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The interest in evidence-based knowledge regarding the
therapeutical potential of cannabinoids has considerably grown
in the last decade not only for public health specialists, but for
any medical specialty, as the use of medicinal cannabis was
progressively legally adopted in most states of the world. The
article represents a review regarding the most studied
phytocannabinoids as  chemical messengers of the
endocannabinoid system in the human body. It brings basic, up
to date information, in terms of these compounds’ biosynthesis
in the plant, their classification, their chemical structure and
properties, the health effects and benefits in several human
pathologies.

The Endocannabinoid System

Postsynaptic

Ansndamide
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1. CANNABIS PLANT AND HUMAN
HEALTH, THROUGH CANNABINOIDS
AND OTHER SECONDARY
PLANT METABOLITES

Cannabis, a plant from the Cannabaceae family,
has been cultivated for thousands of years and used
with various purposes." For example, Assyrians
(2nd Millenium BC up to 4th Century BC) used
cannabis both for its psychoactive and medical
effects. In Europe, the plant was brought by
Napoleon’s soldiers, when returning from Egypt
and by British doctors, at their return from India.

Cannabinoids were isolated and their structure
was clarified after the 1960s, by the team led by
Raphael Mechoulam, ,.the dean of the transnational

* Corresponding author: melaniaelena_tudose@yahoo.ro

cannabinoid research community”. It was his team
who discovered the endocannabinoid system in
vertebrates, too, during the early 1990s, when
looking for the phytocannabinoids mechanism of
action in the human body.”

The cannabinoids, revealed as chemical
messengers of the endocannabinoid system in the
human body, may be of exogenous or endogenous
origin. The exogenous ones are natural or synthetic.
The first, so called “phytocannabinoids”, are present
in the highest amounts in the cannabis plant, but
they were isolated from echinacea, broccoli,
ginseng, carrots, black pepper, clove, too. In the
cannabis plants, they are secondary metabolites,
next to terpenes, flavonoids, phenols and so on, up
to 1600 compounds from this species being isolated
to date, of which 180 phytocannabinoids.’
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The most studied phytocannabinoids are
A’-tetrahydrocannabinol, (A’-THC or THC), — the
main psychoactive cannabinoid, cannabidiol
(CBD) — the cannabinoid most used for its
medicinal potency, known as major cannabinoids.
There is a great variation within the 3 subspecies
of Cannabis sativa L. (sativa, indica and ruderalis)
and within the hybrid species, regarding their
content of cannabinoids and the CBD/THC ratio,
characteristics that depend not only on the genetic
profile of the plants, but also on the conditions and
growth climate.

The minor cannabinoids include cannabinol
(CBN), cannabichromene (CBC), cannabigerol
(CBG), cannabidioloic acid (CBDA), cannabigerolic
acid (CBGA), tetrahydrocannabinolic acid (THCA),
cannabinolic acid (CBNA), cannabidivarin (CBDV),
tetrahydrocannabivarin (THCV), cannabigerovarin
(CBGV), cannabichromevarin (CBCV), and others’.
Future research is needed for health benefits and
pharmaceutical potential of minor cannabinoids, as
long as plants rich in this profile are or are soon going
to be on markets.*

There are ongoing scientific evidences that the
cannabinoids effects in the human body result from
their individual actions, as well from summing up
(synergism) or from potentiation (entourage effect)
of their actions with those of other secondary
metabolites in the cannabis plants, especially with
terpenes.5 7

In the human body, the phytocannabinoids act
through the endocannabinoid system, targeting its
many cellular receptors, among which CB1 and
CB2 are the first and most studied ones.

It has been shown that not only the
phytocannabinoids from cannnabis, but also other
molecules (beta-caryophyllene, N-alkylamide, fal-
carinol, rutamarin, etc) of some other vegetal
species (echinaceae, brasicaceae, apicaceae, etc)
have certain degrees of affinity for CB1 or CB2
receptors, as well as for some other components of
the endocannabinoid system.* The endogenous
cannabinoids are produced by the human body, as
part of the endocannabinoid system (see section 4).

2. CHEMICAL STRUCTURES,
CLASSIFICATION, PHARMACOLOGICAL
ACTION OF THE PHYTOCANNABINOIDS

11 structural families or classes are defined up to
now. Each class contains carboxylated, decarboxy-
lated or methylated forms, derived from the ,,C3 or
/and CS5 lateral chain” types. The actual number of

compounds of each class is also presented in Table 1,
next to the compound from each class, showed to
have pharmacological action.”"

While in the raw cannabis plant the
carboxylated form of the phytocannabinoids is
dominant, as it will be showed in section (3),
regarding their biosynthesis, when expose the plant
to heat, or to light or air, to get ageing, chemical
transformations occur, such as decarboxylation.
Such processing conversions have been showed to
modify the therapeutical properties spectrum of the
plants."** As to the psychoactive best known
phytocannabinoids, their acid forms are not
psychoactive.

Last decades, scientific research also showed
the modulation of the phytocannabinoids
therapeutical effects either by synergistic, or by
entourage effect of other natural components in
Cannabis plant, the terpenoides, that give the scent
of the plant. Hence, the superior efficacy of natural
full or broad spectrum cannabis products in
therapy, than the synthetic or highly extracted
ones.”™’

The most abundant cannabinoids in the plant
are  A’-tetrahydrocannabinol  (A’-THC), A%
tetrahydrocannabinol (A*-THC), cannabinol (CBN),
cannabidiol (CBD), cannabigerol (CBG), and
cannabichromene (CBC), A’-tetrahydrocannabivarin
(THCV), cannabivarin (CBV), cannabidivarin
(CBDYV). Other phytocannabinoids such as can-
nabinodiol (CBND), cannabielsion (CBE),
cannabicyclol (CBL) and cannabitriol (CBT)
showed much smaller amounts in the plant, yet
have also been the subjects of study in the last
decades.”®

Further on we update some notorious therapeuti-
cal actions of the most studied phytocannabinoids
listed in Table 1, mainly the non-psychoactive ones.

Cannabigerolic Acid (CBG-A). Formula:
C22H3204. Molecular mass: 360.48708 g/mol.
Cannabigerolic acid CBGA is the head of series
THCA, CBDA, CBCA, produced in the plant (see
section 3). It has medicinal properties (analgesic
and anti-inflammatory effects) and is not
psychoactive. Its analgesic effect is sinergized by
the terpenoides Bomeol, Myrcene, while its anti-
inflammatory effect by alpha-Pinene, beta-
Caryophyllene,  Cineol.”*"  Neuroprotection,
anticonvulsant, antiseizure are other important
effects, highlighted in recent animal studies.”~" In
full spectrum cannabis products, it has effects
through its decarboxylated form too, that is also
found in the plant, but in much smaller amounts.
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Table 1

Phytocannabinoids. Structural families and representatives with known actions. The main action is underlined. Adapted from*"?

Class Name

Compound
with pharmacological
known action

Pharmacological action

1.“Cannabigerol” type class
(16 compounds)

Cannabigerolic Acid, CBGA

Antibiotic

Cannabigerol, CBG

Antibiotic, antifungal, anti-
inflammatory, analgesic

2.“Cannabichromene” type class Cannabichromene, Anti-inflammatory,

(9 compounds) CBC Antibiotic, antifungal, analgesic,
neuroprotection

3.“Cannabidiol” type class Cannabidiolic Acid, Antibiotic,

(7 compounds) CBDA

Cannabidiol, CBD

Anxiolytic, antipsychotic, anti-
inflammatory, analgesic,
antioxidant, antispasmodic

4.“Delta-9- Tetrahydro- cannnabinol” type class

(23 compounds)

Tetrahydrocannabinol, THC

Euphoriant
Analgesic, Anti-inflammatory,
Antioxidant, antiemetics

Delta-9- tetrahydrocannabivariv
THCV

Analgesic, euphoriant

5.“Delta-8- Tetrahydro- cannnabinol” type class

(5 compounds)

Delta-8- Tetrahydro-
cannnabinol

Similar to THC, with weaker
action

6.“Cannabinol” type class
(11 compounds)

Cannabinol, CBN

Sedative, antibiotic, anti-
inflammatory, anticonvulsant

7.“Cannabinodiol” type class
(2 compounds)

Cannabinodiol, CBND

Exists in low concentrates in
Cannabis plant. This is why very
little is known of it. Possible
psychoactive.

8.“Cannabicyclol” type class CBL Anti-inflammatory, antitumor,

(3 compounds) non-psychoactive

9.“Cannabielsoin” type class CBE The least researched of the

(5 compounds) cannabinoids; non-psychoactive. It
is believed that function as CBD.

10.“Cannabitriol” type class CBT Anti breast cancer, through

(9 compounds)

inhibitory activity on estrogen
receptors-alpha,

11.“Miscellaneous cannabinoids” type class
(30 compounds)

Cannabigerol (CBG). Formula: C21H3202.
Molecular mass: 316.485 g/mol. Cannabigerol is
not psychoactive, either. It was shown to stimulate
the growth of new brain cells, including in the
elderly, while real neurogenic compounds are
extremely rare’’ CBG also stimulates bone
growth, shows antibacterial properties (synergistic
terpenoids:  alpha-Pinene, beta-Caryophyllene,
Cineol, Humulene, Limonene, Linalool,
Terpinolene),”*">** antifungal properties (syn-
ergistic terpenoids: alpha-Pinene, beta-
Caryophyllene, Caryophyllene oxide, Limonene,
Nerolidol, Terpinolene)*?"">*% and antitumoral®”
T properties  (synergistic terpenoids:  beta-
Caryophyllene, Citronellol, Humulene, Limonene,
Myrcene). >’ It fights insomnia, too.

