= HO ¢ 7 citric acid
L P\ qugliF) OH fructose H-2a| [H§2b
- H-4a b
2 HO NoH r S \
5 (B-D-fru) H-1b O OH O
o] H-5  H-3 He6a CFH
= residual water Hd HO 4 71 0H
H-6b H-1a o) OH
l b1y
L] 1 T L T T T T T L] T
5.5 5.0 4.5 4.0 3.5 3.0 2.0 1.5 1.0 0.5
OH ~ citric acid
4 s : :
HO 5 -0 . 0O OH! O
HO =\'_OH v gl
(B-D-glo)
-L-glu glucose
. CGH
H-1,, H-1,
| | LJ
1 L] T L] L] T L) L] L] T L
6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Pisano et al. 2018. Structural analysis of natural deep eutectic solvents. Theoretical and experimental study. https://doi.org/10.1016/j.microc.2018.08.016
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DES structures and characterization

=) [Viodeling of intermolecular
interactions with NMR

(1

1.83A |

o._ HOC
2T
ol CH

OH

e

CGH

0 (gtucose ] , lac. a
3 s iy H—J[S = s
210N e « H-2, (H-3)
OH “ H-6a,
lactic acid
lac. a
glucose k) . — LGH
AE = 8,57 Kcal/mol —_— T
H-1, H-1, o n g
55 5.0 4.5 4.0 3:5 3.0 2.5 2.0 1.5 1.0 0.5
— 5-_HOQo
= HO 3 3 citric acid
8 A OH fructose H-2a| [H2b
HO— unl 2> HO 1 H-4a b )
e @ OH -
5 (B-D-fru) H-1b O OH O
— H-5 = H-3 H-6a CFH
- residual water Ho HO 4 271N0H
, l H-6h H-1a e} OH
(3) T T T Ll = T L] Ll T
2.00A 5. 4.0 3.5 3.0 2.0 1.5 1.0 0.5
Fisik 4 ‘., _citricacid .
(1) . 0 OH:O
(B-D-gl) I %A
-glu glucose 0% ~oH
AE =10,51 KcaI/mo . CGH
H-1, H-1;
HO )"OH L] 1 T L L] L] T L‘J 1 L L L T
.m”'“ 6.0 55 50 4.5 4.0 3.5 3.0 2:5 2.0 1.5 1.0 0.5 0.0
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Pisano et al. 2018. Structural analysis of natural deep eutectic solvents. Theoretical and experimental study. https://doi.org/10.1016/j.microc.2018.08.016
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DES structures and characterization

=) Modeling of intermolecular interactions with FTIR spectroscopy

®

/]

[C) —
Cl ;
Hbond £
= ]
OH |
1
§:£1uu-2950cm" \/
1
: —— Cholinc chloride a3600em™]  — L-carnitine
: Isosorbide Isosorbide
: —— Chls DES ) Cals DES ]
El . 1 2 L 2 1 L i a [ M " 1 M 1 L 1 i 1

1000 3500 336{': 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 300

Wavenumber (cm™) Wavenumber (¢cm™)

Pan et al. 2021. Intermolecular interactions in natural deep eutectic solvents and their effects on the ultrasound-assisted extraction of artemisinin from Artemisia annua. https://doi.org/10.1016/j.molliq.2021.115283

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 14/30



. . October, 28t, 2021 - Belgrade
DES structures and characterization

DES Properties GLEELIILE Polarity

Tailored solvent according
to HBA and HBD selection

Unique and modifiable properties =———

Hydrophilic character Hydrophobic character

Hydroxyl- Carboxyl- Alkyl Cycloalkyl
-OH -C=0 long chain groups

Njsas  Ngggs Terpenes

P 14666 Fatty acids

2003: DES 2011: NaDES 2015: Hydrophobic DES

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 15/30



DES structures and characterization

DES Properties GSOEELILEL

Melting point

DES Phase Diagram S/L
L-menthol

& Caprylic acid
(*Martins et al. 2018)

Impacted by
L H bonds and VdW interactions
L HBA and HBD chemical structure
L. HBA /HBD ratio
IN Counter-ion electronegativity (Cl, Br, ...)

2"d Scientific Symposium of the Pharmaceutical Association of Serbia
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DES structures and characterization

DES Properties GLEELIILE Melting point

Impacted by
L H bonds and VdW interactions
DES PhLase Diahg"lam S/L L HBA and HBD chemical structure
-mentho .
& Comolic acid II: HBA / HBD ratio
(*Martins et al. 2018) Counter-ion electronegativity (Cl, Br, ...)

