o Sekcije za analiticku kemiju i spektroskopiju
1926 Hrvatskog kemijskog drustva

Case studies related to analytics of biogenic
organic compounds: new green approaches,

environmental impact and forensic challenges

Slavica Razic
University of Belgrade, Faculty of Pharmacy
Department of Analytical Chemistry




The 12 Principles of Green Chemistry

Provides a framework for learning about
green chemistry and designing or improving
materials, products, processes and systems.

. Prevent waste

. Atom Economy

. Less Hazardous Synthesis

. Design Benign Chemicals

. Benign Solvents & Auxiliaries

. Design for Energy Efficiency

. Use of Renewable Feedstocks

Reduce Derivatives

. Catalysis (vs. Stoichiometric)

. Design for Degradation

. Real-Time Analysis for Pollution |
Prevention 4

. Inherently Benign Chemistry

for Accident Prevention
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www.acs.org/greenchemistry
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Institute

Bioactive compounds

~ to take the best from nature
~ in accordance with principles of green chemisty

~ plants as a promissing source

Green Chemistry Pocket Guide | The Chemistry of Nature

Green Chemistry Definition: 7he design,
development and implementation of chemical
products and processes that reduce or eliminate
the use and generation of hazardous
substarfes;_ — ==

- ~
Green Chemistry is doing chemistry the way
nature does chemistry — using renewable,
biodegradable materials which do not persist in

Zhe environment. P
i~

o — - T v
pen Chemisfry iSTsiTy catalsis and
biocatalysis to improve efficiency and conduct
pactions at low or ambient temperatures.

sreen Chemistry is a proven systems approach.

en Chemistry reduces negative human
th and environmental impacts.

Chemistry offers a strategic_path way
sustaina\ble futufeil, "\

To catalyze and enable the implementation of green chemistry
and engineering throughout the global chemical enterprise

Contact us: gci@acs.org




How to extract bioactive compounds ?

Distillations & Extractions

= HD
= SD

= SPME
= SE

= SDE
= PSE
= SFE
= SWE
= UAE
= SFE
= MAE
= SHS
= DHS

X X N N N X X X

Advantages
&

limitations
recoveries

(polarity of analytes, ...)
thermal and hydrolytic effect
(possible oxidation/degradation)
lower sensitivity for traces
solvent(s) residues
time and energy consumption
less “green”
automation




To keep in mind...

» depending on the plant origin and sample prep., extracts may

produce different effects.

~ extraction efficiency depends on the method used, the
sample particle size, solvents’ selectivity, temperature,
extraction time, pH, composition of particular matrix,

presence of interfering substances, etc., etc., ...




A few selected techniques...

> Soxhlet Extraction (SE)
» Ultrasound-assisted Extraction (UAE)
» Microwave-assisted Extraction (MAE)

» Subcritical water extraction (SCW)
... wWere compared
Recoveries of main bioactive cmpds. and antioxidant, anti-

microbial and cytotoxic activity of plant extracts (dwarf elder

and aronia).




pros & cons

» SE

Traditional standard technique, economical value.

Limitations: large amounts of solvents act at the temp

below their boiling points, time consuming,...

» UAE

The relatively good efficiency of ultrasound-assisted
extraction can be attributed to cavitation phenomenon
which, on the other hand, can also provoke a degradation
of analytes due to free-radicals formation.




pros & cons

» MAE

Reduction of extr. time and amounts of solvents

Microwaves induce sudden increase in temp. inside
the cellular structure, which might result in an
eventual rupturing of cell walls an rapid release of

plant constituents into surrounding medium.




Let’s think ,green”...

» Sub- and supercritical fluid extraction

» Replacing toxic solvents with benign fluids (CO, or H,0)

» Supercritical CO, is powerful in extraction of small
molecules and non-polar cmpds.
» Extension to more polar molecules, with a long side

chains - addition of co-solvents




Let’s continue thinking ,,green”...
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dielectric constant vs. temperature
acetone 25.0 /ZQZ t (°C) D
ethyl alcohol 25.0 (\345) 25 80
methyl alcohol  20.0 33.1 55 (\37 >
propyl alcohol 20.0 21.8 350 Tf
chloroform 20.0 4.8
hexane -90.0 2.0
ethylenamine 21.1 6.3
ethylene glycol 20.0 37.0
ether 20.0 4.3
water 25.0 80.4
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It is important ...

xtraction

» hydrolytic potential

- to find optimal conditions for
selective extraction of different classes of cmpd.

> more polar cmpd at lower and less polar at higher
temps.

- obtaining extracts with the highest content of biol.

active cmpd. and the lowest content of interfering

subst.

11




Case study 1

Sambucus ebulus L. (dwarf elder)

... was analyzed in terms of chemical and biological fingerprints.

= Y. A/ | 25t T Snae 8B

Dwarf elder berries
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Optimisation of the SCW extraction

» For each extract/case study and particular
cmpd. of interest

> Influence of the sample-to-solvent-ratio

o

Influence of the agitation rate

o

Influence of the pressure

o

Influence of the temperature

Influence of the extraction time

o

... in favor to the max yield of the key cmpds.