Last decade animal studies (on mice or rats)
highlighted the following effects of CGB: reduced
bladder contractions more effectively than four

other cannabinoids, suggesting its potential use in
bladder  dysfunction disorders®*; decrease
inflammation on inflammatory bowel disease
(IBD);*® reduced neuroinflammation in mice with
multiple sclerosis (MS);*® as well reduced
neuroinflammation  associated  with  many
neurodegenerative diseases, including amyotrophic
lateral sclerosis (ALS);’’ protected the neurons of
mice with Huntington’s disease:*® can reduce
keratinocyte proliferation, the process largely
responsible for psoriasis;*’ had appetite-stimulating
effects, offering a non-intoxicating alternative to
THC, for counteracting weight loss in people with
HIV, cancer, and other serious conditions.** CBG
inhibited colorectal cancer and other human
carcinoma cell growth.*'**

Most recently, CBG — quinone derivatives
showed neuroprotection in Parkinson's disease,
using 6-hydroxydopamine-lesioned mice. In vitro
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studies confirmed the relevance of PPARG
receptors for such effects.® Such findings
encourage the usefulness of chemotype IV
cannabis plants.

CBG, in plant extracts associating CBD and
THCV, showed anti-inflammatory effect in
Coronavirus disease 2019 (COVID-19)* too.

Tetrahvdrocannabinolic acid (THC-A).

associate THC with other non-psychoactive
cannabinoids, mainly CBD, the last in much larger
amounts, counteracting the psychotropic effect of
THC. Otherwise, its toxic effects could be notable,
both in adults and children: neurological,
ophthalmological, cardiovascular and
gastrointestinal.*’

A-8-Tetrahydrocannabinol (A-8-THC). Formula:

Formula: C22H3004. Molecular mass: 358.4733
g/mol. Tetrahydrocannabinolic acid, like other acid
phytocannabinoids, is not psychoactive. THC-A is
strongly anti-inflammatory (synergistic terpenoids:
alpha-Pinene, beta-Caryophyllene, Cineol,
Citronellol, Humulene, Myrcene),”™’ anti seizure™
and neuroprotective;” it encourages appetite, has
antitumoral®””’” (synergistic terpenoids: beta-
aryophyllene, Citronellol, Humulene, Limonene,
Myrcene) and  antispasmodic  properties
(synergistic terpenoids: Citronellol, Myrcene),”™’
it fights insomnia. The highest content of THCA
is found in female plants without seeds
(sinsemilla), whose flowers were not pollinated:
quite often, over 30% of dry substance.

Tetrahvdrocannabinol Delta 9 (A-9-THC).

C21H3002. Molecular mass: 314.4617 g/mol.
Delta-8-Tetrahydrocannabinol is an isomer of
tetrahydrocannabinol  (THC), having lower
psychotropic potency than Delta-9-
Tetrahydrocannabinol (Delta-9-THC), with anti-
vomiting, anxiolytic (synergistic with Linalool,
Limonene), appetite stimulating, analgesic and
neuroprotective properties CB1 mediated.*™**"° It
results from A9-THC, during the maturation
process of the dried inflorescences.

Cannabinolic acid (CBN-A). Formula:
C22H3104. Mollecular mass: 359.48 g/mol. The
quantity of CBN-A in the plant is high. CBN-A is
an anti-inflammatory and probably an antibiotic.

Cannabinol (CBN). Formula: C21H2602.

Formula: C21H3002. Molecular mass: 314.2246
g/mol.  A-9-tetrahydrocannabinol = (commonly
named “A9-THC”, “D9-THC”, “d9-THC” or
simply “THC”) is a neutral cannabinoid, known for
its strongly psychoactive properties. Of all the
scientific discoveries on THC, probably the most
important was the way in which THC allowed
scientists to discover the presence of the
endocannabinoid system in vertebrates (including
humans): a critical part of physiology that, until
then, was unknown.

THC has been included in the formula of
products that have proven to be efficient in the
treatment of wvarious conditions and disorders,

including pain'"?"%™*" (synergistic terpenoids
Bomeol, Myrcene), tumors®”  (synergistic
terpenoids beta-Caryophyllene, Citronellol,

Humulene, Limonene, Myrcene), nausea or ADHD
(attention-deficit/hyperactivity ~ disorder), as
antispasmodic (synergistic terpenoids Citronellol,
Myrcene, bronchodilator- alpha-Pinene, Bomeol,
Cineol), as antibacterial (synergistic terpenoids
alpha-Pinene, beta-Caryophyllene, Cineol,
Humulene, Limonene, Linalool, Terpinolene),23'
773233 anti-inflammatory®®**7°  (synergistic
terpenoids  alpha-Pinene,  beta-Caryophyllene,
Cineol, Citronellol, Humulene, Myrcene).”” Such
benefits are put in value only in products that

Molecular mass: 310.1933 g/mol. Cannabinol is
not produced in the raw plant, but it is an oxidation
product of the raw THC, after prolonged exposure
to hot, dry air of the plant fragments, after
harvesting. As such, high concentrations of CBN
in a cannabis product suggest the treatment of the
plant through aging and significant exposure to
heat. CBN is lightly psychoactive, might be a
stronger sedative than other known
cannabinoids;* plant fragments with CBN close to
1% may be used in treating insomnia (synergistic
with Bomeol, Citronellol, Linalool, Myrcene,
Nerolidol, Phytol, Terpinolene). It is somehow
efficient as anti-vomiting and anticonvulsant,
anti inflammatory,"”>’® anti pain effect.”

Cannabidiolic acid (CBD-A). Formula:
C22H3004. Mollecular mass: 358.2144 g/mol.
Until recently, cannabidiolic acid was much more
frequently found in high concentrations in
Cannabis Ruderalis than in the other 2 subspecies.
Lately, there were produced hybrids (including
“Cannatonic-C6” and "ACDC”) where there is
synthesized more CBDA than THCA. It was
proven that CBDA has both anti-inflammatory
(synergistic  terpenoids:  alpha-Pinene, beta-
Caryophyllene, Cineol, Citronellol, Humulene,
Myrcene) and antitumoral,”®””" (synergistic
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terpenoids: beta-Caryophyllene, Citronellol,
Humulene, Limonene, Myrcene)23'27 effect.
Cannabidiol (CBD). Formula: C21H3002.

Molecular mass: 314.2246 g/mol. Cannabidiol is a
“non-psychoactive” (it does not cause euphoria,
time dilatation or anxiety, like THC). CBD proved
extremely useful and benefits of regulatory
approval for the treatment of seizures associated
with  Dravet syndrome, Lennox-Gastaut
syndrome and tuberous sclerosis complex (the
cannabidiol oral solution Epidyolex) (synergistic
terpene-Linalool).® Its lack of psychoactivity
makes it ideal in treating children, the elderly and
patients who prefer to stay clear-headed and
focused. The mechanisms responsible for
protection against seizures are not fully
understood, but they are likely to be multifactorial
and to include, among others, antagonism of G
protein-coupled receptor, desensitization of
transient receptor potential vanilloid type
1 channels, potentiation of adenosine-mediated
signaling, and enhancement of GABAergic
transmission.”

CBD is often as efficient as THC in managing
chronic pain*®*°**7%" " (synergistic: Bomeol,
Myrcene) and tumors'®'**™"" (synergistic: beta-
Caryophyllene, Citronellol, Humulene, Limonene,
Myrcene). Also, CBD lowers blood sugar and was
used in diabetes treatment.’*>

CBD has a calming effect and is useful in the
treatment of stress and sleep loss disorders
(synergistic:  Bomeol, Citronellol, Linalool,
Myrcene, Nerolidol, Phytol, Terpinolene).”?’
CBD clinical trials, observational studies and case
reports support the effect of CBD (300-800 mg) of
reducing anxiety in healthy volunteers, patients
with social anxiety disorder, those at clinical high
risk of psychosis, in patients with Parkinson's
disease, in individuals with heroin use disorder, in
patients with anxiety and sleep disorders, Crohn's
disease, depression.”®”’

Preliminary data show that CBD may be
beneficial in cannabis and tobacco addiction in
humans. However, more research is needed to
evaluate CBD as a potential treatment for drug
addiction.™

Recent studies concluded CBD maintains
keratinocyte proteostasis and therefore could be
suggested as a protective measure in the
prevention of UV-induced metabolic changes in
epidermal Keratinocytes.” Both CBD and CBG
and their acid forms showed neuroprotective

effects on toxic and neurodegenerative processes;
in the mechanisms of action of CBG, the role of
5-HT1A receptors is a certitude.”