Viscosity
& © DES24 (Exp)
Conventional Viscosity Viscosity - . % DEST{Exp)
solvents (mPa.s) (mPa.s) | %, DESLHEm
i \ O DES 83 (Exp)
Water Chol.Cl — Urea & ".m ------- Proposed model
=9
Ethanol 1,2 Chol.Cl — Citric Ac. 1000 g ! ".\ Viscosity decrease
Hexane 0,3 Menthol — Acetic Ac. 8,7 = 6 k- with temperature
Methanol 0,6 N,444-Cl — Decanoic Ac. 256 3 Q\.‘B‘-\_ﬂ k-1
- T -
Ethylene glycol 16 Betaine — Sucrose 874 . @“:32:3::@;.-_-2.,._._%--@ i

290 300 310 320 330 340 350 360
Temperature (K)
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DES structures and characterization

DES Properties GLEELIILE Density

Important parameter for DES design
and for extraction properties

0.8< p < 1.2 g/cm3

Heating

mmmms) Hydrophobic DES density <p,...,

Length of alkyl chain
mmmm) |nfluenced b |
Y HBA / HBD ratio

Polarity ’ 4

Adding water
in DES structure : + 50 % water
Density

‘ Breakdown of intermolecular

\_ interactions J

Viscosity

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 17/30
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Extraction with DES

Deep eutectic solvent—based
headspace single-drop microextraction

for the quantification of terpenes in spices

Christophe Marcic?!, Zélie Triaux'2, Hugues Petitjean?, Eric Marchionit

1

Universite

ene

de Strasbourg
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Extraction with DES
Microextraction

HS-SDME

HeadSpace SingleDrop MicroExtraction

+ Deep Eutectic Solvents
DES
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Extraction with DES
Microextraction

HS-SDME

HeadSpace SingleDrop MicroExtraction

+ Deep Eutectic Solvents
DES

§E
i @

80°C 90 min
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Extraction with DES
Microextraction

HS-SDME

HeadSpace SingleDrop MicroExtraction

+ Deep Eutectic Solvents
DES

ot

E
‘g
A N )
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Extraction with DES
Microextraction Deep Eutectic Solvents

HS-SDME + DES

HeadSpace SingleDrop MicroExtraction
‘Total ion chromatogram obtained for nutmeg extracts by DES-HS-SDME by GC-MS

2x107 + 27
1.5%107 -
=
23
. 14
11
5x10°%+ 15117 22
A I 26
_ 20 25
o ' 5 112 13 18 071 21 24
0 S =~ l‘*‘u‘. :
i 10 : 15 20 25 Time (min) 30

Selected compounds for the optimization by design of experiments.

1, a-Pinene; 2, B-Pinene; 3, Sabinene; 4, 3-Carene; 5, a-Phellandrene; 6, 4-Carene; 7, Limonene; 8, y-Terpinene; 9, p-Cymene; 10 Terpinolene; 11, trans-Sabinene hydrate; 12, Copaene; 13, Linalool;
14, 1-Terpineol; 15, Bornyl acetate; 16, 4-Terpineol; 17, 4-Terpineol acetate; 18, B-Terpineol; 19, (E)-B-Farnesene; 20, a-Terpineol; 21, trans-Piperitol; 22, Safrole; 23, Methyl eugenol; 24, Eugenol;
25, Isoeugenol methyl ether; 26, Elemicin; 27, Myristicine

2"d Scientific Symposium of the Pharmaceutical Association of Serbia
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Extraction with DES

DES-HS-SDME Optimization

m DES Screening Design of Experiments
T S
N* Br | cr
fi Ho /\/\/VNL Extraction temperature (°C) A ’
Choline
Tetrabtkj)tr\c/)lranrir:jrzonium chloride 4/_/_/_/ Extraction time (mln)
N,,..-B e rioctylammonium Area of
aaaa™20 et Chgrlide Drop volume (uL) chromatographic peak
Nggg;-Cl
7 HBD e Sample mass (mg) 27 terpenes
O
Hexanoic acic:(l)H ButanOIOH %/ SynthESIS Of 10 DES Mat“x
O
N T o on «ensure drop stability»
U
- PR 7> Low volatility
o Decanol Low vapor pressure
oH = High viscosity
Lo bodecano! oH Medium polarity
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Extraction with DES

DES Screening

aa44Br/BuUL
1244Br/Oct
aaa4Br/Dec
aaa4Br/Dodec
aaa4Br/HexA
aaagBr/LactA
g231Cl/HexA
ss31Cl/Dodec
ChCl/Urea
ChCl/LactA