13




Qvalitative & Quantitative
analysis of SCW extract

! !

» HPLC-DAD - analysis of » total phenolics (Folin-

phenolics and Ciocalteu’s method with
polyphenolic cmpds. clorogenic acid as a cal.
stand.); CAE

» total flavonoids

(Markham’s method with

rutin as a cal. stand.); RE
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Total phenols and flavonoids in roots, leaves and

fruits extracts of Sambucus ebulus L.

140

120 116.3+0.36

100

80 1.33+0.15 72.94:091

37.26x0.22
27 4+0.46

17.7+0.31
2

o

o

Fruit

B Total phenols (mg CAE/g) M Total flavonoids (mg RE/g)

« photosynthesis,
« transpiration and
* gas exchange
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HPLC-DAD: Content of phenolic compounds (mg/L)

Compound Roots Leaves Fruits
| gallic acid | i_2_0_8._8fl ____ e 14135 e 868.98 | |
protocatechuic acid 12.23 19.56 39.16
catechin N N R
chlorogenic acid 5.96 L 27469 | 36.82 1
vanillic acid n.d. EEEEE e R e e
caffeic acid 4.28 .128.88 | 17.21 1
epicatechin <L0Q (1.49) | <LOQ(1.46) <LOQ (0.94)
syringic acid n.d. <LOQ (3.60) n.d.
p-coumaric acid <LOQ (2.21) | 4.66 <LOQ (1.29)
ferulic acid <LOQ (2.36) <LOQ (1.79) 3.38
sinapic acid <LOD (1.47) | <LOD (0.84) <LOD (0.49)
naringin 1.82 5.31 1.97
rutin n.d. , 24.37 6.53
cinnamic acid n.d. 2.44 n.d.
naringenin n.d. | n.d. n.d.
quercetin n.d. <LOQ (2.33) <LOD (1.24)

*n.d. - not detected, **LOQ - limit of quant., ***LOD - limit of det.
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Free-radicals activity

- beginning
| of illness
—" F
normal cell Cell attacked cell under
by free radicals oxidative stress

Free-radical scavenging activity and ...

flavonole quercetin

... responsible groups in flavonoids
17




Free- radical scavenging capacity

DPPH assay
» 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical = = DPPH-H

0 . . Asample .
%RSC =100 100

Ablank

ICs, — inhibitory conc. at 50%
(conc. of test sol. for achieving 50% scavenging capacity

FRAP (Ferric Reducing Antioxidant Power)

» reduction of Fe3+ with 2,4,6-Tris(2-pyridyl)-s-triazine (7P72)

EC;, - conc. of extract which gives half-maximal response

18




Antioxidant activity - DPPH and FRAP tests

0.35
0.31+0.015

0.3

0.25

wh

fo—

1Cs, values (mg/mL)

Root

®DPPH mReducing Power

0.2
0.15+0.02
0
0.1 0.081+0.001
0.056+0.002 i
0
Leaf

0.24+0.01

Fruit




Cytotoxic activity - MTT assay

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
“»HelLa (human cervix adeno carcinoma cell line)
“*A-549 (human lung adenocarcinoma) and

“» S-174T (human colorectal adenocarcinoma)

IC,, value (ug/mlL)

Sample Hela A-549 LS-174T
roots 2.86+0.11 4.42+1.77 8.10+2.09
feaves [ 0.5850.18 | 0765001 | 1892049
fruits 1.03+0.00 2.85+1.00 1.89+0.20

IC;, - conc. which inhibits 50% of the cell growth [ug/mlL]

American National Cancer Institute: IC;, < 30 ug/mlL

20




Enzyme inhibitory activity

Diabetes mellitus (DM) is one of the most common
types of metabolic syndrome and the prevalence of it
is increasing day by day.

> the inhibition of carbohydrate digestive enzymes
(e-amylase and @ -glucosidase)

> the enzymes catalyze the hydrolysis of glycoside bonds

in carbohydrates resulting in free glucose.

» control blood glucose level in DM.

21




Enzyme inhibitory activity

» Tyrosinase is a copper-containing enzyme and plays a
key role in the synthesis of melanin.
> The inhibition of tyrosinase is considered an effective

therapeutic tool for pigmentation disorders.

22




Enzyme inhibitory activity

x- amylase inhibiton | x- glucosidase inhibition |Tyrosinase inhibition
Sam ple (mmol ACAE/g extract) | (mmol ACAE/g extract) | (mg KAE/g extract
roots 0.48 £0.02 0.37 =£0.11 9.32 +£0.55
leaves 0.42 +0.02 12.04 £0.05 | 19.67 £5.26
fruits 0.45 £0.01 1.40 £0.15 10.94 +0.89

*ACE- Acarbose equivalent , **KAE - Kojic acid equivalent

> very high concentrations of chlorogenic and caffeic acids
> anti-diabetic and anti-tyrosinase agents

The present work is the first study on enzyme inhibitory
properties of Sambucus ebulus, which could be considered as
valuable source of naturally-occurring enzyme inhibitory agents.