Cannabichromic acid (CBC-A). Formula:
C22H3004. Molecular mass: 358.2144 g/mol.
Cannabichromic acid is one of the three
compounds synthesized by the plant, from CBG-A.
CBC-A is anti—inﬂammaton;y, poorly antifungal
and strongly antibacterial.*>’

Cannabichromene (CBC). Formula: C21H3002.
Molecular mass: 314.2246 g/mol. Cannabichromene
is also non-psychoactive and it was proven to be
approximately 10 times more efficient than CBD
in treating anxiety and stress.”’ Also, it shows
efficiency in treating inflammation, pain
relief'***7° (sgnergistic: Bomeol, Myrcene) and is
both antiviral’>*® and antitumoral®’’ (synergistic:
beta-Caryophyllene, Citronellol,
Limonene, Myrcene).>*’

In several studies Cannabichromene (10-
75 mgkg'), A’ -tetrahydrocannabinolic acid
(20 mg'kg'), and tetrahydrocannabivarin (range
0.025-2.5 mg'kg" ) showed promise in models of
seizure and hypomobility, Huntington's and
Parkinson's disease”. CBG and CBC showed
significantly higher rates of cancer cell death,
compared to other cannabinoids and suggest the
need for further investigation into synergistic
efficacy.®

Humulene,

Cannabicyclol  acid  (CBL-A). Formula:
C22H3004. Molecular mass: 358.2144 g/mol. Few
things are known about CBL-A, as the plant
produces very little of it. It is the most stable acid
form of cannabinoids, heating not causing
decarboxylation. It has both an anti-inflammatory
(synergistic  terpenoids:  alpha-Pinene, Dbeta-
Caryophyllene, Cineol, Citronellol, Humulene,

Myrcene) and antitumoral effect,”** (synergistic:
beta-Caryophyllene,  Citronellol, = Humulene,
Limonene, Myrcene).

Cannabicyclol  (CBL). Formula: C,H;3,0,.

Molecular mass: 314.2246 g/mol. Cannabicyclol is
a degraded product; by light exposure, the
cannabichromene turns into CBL. Its medical
properties are not known, as they appear in quite
low concentrations in comparison to other
cannabinoids. Cannabicyclol is non-psychoactive.

Cannabitriol (CBT). Formula: C,;H3,04. Molecular
mass: 346.5 g/mol.

A recent study concluded Cannabitriol could
have relatively better inhibitory activity (on
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estrogen receptors-alpha), than tamoxifen — the in
use chemotherapeutic; Therefore, CBT could be a
better therapeutic candidate in the treatment of
breast cancer. Further research such as in vivo
and/or in vitro assays could be conducted to attest
its ability.*

Since the first study in 1975, potential
antitumor activity of plant-derived or phyto-
cannabinoids, eg., (—)-trans-A9-tetrahydro-
cannabinol (THC), cannabinol (CBN), A8-THC,
cannabidiol (CBD) and cannabicyclol (CBL), as
well as of synthetic cannabinoids, is the focus of
current research.®

The intimate mechanisms for anticancer
effects mentioned above, for some of the
phytocannabinoids, might be detailed as follows:®’

— induce autophagy in glioma, melanoma,
liver, prostate, and pancreatic cancer cell
lines, 7!

— inhibit angiogenesis by blocking the
vascular endothelial growth factor (VEGF)
signaling pathway. CBR agonists decrease
the expression of VEGF and its receptors 1
and 2 (VEGFRI1, VEGFR2) in glioma and
skin and thyroid cancers. Moreover, can
inhibit endothelial cell proliferation, which
is also induced by cancers, thus additionally
contributing to cancerous angiogenesis
inhibition;

— inhibit spontaneous and induced metastasis
in animal models and restrict cancer cell
invasion in vitro (in lung, breast, and
cervical cancers, and gliomas)’*”*

Some data show that low expression of CBR1
in colorectal cancer positively affects the
metastatic process, inhibiting apoptosis and
deregulating the main signaling pathways. These
observations contribute to the idea that drugs
directed at regulating the endocannabinoid system
through the induction of CBI1 receptor can be
helpful in order to develop new anti-cancer
therapies or improve existing ones.”

As to the “C3 lateral chain” type of
pytocannabinoids, CBGV-A, THCV-A, CBDV-A,
CBCV-A, of the raw extract of Cannabis, anti-
inflammatory properties have been evidenced, as
to such effects synergistic terpenoids being alpha-
Pinene, beta-Caryophyllene, Cineol, Citronellol,
Humulene, Myrcene, or some neuroprotective
effects, necessiting more studies.'** #*+7

Since the beginning of the 21st century over
42 countries all over the world have authorized and
regulated medical cannabis for its therapeutic

effects. Cannabinoids available on the world
market or under research and clinical trials include
Marinol®, Cesamet™, Sativex”, Epidiolex®,
Bedrocan®, Bedrobinol®, Bediol®, Bedica®,
Bedrolite® Namisol® and Syndros® (Dronabinol®
oral solution), and Arvisol®. Medical cannabis can
be used in a number of different ways, for
example, as pills, tablets, capsules, soft gel,
dissolved in an oil solution (olive, sesame,
coconut, or hempseed oil), tea, or by inhaling it
after vaporization.”””

The scientific investigation of cannabis has
been restricted due its classification as a schedule 1
controlled substance. In late 2020 the Court of
Justice of the European Union ruled that CBD is
not a narcotic and the UN’s Commission for
Narcotic Drugs voted to reclassify cannabis from
Schedule IV, where it was placed alongside drugs
such as heroin, into a less harmful category.

There is currently a strong need to invest in
research and innovation at European level to build
an evidence base for the effectiveness of
treatments derived from the cannabis plant, and
also to invest in educating people to understand the
fundamental difference between medical and
recreational cannabis use.

3. BIOSYNTHESIS
OF THE PHYTOCANNABINOIDS

In the cannabis plant, 2 “synthesis series” have
been described: series I, “of cannabigerovarin” and
series I, “of cannabigerol”, after the name of the
series’ heads.

1. Geraniol, C;(H;sO is a monoterpenoid,

3.7-dymethylocta-2.6-dien-1-ol (Figure 1).

It is a plant metabolite terpenoid, volatile oil,
with odorant and allergenic actions. Geraniol, like
most terpenes of cannabis, has strong antibacterial,
antifungal, anti-inflammatory actions, too, making
it quite useful in various therapies.**™*

AN X

Fig. 1 — Geraniol molecule, 2D.

OH

2. Polyketides are secondary metabolites in the
plant, with various structure and functions.
They are synthesized by polyketide-synthases
(PKSs), using precursors of Acyl-CoA, for the
condensation reaction.®
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Fig. 2 — The principle of “C3 lateral chain” phytocannabinoids synthesis.
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Fig. 3 — The principle of “CS5 lateral chain” phytocannabinoids synthesis.

CBGV-A (cannabigerovarin acid) results out of chain, as common  molecular

structure

Geraniol and C10 Polyketide condensation. It is a
plant’s core intermediate, of which derive the
carboxylated forms of THCV
(tetrahydrocannabivarin), CBDV (cannabidivarin),
CBCV (cannabichromevarin), all with C3 lateral

characteristic (Figure 2). They belong to the so
called series 1 of biosynthesis. The carboxylated
forms turn into decarboxylated, the two type of
forms coexisting in the plant, the first type being
dominant.
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Fig. 4a and 4b — Biosynthesis pathways in the C5 lateral chain cannabinoids series.
TKS = tetraketide synthase, OAC = olivetolic acid cyclase, APT = aromatic prenyltransferase.

CBG-A (cannabigerolic acid) results in the plant,
out of Geraniol + C12 Polyketide condensation, as
the other core intermediate, of which derive the

members of series 2: the carboxylated forms of
THC (tetrahydrocannabinol), CBD (cannabidiol),
CBC (cannabichromen), all with C5 lateral chain,
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as common molecular structure characteristic®>*

(Figure 3). The same mixture of carboxylated and

decarboxylated forms ocures in series 2.

The cannabinoids are biosynthesized in the
glandular trichomes, that cover, at the highest
density, the female inflorescences.

An initial pathway is uptodate clarified,
namely (Figure 4):

a. Sequential condensations of acyl-CoA,
cathalized by TKS, produce a C10 or C12
poliketide;*”™

b. The poliketide is enzymatically (OAC)
cyclized to olivetolic acid;*

c. The prenyl group of geranyl pyrophosphate
is enzymatically (APT) additioned to the
olivetolic ~ acid  molecule,””  resulting
cannabigerolic or cannabigerovarinic acid,
that are the heads of the 2 series of
phytocannabinoids (CBGA/CBGVA). What
leads these syntheses towards one series or
another, and their resulting ratio, are among
the things that still need to be clarified.

d. Finally, the cannabigerolic / cannabig-
erovarinic acid is enzymatically turned into
THC (V)A, CBD(V)A and CBC(V)A. The
sinthases THCAS and CBDAS are
flavinated enzymes, with His114 and
Cys176 being most likely the FAD-binding
sites. CBDAS abstracts a proton from the
terminal methyl group of CBGA, instead of
from the hydroxyl group targeted by
THCAS, this change in regioselectivity
determines the cyclization.”"*

e. A non-enzymatic decarboxylation of these
acid forms then occur, both in the plant, but
more during the plant processing.”