N
N
N
N
N
N
N
N

2

aaaq~Br

aaaq~BY

2 2

aaaq™BY

2

aaaq~Br

2

aaaq™BY

2

aaaq~BY

8881-CI

2 2

sas1Cl
ChCl

ChCl

Butanol
Octanol
Decanol
Dodecanol
Hexanoic acid
Lactic acid
Hexanoic acid
Dodecanol
Urea

Lactic acid

1:2
1:2
1:2
1:1
1:2
1:1
1:1
1:2
2:3

2"d Scientific Symposium of the Pharmaceutical Association of Serbia

a-Pinene
B-Pinene
Sabinene

3-Carene

a-Phellandrene

4-Carene

Limonene

y-Terpinene

p-Cymene

Terpinolene

Trans-Sabinen hydrate

Copaene
Linalool

1-Terpineol

October, 28t, 2021 - Belgrade

27 Terpenes

Bornyl acetate
4-Terpineol
4-Terpineol acetate
B-Terpineol
(E)-B-Farnesene
a-Terpineol
Trans-piperitol
Safrole

Methyl eugenol
Eugenol
Isoeugenol methyl ether
Elimicin

Myristicine

22/30
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Extraction with DES

Number of terpene extracted

Extraction

Nj444Br/LactA N,444Br/But

efficiency \

Nj444Br/HexA 30 N,444Br/Oct

36

Nggg,Cl/HexA 29

32

Nygq,Cl/Dodec N,444Br/Dodec

ChCl/Urea ChCl/LactA
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Extraction with DES

Number of terpene extracted

Extraction

efficiency

Matrix

42
N,44,Br/Dodec

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 23/30



Extraction with DES

Desirability parameter

N

Consider the greatest number of responses

\\\

to find an optimum which is a compromise
between all the optimums for each response

Optimal extraction conditions
for DES-HS-SDME

T°=80°C t..=90 min

V=1.5puL m =50 mg

October, 28t, 2021 - Belgrade

Finding compromise parameters

Extraction temperature, T° (°C)

Extraction time, t_,,(min)

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 24/30



Extraction with DES

October, 28t, 2021 - Belgrade

Methods

DES - HS — SDME & J8 GC — MS

Matrices

Cinnamon Cumin Thyme Nutmeg

16 compounds 20 compounds 4 compounds 16 compounds 32 compounds 42 compounds
Cinnamaldehyde n.q. Cuminaldehyde 53634 +9482| |Estragole 13473 +106 Eugenol 1,226,059 +32216 |Thymol 293,997 +43804| [Myristicine n. q.
Caryophyllene 1170 :190| |(E)-B-farnesene 13640 :2062| |Limonene 1424 + 221 Caryophyllene289,518 +7437] |Carvacrol 251,452 +27400| |B-pinene 231,250 + 42013
a-Terpineol 760 £ 95 p-Cymene 1631 + 110 Anethol 153 5 a-Humulene 38483 +1588 p-Cimene 222,629 +21000( |a-Pinene 212,672 :28137
Borneol 730 117 Caryophyllene 1221 +241 6-Cadinene n.q. (2)-B-farnesene 7270 427 Linalool 84394 : 14182 4-Terpineol 82752 +7232
a-Humulene 203 28 Carvacrol 758 £ 123 a-Terpineol 777 £34 Caryophyllene 13892 + 1931 Limonene 82718 :11980
Cuminaldehyde 45 16 B-pinene 524 +112 Cuminaldehyde 699 24 a-Pinene 11189 +1135 p-Cimene 22763 + 1881

Concentrations in  ug/g

2"d Scientific Symposium of the Pharmaceutical Association of Serbia 25/30
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DES... are they really non toxic ?

Check the cell viability in the solvent
|\/|
| 'E%/H 'm| |£m“|

| Et. Ac. | | Methanol | [ oom | @.
D . h

“What do you do with the extract ?” — - Y
Test the bioactivity of the extract. Dilution of the solvent
Antioxidant ? - Dilution of the molecules of interest

Anti-inflammatory ?
Antibacterial ?
Antinociceptive ? = p)
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DES... are they really non toxic ?

. {various
VR concentration)
AsPC-1 nent: Propidium iodide staining
Human pancreatic Marker of dead cell
adenocarcinoma
cell line

Fluorescence:
dead Quantification of
- - dead and live cells
meg 10 10" 1w* Esa?%

Propidium lodide fluorescence
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