23




Case study 2

Chemical and biological characterization of
stems, leaves and berries Aronia melanocarpa's
extracts obtained by SWE

24




Total phenols and flavonoids in Total phenols and

flavonoids of Aronia samples (mean=+SD)

Total phenols Total flavonoids
(mg CAE/g extract) (mg RE/g extract)

Leaves
Berries

= 88+O 02 10.00i0.25
CAE - Chlorogenic acid equivalents; RE - Rutin equivalents.
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HPLC-DAD: Phenolics profile of aronia

Compound berries leaves stems
(mg/g of dry extract)

Protocatehuic acid nd nd 0.150
p-Hydroxybenzoic | 0.469 | 0.128 0.161
Caffeic acid n.d. n.d. 0.019
Vanillic acid | 0.238 | 0.041 n.d.
Chlorogenic 0.171 0.029 0.050
Syringic acid | 0.419 | 0.055 0.056
p-coumaric acid 0.175 0.093 0.033
Ferulic acid 023 - 00dy | 0051
Sinapic acid %LL-QLZ_ _0.547 | _0.290 1
Rutin '| 5.544 |10.693 | 1.264
Rosmarinic acid 0.236 0.155 0.115
Quercetin

Luteolin

Apigenin l 0.242 | 0.210 | 0.151 |

26




Antioxidant capacity of aronia samples

ICsq (Hg/mL)

Inhibitory activity

DPPH scavenging ABTS . .
S activity scavenging activity agdinst lipid
_beroxidation
Stems _ 35 43+£0.25 34.57+0.29 " 20.41+0.45 |
Leaves 30.45+0.94 u 32.94+0.54 " 213630.20°
Berries =3=2=47)16=5§ | 31.43+0.57 \ 24.49+0.38
Ascorbic acid 6.05+0.34 =s oL >1000
BHT 15.61+£1.26 19.32+0.72 1.00+0.23
| a-tocopherol | - | - | 0.48+0.05 |

» complex nature of phytochemicals or their synergetic/antagonist interactions

> different mechanisms of action, and different compound may participate in
scavenging different radicals

> usually, second metabolites, such as polyphenols, are responsible for activity.

27




Enzyme inhibitory effects of aronia samples

Alzheimer's disease (AD) and new therapeutic strategies
- Cholinergic hypothesis: inhibition of hydrolysis of

acetylcholine in synaptic cleft may alleviate
the symptoms of AD

Aging and anti-age treatment
- Elastase is the main enzyme which causes the

breakdown of elastin, which is an important protein in
the extracellular matrix.

28




Enzyme inhibitory effects of aronia samples

AChE Inhibition BChE Inhibition Elastase
Samples (mg GALAE/g (mg GALAE/g (mmol CAE/g
_extract) _ extract)
Berries 0.605+0.066
Stems

GALAE - Galantamine equivalent; CAE - Catechin equivalent; n.a. - not active

Ability of aronia SWE extracts to inhibit cholinesterase and
elastase has not been reported yet.

29




Cytotoxic activity of aronia samples- MTT assay

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide ICs, - conc. which

A 0

< A-549 (human lung adenocarcinoma) inhibits 50% of the
cell growth [ug/mlL]

% LS-174T (human colorectal adenocarcinoma)

“» Hela (human cervix adeno carcinoma cell line) and

0‘0

* MRC-5 (normal human embryonic lung fibroblast)

Samples A-549 LS-174T Hela MRC-5 For the first time,
e demonstrated
Leaves L_Z;O_l +1.05| 1.38+0.28 | 0.69+0.08 1_72%(29@:: antitumor properties
Berries |4.21+1.06 | 5.4440.24 [3.4130.01 | 5.50%0.07 of the SWE aronia
Cisplatin | 2.83+0.18| 7.46+1.02 | 1.56=0.14 | 2.48=0.24 extracts.

Selectivity index in antitumor action of extracts and compounds

Samples
Leaves
Berries

Cisplatin

IC50 MRC5/|C50A_549

IC., MRC5/IC., LS-174T | IC;, MRC5/IC,, Hela
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Antimicrobial activities of aronia samples- Microdilution method

Microbial strains/ stems | leaves berries Amracin | Nistatin
Fungi (mg/mL)

Staphylococcus aureus | 156.25 | 39.10 78.20 19.53 /
Klebsiella pneumoniae |625.00 | 312.50 |312.50 39.10 /
Escherichia coli 19.53 |[312.50 |312.50 19.53 /

Proteus vulgaris 78.12 |39.10 78.20 156.25 /

Proteus mirabilis 312.50] 19.53 [ 78.12 312.50 /

Bacillus subtilis 625.00 | 78.12 312.50 /78.12 /

| Candida albicans | 39.10 [39.10 |78.20 |, /A 39.10 |
Aspergillus niger E@}Ej 312.50 |312.50 / 19.53

o Amracin - control the sensitivity of the tested bacteria

> Nystatin - control against the tested yeast

Minimum inhibitory concentration (MIC), mg/mL
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~ Extraction is a crucial step in the preparation of plant &

products.