4. THE ENDOCANNABINOID SYSTEM
(ECS)

Many physiological processes in all vertebrates
are regulated by ECS: appetite and digestion,
metabolism, pain, inflammation and other
immunological reactions, sleep, psychological
mood, learning and memorizing, motor function
control, functioning of the cardiovascular system,
muscle formation, bone growth and remodeling,
liver function, reproductive function, skin and
peripheral nerves function, cellular prolifera-

. 4 . . .
tion.”*” ECS consists of: endocannabinoids,
receptors and regulatory enzymes.%’97

4.1. The endocannabinoids: the first and most
commonly studied are AEA (anandamide, N-
arachidonoylethanolamide) and 2-AG  (2-
arachidonoylglycerol), derivates of the arachidonic
acid, with intracellular synthesis. They have been
shown to act as retrograde, transitory
neurotransmitters, synthesized on request, in the
GABAergic synapses (Figure 5).%®

4.2. The main receptors in the endocannabinoid
system and the first discovered are CB1 and CB2
receptors.

CBI1 are localized mainly in the central nervous
system and spine, being the main psychoactive
receptors, as well as in the adipose tissue, liver,
pancreas, skeletal muscles and immune system
cells. CB2 receptors are localized mainly in the
periheral nervous system and the immune system
cells.”

To date, up to100 fatty-acid-derived mediators,

together with their receptors (Table 2), as well as
other ways of synthesis and degradation (with over
50 enzymes involved) of such mediators were
identified within the ECS, which became the
“expanded ECS system” or ,endocannabinoi-
dome”, as it was recently revised by Di Marzo
and Silvestri.'®'”" These findings changed the
perception on the therapeutical potential of
cannabis-based medicines, on their medicinal
interactions, as well as on the possible adverse
effects of this therapy.
The tissue in which the receptors are located and
the ligand type explain the effects of cannabinoids.
For example, CB1 receptors in the hypothalamus
are involved in regulating the appetite, the ones in
the amigdala cause emotional reactions, the ones in
the peripheral nerves are involved in reducing the
pain sensation. The CB1 receptor is the main target
of the endocannabinoid AEA, with a partially
agonistic action, as well as the phytocannabinoid
THC, a psychothropic component from cannabis.
Endocannabinoid 2-AG acts as an agonist for both
types of receptors. CBD is a phytocannabinoid
whose main action mechanism is through the
TRPV1, TRPMS and GPR55 receptors, as well as
by inhibiting the enzyme hydrolyzing anandamide.
The CB2 receptors mainly have an
immunomodulating and anti-inflammatory
function.'”
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Endocannabinoids:
AEA and 2AG
Photocannabinoids:
TCH and CBD

The Endocannabinoid System

» Neurotransmitters

Anandamide

Postsynaptic

CBD Receptor

Fig. 5 — The endocannabinoid system. Reproduced from.'

Table 2

2

Mediators, receptors and specific interactions, in the expended ECS (see abbreviations; ++, + stimulation, - inhibition).
Adapted from'** '

Mediators
NAEs PA 2AcGs LipoAAs Ac Neuro
< m Q @) G} g = ] 8 s
218|E|5|8|s |3|2|2|8|2|5]% |2
CB1 ++ + + ++ T+
CB2 ++ + ++
GPRI18 s
« | GPR55 ++
S | GPRIIO ++
& [GPRI19 T o |+
g TRPVI =+ | ++ ++ | + + + + | ++ - ++
TRPV4 n
Cav3 - - - -
PPARA ++ | ++ ++ ++
PPARG - -

4.3. Regulatory enzymes of the ECS: the first
discovered are responsible for the synthesis or
catabolysis of the main 2 endocannabinoids:

e Anandamide is released from  N-
arachidonoyl phosphatidyl ethanol (NAPE),
under the catalytic action of NAPE
phospholipase D type (NAPE PLD)'” and is
decomposed by arachidonic acid
hydroxylase (FAAH) and cyclooxygenase 2
(COX-2)""

e 2-arachidonoylglyerol (2-AG) is synthesized
under the action of diacylglycerol lipase
(DAGL), and hydrolazed by monoglycerol
(MAGL)'”

Phytocannabinoids from the cannabis plant

were shown to act as agonists, reverse agonists,

antagonists or allosteric modulators on the human
endocannabinoid receptors, thus justifying the
potential of medicinal cannabis products in
modelling the physiological and pathological
processes in humans.

CONCLUSIONS

Natural products have always been valuable
sources of mnovel compounds developed into
pharmaceuticals. The last 3 decades in the field of
medical research have brought the discovery of the
phytocannabinoids, followed by details about their
structure, physicochemical properties, and have
revealed the intimate mechanisms of producing
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their effects on human health, via the
endocannabinoid system. There is an ever growing
number of proof showing the benefits of
cannabinoids for a large number of conditions,
such as: pain, inflammation, neurodegeneration,
emesis, anorexia, epilepsy, symptoms of multiple
sclerosis and other disorders. Although we are at
the beginning of understanding the impact of
cannabinoids on human health state, the process of
including cannabinoids in well-standardized
prescription drugs has a rapid progress and compel
the healthcare staff to acknowledge any updated
information in this field, and to work together with
regulatory officials to ensure that
phytocannabinoid products meet the necessary
therapeutic and safety standards.

ABBREVIATIONS

Mediators

2-AcGs 2-acylglycerols

2-AG 2-arachidonoylglycerol
2-LG 2-linoleoyl glycerol

2-0G 2-oleoylglycerol

AcNeuro acyl neurotransmitters
AEA N-arachidonoylethanolamine
DHEA N-docosahexanoylethanolamine
LEA N-linoleoylethanolamine
Lipo-AAs lipoamino acids

NAEs N-acylethanolamines

OA oleoylamide

OEA N-oleoylethanolamine

PA fatty acid primary amides

PEA N-palmitoylethanolamine

Receptors

Cav3 T-type Ca2+ channel

CBI cannabinoid receptor 1

CB2 cannabinoid receptor 2

GPR110 G protein-coupled receptor 110

GPR119 G protein-coupled receptor 119

GPR18 G protein-coupled receptor 18

GPRS55 G protein-coupled receptor 55

PPARA peroxisome proliferator-activated receptor
alpha

PPARG peroxisome proliferator-activated receptor
gamma

TRP, transient receptor potential

TRPV1 transient receptor potential cation channel
sub-family V member 1

TRPV4 transient receptor potential cation channel
subfamily V member 4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

25.

26.

27.
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Deoxyribonucleic acid (DNA), which leads the biological
synthesis of proteins and enzymes in living cells and carries
genetic information, is a potential target for binding many
molecules such as metals, metal complexes, anticancer drugs,
and some harmful chemicals. Molecules that bind to DNA by
covalent or non-covalent intercalation, electrostatic interaction,
and groove binding cause disruption in the double-stranded DNA
structure. This situation is of great importance in studies
conducted in the field of pharmacy to increase the effectiveness
of antitumor and antiviral drugs, in DNA-based disease
diagnosis and determination of toxicity properties of metal
complexes. The purpose of this review is to evaluate the
interactions of DNA-metal complexes and provide information
about their determined biological activities.
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OVERVIEW OF INTERACTIONS BETWEEN
METAL COMPLEXES AND DNA

At the present time, studies are carried out to
determine the biological activities of many metal
compounds and strong evidence is presented for
their interactions with the DNA molecule. The
discovery of cisplatin, one of the metal-containing
compounds that have been widely used, and its
success in clinical use have been one of the
important developments in the field of health
sciences. When it was understood that cisplatin,
which is used as an effective anticancer drug and
known to bind to the DNA molecule with a
covalent bond, has some side effects, researchers
turned to the production of new less toxic, and

* Corresponding author: alisenol712@gmail.com

target-specific anticancer drugs.' This situation has
increased the interest in metal compounds and has
paved the way for the use of many metal
complexes in the development of new inorganic
drugs. In particular, the strong binding of metal
complexes, which are used as potential anticancer
agents, to DNA in tumor cells, degradation of
DNA, and induction of apoptosis are key factors
for the development of metal-based anticancer
agents.”® The fact that the synthesis of metal
complexes is relatively easy and variation can be
applied by modifying the ligands or changing the
metal center increases the preference in the use of
metal complexes.® Metal complexes with different
geometric structures and various stereoisomeric
conformations compared to pure metals have
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provided pharmacological advantages such as organ
distribution of formed metallo-drugs and passage
through tumor cell membranes.” In addition, they
are compounds that tend to increase the level of
ROS (reactive oxygen species) in cells because they
can participate in redox reactions. This allows for
apoptosis of malignant tissues, which are known to
harbor an impaired redox homeostasis.*’

It has been reported that due to the
characteristic geometrical designs and coordinated
ligand types of metal complexes, the interactions
between DNA molecule and metal-bound various
anticancer agents are increased.”” This situation
provides an advantage in developing new or
effective drug production studies and DNA-based
disecase  diagnoses.® For this reason, the
determination of the interaction between metal
complexes and DNA has gained importance and
the studies on this subject have increased. In the
studies carried out to date, metal-containing
complexes such as platinum, copper, iron, nickel,
cobalt, palladium, ruthenium, and zinc have been
used in both in-vitro and in-vivo tests (Table 1). As
a result of the researches, it has been determined
that metal complexes exhibit different interaction
types such as covalent bonding, -electrostatic
interaction, intercalation, and groove bonding with
DNA.”'" It has been reported that metal complexes
show various biological effects such as anti-cancer,
anti-diabetic, antiparasitic, anti-microbial, and anti-
inflammatory depending on the binding type and
binding potential with the DNA molecule'".
However, it is observed that the subject is kept up
to date due to the intensification of both the
synthesis studies of various metal complexes and
the studies investigating the cellular resistance
mechanism. In this review, we aim to summarize
the interaction types between metal complexes and
DNA, which are of interest in inorganic chemistry,
biochemistry, medicine, and pharmacy, and the
biological effects of metal complexes determined
by their use in medical biochemistry.

BINDING OF METAL COMPLEXES
TO DNA MOLECULE

DNA, which forms the basis of life and carries
genetic information, plays a role in the replication
and transcription of genetic information and the
synthesis of proteins and enzymes in living cells. It
is also a potential target for the binding of many
molecules.'’ Recognition at the molecular level of
the interaction between drugs, molecules, metal
complexes, and some harmful chemicals that select
DNA as a target, and DNA molecules is of great

importance for the determination of possible effects."
Particularly in terms of metal complexes, the
coordinated water molecules surrounding metal ions
can bind to DNA directly or indirectly via hydrogen
bonds." In this case, the hydrogen bond between the
base pairs (A-G-C-T) located on the inner surface of
the DNA double helix and connected to each other by
hydrogen bonds is broken and balance disorders
occur in the double helix structure.

At the same time, negatively charged phosphate
groups are neutralized by the binding of metal ions to
DNA.>" This situation may cause some metal ions to
affect the DNA synthesis and replication process.
This binding results in the unwinding of the double
helix and subsequent inhibition of transcription;'* this
results in recognition by DNA damage response
proteins and following failed repair attempts, cell-
induced apoptosis  occurs.”  Therefore, the
biochemical consequences of the interaction between
metal ions and nucleic acids have become a reality
that should be well known.'® As a result of the studies
carried out to determine the interactions of the DNA
molecule with metals and complexes, it has been
determined that it has a series of potential interactions
such as irreversible covalent bonding, groove
bonding, electrostatic interaction, and intercalation
between molecules.”' "

Covalent Binding

Many molecules that interact with DNA in the
form of covalent bonding cause apoptosis by
inhibiting all events such as DNA replication,
transcription, RNA and protein synthesis in the
cell.'” Although the first successful DNA covalent
linker to be clinically tested is Cisplatin, the
interaction method of anticancer drugs with DNA
is generally in the form of irreversible covalent
bonding, as in Figure 1."*"

Electrostatic Interaction

The DNA helix proposed by Watson and
Crick®® and still up to date carries negatively
charged phosphate groups on its outer surface
which affects its functions and structure. As shown
in Figure 1, positively charged ions can bind to
these negative ions forming the DNA backbone by
electrostatic interaction. Electrostatic interactions
between DNA and small molecule structures are
weaker than other types of interactions. When the
molecules are attached to the DNA double helix by
external bonding, they remove the ions on the
opposite strand and may cause a slight separation
in the DNA structure.”'



Table 1

Evaluation of recent DNA-metal complex studies

Metals
investigated for Identified . . q q
interaction with DNA Type Interaction Ligand Type Identified Biological Effect Reference
DNA
2- (5- (triflorometil)-2-metoksifenilimino)
g(i)cbl?eli[ 83 ct-DNA Intercalation :Il;tﬂ) -4,6-diklorofenol Antitumor activity in in-vitro cytotoxicity (Hela and Jyothi et al?
Copper (1I) 2- (5- (triflorometil) -2-metoksifenilimino) AS349 cell lines) assays
metil) -4-bromo -6-metoksifenol
Cobalt (II) Electrostatic i s Successful binding of all investigated metal
) . . 2-(4-siilfametazin)hidrazono-5,5- . s . . 84
Nickel (II) ct-DNA interaction or dimetilsikloheksan-13-dion compounds with DNA and promising results in terms Kiwaan et al.
Copper (II) Groove binding ? of antioxidant and antimicrobial effects
. 2,2'- bipyridine Investigated complexes bind to DNA and act as .
Palladium (II) pDI;:\”Il":l plasmid Intercalation 5,6-dimethyl-1,10-phenanthroline tetrazole-  binding agents and have weaker DNA binding ability Sta:zallysan-Nezhad
5-thiol compared to cisplatin ’
Copper (1) pBR322 plasmid Intercalation or  1-methyl-l-tryptophan The complexes have affinity for DNA and may be Baskaran et al.*®
pp DNA and Electrostatic potential agents in the production of chemotherapeutic
ct-DNA interaction drugs.
Icrgﬁpghgn) PcDNA3.1 (-) Groove binding iﬁglff bases of 2-hydroxy-1-naphthaldehyde 5 oy agents in the development of Kurt et al¥”
Palladium (II) plasmid DNA Schiff bases of 4-amino-acetophenone chemotherapeutic drugs
Copper (II) ¢t-DNA Mmgr groove Esculetin Strong photodynamlc therapy potential of the Cu- Shinde et al.®
binding esculetin complex
ct-DNA . . . .. .
Cgbalt (IT) and Intercalation p-tolylmethanamine Schiff bases Strong antibacterial and high antioxidant capacity Shankar et al.%
Nickel (IT) Potent research value

pBR322 DNA




Benzophenone benzoyl hydrazone ligand

High DNA binding power

Herring sperm (HBBH) Strong antioxidant effect against O2- radical
Cobalt (1) DNA (HS- Intercalation and Lietal”
DNA) Benzophenone salicylylhydrazone ligand Potential to contribute to new metal-based drug designs
(HBSH) in preventing acquired resistance to platinum
complexes used in some tumor treatments
Inducing cell apoptosis
Copper (1I) ct-DNA and o o Effective on apoptosis by changing intracellular ROS
Platinum (1T) pBR322 Intercalation f:((él-l(lpe)i/;?;n-z—yll)-lH-benzo[d]lmldazol- and Ca+2 levels. Liet al.’!
plasmid DNA Y ylquimolone
A potential agent in the development of anticancer
drugs
5-methyl-2-phenyl-1,2-dihydro-3H-
pyrazole-3-one Interaction with DNA and antibacterial activity in
Cobalt(IT) ¢t-DNA and and complexes formed using azo dye ligand
Nickel(II) UC-19 DNA Intercalation 3-methyl-1-phenyl4-[(E)- Kirthan et al.”?
Copper(Il) P~ phenyldiazenyl]—4,5-dihydro-1H-pyrazole- =~ The DNA binding constants of the complexes are
5-ol Copper-Cobalt-Nickel, respectively.
l-amino pyrene and .
Iron (II1) ct-DNA Intercalation 2- hydroxy-1-napthaldehyde gﬁ:gsmal fluorescence quencher for DNA-targeted Saha et al.”
Palladium (II) o .. Potential cytotoxic efficacy on human colon carcinoma
Vanadium (II) ct-DNA Intercalation 1-(Pyridin3-yliminomethyl)-naphthalen-2-ol (HCT-116), breast carcinoma (MCF7), and Abu-Dief et al**

Silver (I)

(HNAP)

hepatocellular carcinoma (HepG2) cells
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Fig. 1 — Interaction types of DNA and metal complexes
(a): intercalation, (b): groove binding, (c): electrostatic interaction, (d): covalent binding.

Intercalation

Intercalation is defined as the insertion of
various molecules between the base pairs of DNA
(Figure 1) and occurs without being associated
with the base sequence in the helical structure.'
This type of interaction, which causes the length of
the DNA molecule to lengthen and decrease its
torsion, disrupts the continuity of the helix
structure. Substances that bind with DNA in this
type can be monitored by various methods such as
UV-absorbance and fluorescence spectrophotometry
after their interaction with DNA, due to their
structures and intercalation abilities, and play an
important role in designing intercalator-based
anticancer agents. Ethidium bromide, acridine
orange, and phenanthridine can be given as
examples of such intercalators.”

Groove Binding

The binding of molecules that can enter the
grooves in the structure of the double-stranded
DNA molecule to DNA by hydrogen bonding or
Van der Walls interaction is explained as groove
binding.” While most small molecules prefer to
interact with small grooves of DNA, large
molecules (such as proteins and oligonucleotides)
usually bind to large grooves.** Most of the
molecules that bind to the small grooves bind to
the A-T ratio-rich sequences. Groove binding,
shown in Figure 1, does not produce major
conformational differences in DNA. However,
some groove binders with small molecular
structures can act by inhibiting transcription
factors.”>?*°

INVESTIGATED BIOLOGICAL
ACTIVITIES OF METAL COMPLEXES

Metal ions play an important role in metabolic
reactions in all living organisms. For instance, Na'/
K" pump in the transport process across the cell
membrane, Zn’" and Co® work as co-factors in
enzymatic processes, Fe?'/Fe’” in the hemoglobin-
iron complex facilitates the oxygen transport
process, etc." Moreover, divalent cations are also
required for the replication, transcription, and
translation of the genetic code.”” Metal ions are
also involved in stabilizing the DNA structure by
coordinating the phosphodiester backbone of
DNA.?® The interest in metal ions, which are also
physiologically important, has increased after the
discovery of the anticancer properties of cisplatin.
In this context, various metal complexes for
medical use have been emphasized and it has been
determined that they have different biological
effects.