~ Subcritical water in addition to its safety,
green character and low price, offers competitive

solvating properties and very good selectivity.

~ At this point, SCW could be considered as novel non-

toxic and green procedure.

» Both Sambucus ebulus and Aronia melanocarpa SWE

extracts exhibited remarkable biological activity.

» Great potential for preparing new phyto-

pharmaceuticals and functional food ingredients.

A y.
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BVOCs

Volatile organic compounds and metals
in thyme samples
— from chromatography and spectroscopy
via chemometrics to biosynthesis

Case study 3

1. Biogenic volatile organic compounds (BVOCs) and

—__————————___-
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- —~

¢ ii. Environmental impact 3
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Environmental impact

Terpenoids: a plant language

»carbon fixed by plants is emitted back into the
atmosphere as BVOCs

O plant-to plant signalling

O pathogen defence

O ozone quenching

O..

On a global scale, biogenic VOCs account for about
90% of total VOCs emissions.
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Environmental impact

Effects of increased BYOC emissions on
atmospheric chemistry and climate

Heleasa of latent
heat of waler
L ondensation

Bl ... - T
Aerosols and CCN +

Y

Increased biogenic volatile organic compound emissions

m._-- CCN — cloud condensation nuclei

TRENDS in Plant Science
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BVOCs

Responses to a warming world

Think globally, act locally...
U

Go to analytical lab !
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BVOC:s in thyme samples

Technique-dependent factors

Hydrodistillation (HD)

© environmentally friendly
© no solvent residue
© safe to operate

@ time and energy consuming

@ thermal and hydrolytic effect

@ loss of most polar and very vol. comp.
@ no automation

Static headspace extraction (SHS)

© good recovery of very vol. comp. (a-pinene, 1,8-cineole,...)
@ low sensitivity for traces

@ low recovery of low vol. comp.
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SHS extraction - optimization

| S XX
P X, Influence of temperature and time of
| equilibration on relative amount of neral and |
'; nergg  Scranial in HS extracts geranial
14.00 " e—60C 16.00 ] w\ o
i e Tl B N =
EIZ'L’Z | e Y~——3 =
E 6. \% E 8.00 —f#—100 °C
N X 6.00
20 min ;(:nr:Z 60 min 20 min E}r(:nn:g 60 min

HS equilibration under 90 °C for 30 min gave HS extract which
correlated the best with the composition of hydrodistilled EO.
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SHS extraction - optimization

3
. 1.8-cineole
a-pimene ’
8.00 25.00
7.00 /‘\0
20.00
6.00 — =
___— ¢ ——60° o ——
3 5.00 — eo-c £ 1500 E\K-/m ——60°C
—=—80°C N —m—30°
€ 400 80 °C
X H—_—L\,/. 90°C E,; 90°C
o~ 3.00 - — —#—-100°C & 10.00 —-100°C
2.00
5.00
1.00
0.00 0.00
20 min 30 min 60 min 20 min 30 min 60 min
Time Time

Influence of temperature and time of equilibration on relative
amount of a-pinene and 1,8-cineole in HS extracts
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SHS extraction - optimization

a-copaene ﬂ-bourbonene
0.60 6.00
_  m
0.50 EE——— 5.00 — —
0.40 4.00 - —e—6otc
. —0—60 °C g ——380°C
é 030 \./. —®—80°C E 3.00 H__\./I 90 °C
g 90°C " G, S —#-100°C
- . X 200
X 120 —#-100 °C
1.00
0.10
0.00
0.00 ¢ ‘ ¢ ‘ ¢ ‘ 20 min 30 min 60 min
20 min 30 min 60 min .
Ti Time
ime

Influence of temperature and time of equilibration on relative
amount of a-copaene and f-bourbonene in HS extracts
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Identification and quantification of BYOCs

GC-MS
Identification of constituents - comparing calculated Kovats
RI and MS spectra obtained from authentic samples,

NIST/Wiley spectra libraries and literature data (Adams,
2007).

The linear RIs were determined 1n relation to a homologues
series of n-alkanes (C9—C24) under the same operating
conditions.

GC-FID
Quantitative analysis of HD o1l and HS extracts

42




SHS-GC-MS

Abundance
41.0

9000

Abundance 93.0 n e ra I 8000
9500 \

. . 7000
- 69.0
(cis-citral) ...
7500
\ 5000
6500
4000
5500
3000
770
4500
PN 2000 53.0 840 940  109.0
3500 136.0
1210 1000 119.0
2500 43.0 1370 1520
1500 510 650 105.0 J,54 5 6 70 8 9 100 110 120 130 140 150 160
500 550 ,
Omiz40 5 60 70 80 90 100 110 120 130 140

y-terpinene

Abundance 9000 69.0 \ X
430 8000 ¢}
.
9000 1 8 I 7000
8000 y 'Clneo e
2000 6000
6000 5000
5000 4000
4000 81.0 Abundance
710 108.0 4650 3000 840
3000 55.0 93,0 139.0 .
2000 154.0 ‘ 2000
| 53.0 94.0
1000 1000 1090 1230  137.0
0 : ol ot A ] 152.0
miz--> 40 50 60 70 80 90 100 110 120 130 140 150 160 Owz>40 5 60 70 80 90 100 110 120 130 140 150 160

geranial
(trans-citral)

Wil " \ \ |
4000 NWM N \\" Y\v‘\/ \\/\/A‘A \\*"-/\‘\—‘./* \ \\\M.,_

Time—>  10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00

Static headspace extraction @ 70 °C, 30 min
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Inorganic analysis: sample prep. (MW) and
measurements (F-AAS, GF-AAS, ICP-OES)

@ 9
Oxi1 d 5%) and 1
x1genated monoterpenes (97 ) and metals
variables (features)
£ | |
| =
g 1,8-cineole cis-sabinene neral geranial Cr Ni Mo Cu Zn Mn Fe Mg Ca K Na
(2 hydrate
A21 2.21E-03 1.50E-01 6.81E-07 6.81E-07 0.511 1459 0.662 10490 42454  52.160 195.849 2589 11521 14683  17.78
A22 1.13E+01 1.20E-01 6.81E-07 6.81E-07 0474 2225 0357 13363 52.673  58.585 332.159 2337 10060 12816 8.4
A23 2.97E-03 1.87E-01 2.32E-01 4.94E-01 0.752 3.048  0.407 7.194  33.855 41.808 460.689 2424 9493 16082 17.44
3 B21 9.10E+00 1.92E+00 1.91E+01 1.99E+01  0.702 4.453  0.505 11.560  63.399 133.099 578.803 3230 12167 15110  55.1
& B22 2.92E+00 1.11E+00 1.78E+01 1.83E+01  0.727 1350  1.247 10396  77.664  20.542 240.066 1820 11816 18883  10.42
.2_< B23 4.07E+00 2.65E+00 1.59E+01 1.60E+01  0.828 1.390 0.151 7.045 106.663 140.935 206.546 2466 8572 17924 6.2
'Q C21 9.30E+00 5.98E+00 1.65E+01 1.69E+01  0.753 3.793  0.055 12.301 65.808 185.030 368.038 2639 10855 23067 114.013
()] C22 6.01E+00 3.42E+00  2.21E+01 2.34E+01 0.726 2.072 0.274 9.219  68.571 163.648 191.877 2427 10557 21113 112.66
C23 3.36E+00 5.51E+00 1.91E+01 1.97E+01  0.410 1.438 0.161 8.041 62.092  88.693 89.501 2104 7886 13191 2.53
D21 1.25E+01 2.05E-01 1.90E+01 1.99E+01  0.558 4.474 0.556 14.590 55.474  45.503 233.810 2773 11221 13457 9.34
D22 1.12E+01 8.50E-01 1.87E+01 1.87E+01  0.853  2.795  0.845 10.005  91.179  41.187 352.195 3803 10588 8006  10.97
D23 8.73E+00 3.88E+00 1.15E+01 1.21E+01  0.703 2.795 0.171 9.608  82.313 219.092 749.914 2685 10307 13323  14.72
E21 4.25E+00 9.01E-01 6.81E-07 6.81E-07 0.881 3.556 0.446 15.670  49.540  43.306 387.087 1827 10475 11192 24.2§
E22 7.56E+00 1.02E+00 6.81E-07 6.81E-07 0.960 4.010 1.115 11.610  43.823  62.837 406.713 2553 11989 11129  14.67
| _F23 4.69E+00 1.61E-01 6.81E-07 6.81E-07  0.705 3.067 1.163 12817 _48.792 45238 282,115 2668 11318 13133 14.9§

’ \ )
|

>5%
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= Principal Component Analysis and Factor Analysis
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Chemometrics approach

Rotated Component Matrix

Extraction Method: Principal Component Analysis.

Rotation Method: Varimax with Kaiser Normalization.
Rotation converged in 9 iterations

Component
1 2 3 4 5
cin 435 | .795 135 -154 .05
sah 365 -.116 657 465 -.023
mer || 905 032 138 286 -.152
ger [] .896f .040 143 299  -.157
Cr 043 -044 -206 |[.123| .810
Ni 124 824  -049 .063  .351
Mo 076 L0121l -919 -195 112
Cu 313 772 2720 022 -173
|Zn 821 -267 178 -058  .203
Mn 304 |.057 | .707 435 334
Fe -139 363 283 [.109] .754
Mg 497 420 -034 -303 @ .374
Ca 080 519 -663 258 273
K 126 -243 [150] .881 -.081
Na 1420 240 [183] .864  .118

cin - 1,8-cineole; sah - cis-sabinene hydrate;
ner — neral; ger - geranial

Component Plot in Rotated Space

PC2

1.0

0.0

PC1

PC3
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1: neral, geranial, Zn
2: 1,8-cineole, Ni
3: Mn/ Mo
4: K, Na
5: Cr, Fe
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Chemometrics approach