Anti-cancer Effects of Metal Complexes

The use of metal complexes in the treatment of
cancer cannot be neglected. Metal complexes,
precisely platinum (II) complexes since long are
used in chemotherapy and cisplatin have
demonstrated high chemotherapeutic potency
among this group of metal complexes.””’
Cisplatin causes distortion and inhibition of DNA
replication via the formation of cisplatin-DNA
adducts which wusually occur on the guanine
portions of DNA since it is the electron-rich site
thus, easily oxidized.”’ The formation of cisplatin-
DNA adducts is essential as it serves as a binding
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site for high-mobility group protein (HMG-
protein). The binding of HMG-protein to the
cisplatin-DNA adduct has been suggested to
contribute to the anticancer effect of cisplatin.** Pd
(I) and Pt (II) complexes synthesized using
ligands such as; glycine derivatives, propyl
derivatives, and folic acid showed moderate
cytotoxicity against breast cancer cell lines when
their activity was compared to cisplatin®® Just as
other anticancer drugs platinum-based anticancer
drugs precisely cisplatin does face drug resistance
which is a pressing problem in cancer
chemotherapy. Resistance to its effect occurs in
about 20% of patients with metastatic cancer.*
Due to the drug resistance and cytotoxicity of
platinum (II) complexes including cisplatin to
normal cells, strenuous efforts have been made to
improve their efficacy by increasing their
specificity to tumor cells via conjugation to
molecules like porphyrin.*

However, platinum complexes with their DNA
binding mode different from that of cisplatin have
been suggested to be very beneficial in the
treatment of cancer since they exhibit anticancer
activity against cisplatin-resistant cancer cells. For
instance, trans-diaminedichloroplatium (II) (DDP)
has been demonstrated to have anticancer activity
against cisplatin-resistant ovarian cancer cell
lines.”® Regarding this, the clinical use of cisplatin
is limited and as a result, new platinum-based
anticancer drugs such as oxaliplatin, carboplatin,
and nedaplatin have been synthesized.’® In
addition, alternative  compounds such as
organometallic compounds, iron (III) salophen
with selective cytotoxicity, and growth-suppressive
or antiproliferative effects can be used in the
treatment of platinum-resistant cancer cells and
this has been demonstrated in-vitro on platinum-
resistant ovarian cancer cell lines.”’

Other metal complexes like Titanium
complexes as well are used in the treatment of
cancer. In other words, platinum is not the only
metal complex used in the synthesis or making of
anticancer drugs.”® For instance, Titanocene
dichloride is a Titanium-based known active
anticancer drug used in the treatment of breast and
gastrointestinal carcinomas.”® Aside from this, gold
complexes also exhibit anticancer properties.
These metal complexes manifest their anticancer
properties through a mechanism different from that
of cisplatin.***’ Furthermore, a study conducted by
Marcon et al.*’ to determine the cytotoxicity and
DNA binding properties of gold (III) complexes
with bipyridyl ligands on tumor cell lines reported

that the gold (III) complexes exhibited relevant
cytotoxic effects on the tumor cell lines. Again,
when the cytotoxic properties of some gold (III)
complexes were studied in-vitro via the
sulforhodamine B assay on human ovarian cell
lines, they showed relevant cytotoxic properties
with /C50 values with the range 0.2-10uM.*" Also,
radiotherapy or chemotherapy carried out in
conjunction with gold nanoparticles yields much
treatment success as the gold nanoparticles
enhance specificity for the treatment target and
also enhance DNA damage.” Mn (III)-Salen
induces apoptosis in human cancer cells. In a study
conducted, Mn (III)-Salen instigated the activation
of caspase-3/7 and the release of cytochrome-c
from the mitochondrial into the cytosol. This
implies that Mn (III)-Salen exhibited its
anticarcinogenic effect via the mitochondrial
pathway. Mn (III)-Salen derivatives induced
apoptosis in breast cancer cell lines at /C50 within
the range of 11-40uM thus they can be regarded as
novel anticancer agents.*

In addition to the above, ruthenium complexes
have been reported to have anticarcinogenic
properties against human ovarian cell lines.
Ruthenium complexes with oxidation states of 2°
or 3" have an anticarcinogenic effect against
metastasis cancers (malignant cancers).”’ Metal
complexes have anticancer activity and their
emergence has contributed enormously to the
treatment of cancer or cancer chemotherapy.3 s

Anti-diabetic Effects of Metal Complexes

Diabetes is a chronic disease occurring
basically as a result of elevated levels of blood
glucose. Since the past few decades, human health
and development are increasingly affected by this
condition. It is often accompanied by a disturbance
in the metabolism of fat and proteins. Blood
glucose usually increases due to the failure of the
pancreas to produce insulin or due to the inability
of the cells to effectively utilize insulin when
produced. Generally, there are three types of
diabetes namely: Type 1 diabetes which occurs as
a result of the inability of the pancreas to produce
insulin hence, also known as insulin-dependent
diabetes. Type 2 is the second type of diabetes
which is mainly due to resistance to insulin by the
body cells hence, also referred to as non-insulin-
dependent diabetes. The third type of diabetes is
gestation diabetes. This type of diabetes occurs
during pregnancy and poses the risk of developing
type 2 diabetes in the mother and obesity in
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offspring.** The majority of diabetic cases are type
2 diabetes with a percentage of 95% out of all
diabetic cases. It is predicted to grow by 6% every
year worldwide and to reach a total of 350 million
cases by 2025.%

Its treatment currently depends on therapies
intended to reduce hyperglycemia in patients
together with exercise and diet control. However,
the efficacies of these therapies are limited,
tolerance to these therapies is limited and also,
they have significant mechanism-based negative
effects. Thus, the need for alternative approaches is
urgent. In the quest for alternative treatment
approaches for diabetes, studies and experiments
have been carried out and continue to be done.
During the struggle for alternative approaches, it
was found that metals and their complexes have
anti-diabetic effects.*” According to Rafique et al.*
the administration of vanadium and zinc as
inorganic salts has been reported to have yielded a
control in blood plasma glucose levels. Vanadium
when in the oxidation state 5° as vanadate and in
the oxidation state 4° as vanadyl can mimic the
activities of insulin such as triggering the uptake of
glucose by cells and glycogen synthesis.***® Also,
chromium supplementation significantly improved
glycemia among diabetic patients but did not show
any effect on the metabolism of glucose and lipid
in non-diabetic individuals.” Furthermore, a
chromium-binding substance occurring naturally as
an oligopeptide can stimulate the activity of the
insulin-dependent tyrosine kinase of the insulin
receptor to enhance the uptake of glucose. Its
stimulating ability was reported to be dependent on
the content of chromium.” Zinc has an insulin-
mimetic activity and anti-diabetic effect. Despite
this, research regarding the anti-diabetic effects of
zinc complexes is little.* Zinc intake seems to be
associated with the risk of developing type 2
diabetes. A higher intake of zinc probably slightly
lowers the risk of type 2 diabetes in women.
Adding to this, patients with diabetes type 1 and
type 2 were often found to have low blood levels
of zinc.” This indicates that a negative correlation
exists between diabetes mellitus and zinc. Hence,
zinc may actually lower the risk of one developing
diabetes. In spite of that, they strive for alternative
medicines for the treatment of diabetes continues.”'

Anti-parasitic Effects of Metal Complexes

Metal-based compounds are wused in the
treatment of important tropical diseases such as

Chagas disease, leishmaniasis, and malaria.
Approximately, one million people die annually
from these vector-borne diseases. Recently, it has
been estimated that half the world’s population is
at risk of contracting these diseases.’”” N-
methylglucamine  antimonite  and  sodium
stibogluconate are antimony-based drugs used for
centuries to treat intracellular parasitic infection
leishmaniasis.>® Aside from that, bismuth also has
an effective activity against leishmaniasis. Arsenic
has also been recognized to have potency against
trypanosomiasis.""  Ruthenium complexes of
clotrimazole have shown effectiveness against
Trypanosoma cruzi.>* Copper (II) and gold (I)
clotrimazole exhibited significantly higher growth
inhibitory activity against Trypanosoma cruzi (the
cause of chagas disease).”” Ibandronate metal
complexes have also proven anti-parasitic activity
against Trypanosoma cruzi by catalyzing the
generation of free radical species in the parasite.’®

In the treatment of malaria, the iron chelator
desferrioxamine is used’’ and ferroquine has
entered phase II of the clinical trials to be accepted
as a drug against malaria.’®> Resistance to
chloroquine (antimalarial drug) by Plasmodium
prompted the need for new therapeutic agents. In
course of searching for new alternatives, gold and
ruthenium complexes of chloroquine were
prepared and evaluated to be effective against
Plasmodium. Gold-chloroquine complex showed
effectiveness against two chloroquine-resistant
strains (Plasmodium falciparum and Plasmodium
berghei) when it was investigated in-vivo and in-
vitro>® In  addition, ruthenium-chloroquine
complex has also been reported to have been
effective  against  Plasmodium  falciparum
(Chloroquine-resistant strain) when evaluated in-
vitro. It was found to be 2-5 times effective than
chloroquine diphosphate with no sign of acute
toxicity.” Ruthenium (II) thiosemicarbazone
complexes were evaluated in-vitro against
chloroquine-sensitive  Plasmodium  falciparum,
chloroquine-resistant Plasmodium falciparum, and
Trichomonas  vaginalis. These  compounds
exhibited low to moderate anti-parasitic activity
with the ruthenium compounds containing p-
cymene exhibiting a better activity. The
chlorophenyl moiety-containing ruthenium
compounds exhibited the highest antiparasitic
activity® illustrating that chlorophenyl probably
has an effect against the inhibition of parasites.