The proposed role of metals in the biosynthetic route of

citral in Th. pannonicus

I
OPP GES OH GEDHI No N | GEDH N
— _\I — —
—~——— —~——— ~N |
| | L 1 o @
I |
| |
geranyl geraniol ' geranial neral ! nerol
| 1o o e J
iphosphate
Component
GES — Geraniol Synthase . 1 2 3 4 )
. cin 4350 795 135 -154  .051
GEDH - Geraniol Dehydrogenase an o 116 657 465 -.023
] ner 1.905] .032] .138  .286 -.152
1: neral, geranial, Zn ger 896| .040 143 299 -.157
Cr 043  -044 -296 123  .810
3: Mn/ Mo INi -124  .824 -049 .063  .351
Mo -0760 .012 |-919| -.195 112
Cu - 31 772 -272 022 -173
Zn 821 -.267 178 -.058  .203
Mn .304 .057 .707 435 .334
Fe -1390  .363] .283 -109  .754
Mg 497 420 -.034 -303 .374
Ca -080 519 -663  .258 .273
K 126 -243 1500 .881 -.081
Na 1420 240 183  .864  .118




objects

» monoterpene hydrocarbons
» oxigenated monoterpenes
» sesquiterpene hydrocarbons

variables (features)

% P 1.8 cis- p-

£ o-pinene L sabinene bourbon Cr Ni Mo Cu Zn Mn Fe Mg Ca K Na

< cymene cineole

) hydrate  ene

A21 4,850 7,768 0,002 0,150 1,923 0,511 1,459 0,662 10,490 42,454 52,160 195,849 2589 11521 14683 17,78

A22 10,296 0,685 11,298 0,120 0,836, 0,474 2,225 0,357 13,363 52,673 58,585 332,159 2337 10060 12816 8.4

A23 7,963 11,852 0,003 0,187 2,140 0,752 3,048 0,407 7,194 33,855 41,808 460,689 2424 9493 16082 17,44

B21 1,553 0,731 9,103 1,919 1,396 0,702, 4,453 0,505 11,560 63,399 133,099 578,803 3230 12167 15110 55,10

B22 1,581 0,992 2,915 1,112 1,223 0,727 1350 1,247 10396 77,664 20,542 240,066 1820 11816 18883 10,42

B23 2,175 0,393 4,067 2,647 2,097 0,828 1,390 0,151 7,045 106,663 140,935 206,546 2466 8572 17924 6,20

C21 2,101 2,747 9,297 5,981 1,698 0,753 3,793 0,055 12,301 65,808 185,030 368,038 2639 10855 23067 114,01

C22 0,726 2,389 6,009 3,418 0,812/ 0,726 2,072 0,274 9,219 68,571 163,648 191,877 2427 10557 21113 112,66

Cc23 2,485 3,126 3,357 5509 0,990 0410 1,438 0,161 8,041 62,092 88,693 89,501 2104 7886 13191 2,53

D21 1,307 0,719 12,525 0,205 3,590 0,558 4,474 0,556 14,590 55,474 45,503 233,810 2773 11221 13457 9,34

D22 1,242 0,789 11,208 0,850 1,849 0,853 2,795 0,845 10,005 91,179 41,187 352,195 3803 10588 8006 10,97

D23 3,606 4,279 8,733 3,882 2,138 0,703 2,795 0,171 9,608 82,313 219,092 749,914 2685 10307 13323 14,72

E21 11,906 1,670, 4,252 0,901 0,613 0,881 3,556 0,446 15,670 49,540 43,306 387,087 1827 10475 11192 24,28

E22 4506 3261 7,561 1,021 0877 0960 4,010 1,115 11,610 43,823 62,837 406,713 2553 11989 11129 14,67
| E23 35,584 0.381 4.687 0.161 0,399 0,705 _3.067 1.163 12817 48.792 45238 282.115 2668 11318 13133 14.98

1
present in all samples
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Chemometrics approach

Rotated Component Matrix

Extraction Method: Principal Component Analysis. Rotation Method: Varimax
with Kaiser Normalization. a Rotation converged in 14 iterations

Component

1 2 3 4 5 6
pin 233 -172 -.318 [-.695] -.443 -.033
cym 049 .197] [-.852] .053 .128 .058
cin 233 252 [897]-.082 -.040 .065
sah -244 7] 3221 .085 286 .296
Bour -061 108 -214 [C867] .001 -.084
Cr 1620 -.059 .104 -.027] .082 [928]
Ni [894] .037] .0220 .059 -.101 .210
Mo 069 [-926] .052 -.074 -.151 .175
Cu 729 -320] .323 -.305 .081 -.223
Zn -369 324 7040 363 .054 216
Mn 145 [883] .079 179 .181 .059
Fe 647, .063 -.136 .104 -126 573
Mg 4260 031 126 (696 -.261 .135
Ca [607] -564 085 .085 .405 .224
K -1920 3300 -.146] -.035 L8087 -.090
Na 5300 .198 -.103 .009 .689 .305

pin - a-pinene; cym — p-cymene; sah- sabinene hydrate;
bour — B-bourbonene

Component Plot in Rotated Space

1.0

' i k |-
n%% o
PC2 0.0 @

2: cis-sabinene hydrate, Mn / Mo
3: 1,8-cineole, Zn / p-cymene
4: B-bourbonene, Mg / a-pinene
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Chemometrics approach

2: cis-sabinene hydrate and Mn / Mo

OPP SHS ©
HzO .

geranyl czs-sablnene
diphosphate hydrate

SHS - Sabinene Hydrate Synthase
catalyzes Mn?* dependent
cyclization of geranyl diphosphate to
the bicyclic monoterpene alcohols -
sabinene hydrate.

* hydroxyl group is derived from

water.

Enzymatic synthesis of cis-sabinene hydrate
in Thymus pannonicus could be Mn?*-dependent process.
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Chemometrics approach

Cineole's got an unusual structure,
how is it made?

3: 1,8-cineole, Zn / p-cymene

OPP OPP”
D ' 3
_> |
I I
geranyl +
diphosphate

Zn (or Mn)

(
H-O

AN

cation

Got any
1,8-cineole?

(H'
-H'
>
OH
o-terpineol terpinen-4-yl  y-terpinene

terpinyl cation .
th’hﬁcaﬁon enzyme 1,8-cineole synthase

p-cymeng




Chemometrics approach

4: f-bourbonene, Mg / a—pinene

Y520 .—}
w273 ’
<

‘v

D525
NS NS NS
_ OPP _
farnesyl diphosphate " of ;: a
- 1528 o
”l Rzg;? ” s D301

¥ ' .
L ]
— R264

sesquiterpene cyclase
1 ,3-hydride shift from tobacco

- T

J ¥ i

B-bourbonene

Dalton D.R., Foundations of Organic Chemistry: Unity and Diversity of

Structures, Pathways, and Reactions, Wiley, 2011. 5>




SHS-GC-MS / SHS-GC-FID

» BVOCs and environmental chemistry
» HS analysis — analytical challenge

» knowledge of the composition of headspace
of great interest from a chemotaxonomic and
biogenetic point of view.

» significant correlations BVOCs — metals and the
role of metals in the biosynthesis of
volatiles.




Plant Physiology and Biochemistry 71 (2013) 298—306

Contents lists available at ScienceDirect

Plant Physiology and Biochemistry

FI SFVIFR journal homepage: www.elsevier.com/locate/plaphy

Research article

A chemometrics as a powerful tool in the elucidation of the role of
metals in the biosynthesis of volatile organic compounds in Hungarian
thyme samples

Jelena Arsenijevi¢™*, Jelena Markovi¢®, Ivan Sostaric¢€, Slavica Razic¢®

“University of Belgrade — Faculty of Pharmacy, Department of Pharmacognosy, Vojvode Stepe 450, 11221 Belgrade, Serbia
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29

“Sampling

Short story of of cannabis

/———\

N\

<. Cannabis sativa -~
~ 7

~ //

—

Case study 4

Cannabis indica

Young hemp plants were seized by the Police authorities
as plant material, grown illegally under controlled indoor
conditions.
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Qualitative analysis of plant material

The positive forensic identification of herbal material as C. sativa by
Recommended Methods for Identification and Analyses of
Cannabis and its products. United Nations Office on Drugs and
Crime. New York instructions (2009).

Macroscopically and microscopically

Microscopic images for a) upper leaf surface b) lower leaf surface and
c) leaf cross-section of Cannabis sativa L.
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Approximately 70 cannabinoids are known to exist, classified
into 11 cannabinoid types.

Cannabinoids are terpenophenolic compounds unique to

cannabis.

The most important in the sense of forensic examination

U

Nz o8 :
N A e

(b) (c)

A%-tetrahydrocannabinol
(A%-THC)

cannabidiol (CBD) cannabinol (CBN)
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Semiquantitative analysis of cannabinoids
in hemp’s samples by TLC

CBN & CBD
cBD | CBN & THC

CBD

THC

. . 28 M Mc
Cannabinoids standards (CBN, THC and CBD);
young cannabis samples (8, 12, 16, 20, 24 and 28);

mature plants analyzed after 3 years (M) and immidiatelly analyzed (Mc)
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1. Quantitative analysis of cannabinoids in

Cannabis leaves (mg/mL) by GC-FID

2. Quantitative analysis of metals
in hemp’s samples by F-AAS and ET-AAS

Chemometrics approach
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Chemometrics approach

The correlation matrix of the elements

and cannabinoids data
(Pearson correlation)