The antiparasitic activity of ruthenium
complexes and lapachol has also been investigated
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against Leishmania amazonensis and Plasmodium
falciparum. According to the study, lapachol-
ruthenium complexes were more potent than the
free lapachol and also the ruthenium complexes
showed selective antiparasitic  activities.®'
Synthesized two dinuclear silver complexes in an
in-vitro study manifested an extremely high
antiparasitic activity against Trypanosoma cruzi
and three different strains of Leishmania spp at an
IC50 Dbelow the lower tested concentration
(1uM).? Rivas et al.®® reported that compounds
with  electron-withdrawing  ligands,  higher
lipophilicity and contain platinum would cause
higher cytotoxicity of Trypanosoma brucei.

The recent use of metal complexes-based drugs
such as gold-based drugs in the treatment of old
ailments mainly, the tropical diseases such as
trypanosomiasis, leishmaniasis, malaria and
schistosomiasis® are clear indications of the
relevance and effectiveness of metal complexes in
the treatment of parasitic diseases.

Anti-microbial Effects of Metal Complexes

Most of the metals with an anti-microbial
efficacy are typically those belonging to the
d-block (V, Ti, Cr, Co, Ni, Cu, Zn, Tb, Ag, Cd,
Au, and Hg) and some other metals and metalloids
from the group 13-16 of the periodic table (Al, Ga,
Ge, As, Se, Sn, Sb, Te, Pb, and Bi).”*% Metal
complexes are used to treat a wide spectrum of
pathological disorders including those caused by
microbes. Metals like silver are used widely as anti-
infective agents. For instance, silver sulfadiazine is
used both as an anti-microbial agent and as an anti-
fungal agent to prevent bacterial infections during
cases of severe burns. Furthermore, a highly
fluorinated silver complex (silver(I)
tris(pyrazolyl)borates) demonstrated a good anti-
microbial efficacy against Staphylococcus aureus
and its anti-microbial activity was regarded to be
better than those of silver nitrate and silver
sulfadiazine.”” 1% silver nitrate (AgnOs) solution is
used to wash the eyes of newborns in some
countries to prevent ophthalmia neonatorum.
Bismuth (antimony-based compound) has anti-
microbial activity against Helicobacter pylori and
thus, relevant in the treatment of ulcers.”® The metal
complex chlorhexidine silver sulfadiazine has
shown to be an anti-microbial agent by preventing
catheter infection.”®

Epidemiological and clinical trials data suggest
zinc to be beneficial in the treatment of

diarrhoeas.*® Moreover, manganese complexes
have anti-fungal and anti-bacterial properties and
their growth inhibitory activity against fungi and
bacteria is active.”’. In an in vitro study to
investigate the anti-bacterial, anti-fungal and
amoebicidal activities of platinum group metal
chelates, it was reported that the metal chelates had
an anti-microbial effect against a wide spectrum of
microorganisms and their effect was significant.”
Metal complexes synthesized with phenolic
compounds such as curcumin enhance the anti-
microbial effect of the phenolic compound
(curcumin). Cobalt-curcumin  complex has
demonstrated exhibited an enhanced anti-microbial
efficacy than both curcumin alone and cobalt
alone.”' Again, Cr'", Pd*", and Y" metal-curcumin
complexes have also shown anti-microbial efficacy
against Escherichia Coli, Klebsiella pneumonia,
and Pseudomonas sp.72 Nonetheless, ferrous ions,
ferric ions complex with syringic acid and syringic
acid exhibited anti-bacterial properties but that of
the ferrous ions appeared to be better than the anti-
bacterial potency of the ferric ions- syringic acid
complex and syringic acid.” Bismuth, which is a
metal known for a good anti-bacterial activity
when wused to synthesize a complex with
norfloxacin, the complex (bismuth-norfloxacin
complex) manifested an enhanced anti-microbial
activity against Escherichia coli, Klebsiella
pneumoniae, Staphylococcus aureus, Bacillus
pumilis and Staphylococcus epidermidis than the
norfloxacin alone.”* This enhanced anti-bacterial
activity of the complex was probably due to the
increased bioavailability of the complex. Pd (II)-
tetracycline complex has been reported to have
shown efficacy against tetracycline-resistant
Escherichia coli.” Also, a better anti-microbial
activity of Co (II), Ni (II), Cu (II) and Zn (II)
complexes has been reported by Palaniammal and
Vedanayaki.”

11

Anti-inflammatory Effects of Metal Complexes

Metal complexes are used as anti-inflammatory
and anti-arthritic agents. For instance, sodium
aurothiomalate, sodium aurothioglucose and
sodium aurothiopropanol (gold complexes) are
used clinically to treat severe cases of rheumatoid
arthritis. Angiogenesis may accompany
inflammation hence, the use of anti-angiogenesis
agents during treatment is necessary. An oxidative
injury which occurs as a result of oxidative stress
can cause chronic inflammation. In other words,
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preventing or mitigating the occurrence of
oxidative injury may hamper the occurrence of
inflammation. Ruthenium (III)-quercetin complex
reduced oxidative stress and oxidative injury to
normal levels in both the brain and testis of male
rats’® thus, Ru (III)-quercetin complex manifested
an effect against inflammation. Manganese
complexes have been used to treat cell and tissue
oxidative injuries by acting as a superoxide anion
scavenger.”®

The synthesis and study of metal complexes
with anti-inflammatory drugs is a very interesting
research area. It is seen as an alternative approach
especially for developing new or more effective
drugs.”™® Therefore, various metal complexes
have been preferred in trials to increase the
pharmacological profile of NSAID activity and
reduce toxicity. While the copper (II) complexes of
Diclofenac (2-[2,6-dichlorophenylamino]
phenylacetate), one of the widely used NSAIDs
therapeutically in inflammatory and painful
diseases of rheumatic and non-rheumatic origin,
have inhibited inflammation due to the activation
of lipoxygenase, and it has an anti-inflammatory
profile superior to diclofenac.®*™ In addition,
complexes of Diclofenac (2-[2,6-
dichlorophenylamino]phenylacetate) with metals
such as Pd(Il), Fe(Il), Ni(II), and Co(II) were also
tested and the complexes exhibited anti-
inflammatory activity, lipid It has been reported to
provide protection against peroxidation.*

CONCLUSIONS

Metal complexes can interact with several
binding sites on DNA and cause conformational
changes. For this reason, It is very important to
determine the interactions of metal complexes with
DNA molecules, which are promising for the
treatment of various diseases. Because knowing
the type of interaction between metal complexes
and DNA allows us to understand how metal-
containing drugs actually work and what the
mechanisms involved are. Regarding metal
complexes, many studies are being conducted to
increase the chance of success in DNA-based
diseases, identify potential metal complex
candidates for medical use, design new DNA-
targeted metallodrugs, and screen them in-vitro.
DNA-metal complex interactions, which is a multi-
disciplinary field of study, are being investigated in
various fields such as inorganic chemistry,

biochemistry, medicine, pharmacy, and also
materials sciences.

In addition, many metal complexes have been
studied due to their positive properties and have
been reported to be efficacy in various diseases
such as cancer, diabetes, ulcer, rheumatoid
arthritis, inflammatory and cardiovascular diseases.
Clearly, metal-DNA interactions are critical to
interfere with biological processes.
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In this paper were studied the antioxidant capacity of orange, lemon,
apple and banana fruit peel. The fruit peels were collected, air dried
at room temperature for seven days and homogenized by grinding.
The homogenization of the sample was done for 2 hours at 200 rpm
in the shaker in 80% methanol. The antioxidant capacities of the
obtained fruit peel extracts were quantified by FRAP and ABTS
methods. The results showed that apple contained lowest antioxidant
capacity, using both method of analysis. Generally, the antioxidative
capacities obtained by FRAP method ranged from 5.61 to 6.98
mmol Fe?’/100g DW with the highest antioxidative capacity in
banana peel (6.98 mmol Fe?’/100g DW). Antioxidative capacity
determined by ABTS method decreased in the following order:
lemon > banana > orange > apple and ranged between 1.01 to 1.50
mg TE/100 g DW.
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INTRODUCTION

Fruit peels are generally considered as
environmental burden and waste. Orange, lemon,
banana and apple peel contain high levels of
cellulose, hemicellulose, and phenolic compounds.'
The orange peels are rapidly becoming a
superpower in the sustainability sphere. The trend
towards reuse rather than new design to address
problems is a flourishing one in the world of eco-
conscious design particularly with regard to
finding creative ways for repurposing food waste.
Orange peels have also shown immense promise in
their ability to be transformed into other materials,
particularly textiles for the fashion industry.”

* Corresponding author: amra.bratovcic@untz.ba

Lemon peel have several antimicrobial and
antifungal properties.” Four compounds identified
in lemon peel have powerful antibacterial
properties and effectively fight common oral-
disease-causing bacteria." Lemon peel is rich in
antioxidants, including D-limonene and vitamin
C.>° Intake of flavonoid antioxidants like
D-limonene is linked to a reduced risk of certain
conditions, such as heart disease and type
2 diabetes.”® One test-tube study determined that
lemon peel had stronger antioxidant activity than
grapefruit or tangerine peels.” Notably, in a test-
tube study, this peel significantly harmed and
reduced the growth of antibiotic-resistant
bacteria.'’ A review of 14 studies on 344,488
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people found that an average increase of 10 mg of
flavonoids per day reduced heart disease risk by
5%."" A 4-week study that evaluated 60 children
with excess weight showed that supplementing
with lemon powder (containing peel) led to
reductions in blood pressure and LDL
cholesterol.'”” Lemon peel may have several
cancer-fighting properties. For example, flavonoid
intake is associated with a reduced risk of several
types of cancer, and vitamin C may bolster the
growth of white blood cells, which help eliminate
mutated cancer cells."