[w]
Q
=3
@

1 m m

h2

R
m 1

m

correlation
matrix,
diagonals
substituated by
communalities

correlation

\'natrix

—

Jo uoljewysa

99!8!@"“&&- /

=

m

| uononpai

1s

n

uoljejol

|

w

m

factor scores

factor
loadings

factor

) m — Variables
loadings

$81093S 10)oe}
10 uopeWwSe

n - Objects
s— Factors (s <m)

Cu Fe Mn Zn Cr Ca Mg THC CBD
Fe -0.344
0.505
Mn 0.484 | -0.134
0.331 | 0.800
Zn 0.201 | -0.675 | 0.496
0.702 | 0.142 | 0.317
Cr -0.097 | 0.628 | -0.097 | -0.775
0.855 | 0.182 | 0.855 | 0.070
Ca 0.452 | 0.464 | 0.443 | -0.224 | 0.649
0.368 | 0.354 | 0.379 | 0.670 | 0.163
Mg -0.724 | 0.272 | -0.176 | -0.148 | -0.190 | -0.622
0.104 | 0.602 | 0.739 | 0.780 | 0.719 | 0.188
THC 0.061 | -0.379 | 0.791 | 0.618 | -0.373 | -0.145 | 0.285
0.909 | 0.459 | 0.061 | 0.191 | 0.467 | 0.784 | 0.584
CBD -0.113 | -0.411 | -0.331 | 0.596 | -0.659 | -0.378 | -0.176 | -0.209
0.831 | 0.418 | 0.522 | 0.212 | 0.155 | 0.460 | 0.379 | 0.691
CBN 0.332 | -0.602 | 0.813 | 0.802 | -0.545 | -0.111 | 0.000 | 0.929 | 0.011
0.520 | 0.206 | 0.049 | 0.055 | 0.263 | 0.835 | 1.000 | 0.007 | 0.984
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Chemometrics approach

,_
I

Principal Component Analysis (PCA)

Eigen analysis

O
;
Ik
|

@OO\ICDU‘I-PIOOI\J—\

RN
o

4.647E-16
2.900E-16
2.918E-17
-9.370E-17
-6.144E-16

% ﬂ \/Eri@ce
42.086

27.786

2.900E-15
2.918E-16
-9.370E-16
-6.144E-15

Cumulative %

__________________________________

| Eigenvalue

Component Number

Scree plot -




Chemometrics approach

Rotated component matrix

Extraction Method: PCA.

a3 : .
3 diagonals

Rotation Method: Varimax with Kaiser Normalization.|” /= \
Rotation converged in 5 iterations. !\—’m /‘!i T _
Pc1 | PC2 | PC3 E At S T
ICu 0.258 | -0.091 | 0.842
IFe -0289 | 0.790 | -0.177 /\
Mn | 0912 | 0.123 | 0.345 ' o Son
Zn | 0.548 | -0.765| 0.129 : .
PC2 oo L ”
ICr -0.266 | 0.878 | 0.194 °
ICa 0.071 | 0.601 | 0.721
Mg | 0.142 | 0.115 | -0.965 < -
PC1 PC3
THC | 0.966 | -0.134 | -0.191
Component plot in rotated space
ICBD | -0.334 | -0.851 | 0.021
0.920 | -0.380 | 0.081

|CBN
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Chemometrics approach

' -5 -5 '
PC1 PC3

Component plot in rotated space

PC1: CBN, THC and Mn
PC2: Fe and Cr, Zn and CBD
PC3: Cu, Ca and Mg
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FAD - Flavin adeninine dinucleotide

OH

N COOH

HO CeHyy

CBGA

|
THCA cynV Yl\ synthase
OH

O COOH

>\0 CgHyq
THCA

- 002

!
¥

OH

CsHyy

o
THC

Biogenesis of THCA and CBDA and

decarboxylation to THC and CBD o




Catalase (haem Fe groups + di-Mn centre)

2H,0, = H,0 + 0,

2Mn3* + H,0, = 2Mn?* + O, + 2H"*

2Mn?* + H,0, +2H* = 2H,0 + 2Mn?*
AG<0

PC1

H,O, + Fe (lll)-Enzyme = H,O + O=Fe(IV)-Enzyme(+)

H,O, + O=Fe(IV)-Enzyme(+) = H,0O + Fe (lll)-Enzyme + O,

Transition state is energetically unstable

)

PC3: Cu, Ca and Mg




To be considered...

Bearing in mind all highlighted issues, content of metals in
rhizosphere soil could be an indication of the
cannabinoids content. The correlations of metals and
biogenic organic compounds contain a hidden

information responsible for cannabinoids production.
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Metals and organic compounds in the
biosynthesis of cannabinoids: a chemometric
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A bit more... published this year:

University of Novi Sad,
Faculty of Science —
Dept. for Environmental
Protection

International Journal of Environmental Science and Technology

pp 1-10 | Cite as

Fate of bromine-containing disinfection by-products
precursors during ozone and ultraviolet-based advanced
oxidation processes
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