Apple peel is a good source of natural
antioxidants and almost all types of vitamins,
especially vitamin A, C and K. Apple peel contain
high amounts of calcium and phosphorous. In
addition, there is an adequate amount of zinc,
sodium, and magnesium present in the apple peel.
Iron quantity in apple is satisfactorily high, and
therefore makes a healthy food option for anaemic
patients. The fibre in apple skin is present in both
soluble and insoluble form. About two-third of the
apple’s fibre is present in the peel alone.
Triterpenoid is also found in the apple peel which
has the ability to fight with harmful cancer creating
cells. Apple peel efficiently reduces the risk of
liver, breast, and colon cancer.'*

Banana peel is full of anti-aging compounds,
vitamins C and E that are perfect for brightening
teeth and reducing wrinkles. Because of these
properties, its helps skin with acne, hydration, and
reducing dark spots. Banana peels also contain
potassium, zinc, iron and manganese. These
nutrients can calm inflamed skin and reduce acne
outbreaks. Furthermore, banana peels contain
lutein and carotenoids which are fat-soluble
compounds that help fight inflammation and acne
breakouts.

Recent research carried out by Bratovcic ' has
revealed that orange and lemon water peel extracts
5 % (w/v) could be a very valuable source of potas-
sium (K) and calcium (Ca), needed micronutrients to
ensure the water and electrolyte balance.
Potassium and calcium build and maintain strong
bones, proper function of muscles and nerves. K
concentrations determined by flame photometric
method were 308 mg/L at 62°C and 361 mg/L at
92°C in lemon extracts, while in orange extracts
the concentration of K was 476 mg/L at 62°C and
483 mg/L at 92°C. The concentration of Ca was
70.8 mg/L at 62°C and 71.9 mg/L at 92°C in lemon

extracts, while in orange extracts the concentration
of Ca was 91 mg/L at 62°C and 93.6 mg/L at 92°C.

In order to contribute to sustainability, we have
investigated the antioxidant capacity of orange,
lemon, apple and banana peels since fruit peel
extracts may be encapsulated. Microencapsulation
can improve the retention time of the nutrient in
the food and allow controlled release at specific
times during food consumption or in the intestinal
gut (microencapsulation of vitamin).'® Nano-
encapsulation has the potential to protect sensitive
bioactive food ingredients from unfavourable
environmental conditions, enhance solubilisation,
improve taste and odour masking, and enhance
bioavailability of poorly absorbable function
ingredients."”

The objective of this research was to study the
possibility to use lemon, orange, banana and apple
peels extracts as a source of natural antioxidants
and to quantify the antioxidative capacity of the
extracts. Several antioxidant capacity methods
have been used or developed in recent years to
evaluate antioxidant capacity of fruits and
vegetables. Antioxidant capacity values may
greatly vary depending on the experimental
conditions and the specificity of the free radical
used.'"® ABTS radical cation decolorization assay
and the ferric reducing antioxidant power (FRAP)
method were used.

MATERIALS AND METHODS

Plant material

Fresh orange (Citrus sinensis), fresh lemon
(Citrus limon), apple (Malus domestica) and
banana (Musa acuminata) fruit peels were
collected in 2019. The fruits were purchased from
local supermarket in Tuzla in Bosnia and
Herzegovina. Fruit was fully developed in size and
ready for immediate consumption.

The fruit was washed with tap water and
manually pealed. To prepare laboratory samples,
each fruit peel was cut in small pieces, distributed
on the paper and dried at ambient conditions for
seven days. Afterward the peels were grinded in a
grinder AD 443, Adler Europe, 150 W. In Figure 1
the appearance of the samples is presented.
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Fig. 1 — Air dried and grinded samples of orange, lemon, apple and banana peels.

Chemicals

All chemicals used were of analytical grade and
obtained from the manufacturer Semikem,
Sarajevo. The following chemicals were used:
sodium acetate trihydrate, CH;COONa x 3H,0;
Acetic acid, CH;COOH; Concentrated
hydrochloric acid, HCL; 2,4,6- Tris(2-pyridyl)-s-
triazine (TPTZ); Iron (III) chloride hexahydrate,
FeCl; x 6H,0; Iron (II) sulfate—heptahydrate,
FeSO4x 7H,0; Potassium peroxodisulfate, K,S,Os;
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS); 6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid) (Trolox); Ethanol, C,HsOH;
Methanol, CH;OH.

Extraction

0.5 g of the sample were weight on an
analytical balance (£ 0.0001 g) and homogenized
with 25 mL of extraction solvent (80% methanol)
in a 100 mL Erlenmeyer flask. The homogeneous
mixture was extracted on orbital shaker for 2 hours
at 200 rpm. The extract was filtered and stored at
-18 ° C until analysis. Before analysis extracts
were diluted two times.

Determination of antioxidative capacity
by FRAP method

This method is based on the reduction of the
colourless iron (III)-tripyridyltriazine (Fe’"-TPTZ)
complex to the ferrous form (Fe’") of intense blue
color.” The antioxidant capacity of the tested
samples was determined spectrophotometrically by
measuring the absorbance at 593 nm as described
in previous work by Kazazic et al.*® Briefly, FRAP
reagent was prepared with 200 mL sodium acetate
buffer solution (300 mmol L—-1, pH 3.6), a 20 ml
tripyridyltriazine (TPTZ) solution (10 mmol L—1in
40 mmol L-1 HCI), 20mL FeCl; solution
(20 mmol L—1) and 24 mL distilled water. 0.200 ml
of fruit peels extracts prepared in methanol was

added to 3.8 mL of FRAP reagent. The mixture
was incubated at room temperature for 4 minutes
and its absorbance was measured at 593nm. The
control solution was made of 0.20 mL distilled
water and 3.8ml FRAP reagent. The antioxidant
capacity was determined using the calibration
curve and represented as mmol FeSO, equivalents
per 100 g-1 of sample in dry weight.

Determination of antioxidant capacity
by ABTS method

This method is based on the “quenching” of the
blue-green radical cation of 2,2'-azinobis (3-
ethylbenzothiazoline-6-sulfonic  acid) (ABTS
radical cation). The addition of antioxidants results
in the reduction of the previously generated ABTS
radical which is measured by monitoring the
decrease in the absorption of ABTS radicals and is
compared with the decrease in absorbance caused
by the addition of a certain amount of 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), a water-soluble vitamin E analogue,
under the same conditions.”’ Determination of the
antioxidant capacity with ABTS radical was done
as described in work by Kazazic et al.*’

RESULTS AND DISCUSSION

The industrial processing of fruit results in high
amounts of waste materials. In order to solve
problem of waste, fruit waste can be utilized as
animal feed or fertilizer.”? Last decade valorisation
of agricultural co-products is in research focus
since it has been reported that these co-products
contain valuable substances such as pigments,
sugars, organic acids, flavours, bioactive
compounds with antioxidant activity.” In this
study we used two different methods to evaluate
antioxidant capacity of fruit peels. The results
presented in Table 1 demonstrated that methanol
extracts of all investigated samples have the ability
to prevent potential damage from free radicals.
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Table 1
Antioxidant capacity of analysed fruit peels determined by FRAP and ABTS method
Sampl FRAP ABTS
pie (mmol Fe**/100g DW) (mg TE/100g DW)
Orange peel 5.65+0.12 1.36+0.09
Lemon peel 6.31+0.14 1.50+0.06
Apple peel 5.61+0.11 1.01+£0.07
Banana peel 6.98+0.34 1.36+0.34

Values are expressed as mean + standard deviation (n = 3).

Reductive capacity of methanol fruit peel
extracts determined by the FRAP method is in the
range of 15.61+0.11 mmol Fe*/100g DW, which
is detected for apple peel to 6.98+0.34 mmol
Fe**/100g DW for banana peel.

From results obtained by ABTS assay it is
possible to notice that lemon has the highest
antioxidant capacity, 1.50 mg TE/100 g DW,
followed by banana and orange with 1.36 mg
TE/100 g DW and apple, 1.01 mg TE/100 g DW.
Generally, it is possible to conclude that apple has
the smallest antioxidant capacity whether it is
determined by FRAP or ABTS method.

Antioxidant capacity of fruit peels was reported
by others.***® Higher antioxidant capacity was
determined in orange, apple and banana peel by
Afsharnezhad et al.” These differences can be due
to the complexity of phenols and the methods of
extraction and analysis used.”’ It has been reported
that extracts obtained using more-polar solvents
had greater amount of antioxidants than those
obtained using less polar solvents.*** For phenolic
compounds, flavonoids and flavonols, methanol
was found to be better solvent than ethanol.

The antioxidant capacity depends on the
content of total polyphenols and some phenolic
acids.’®*' Fruit and vegetables peels contain higher
amounts of total phenolics compared to the edible
portions. It has been reported that phenolic content
and antioxidant capacities in different vegetable
tissues decreased from peel, phloem to xylem. ****
Someya et al. ** reported that total phenolics were
more abundant in banana peel than in pulp.

CONCLUSION

Fruit peels, generated as agricultural co-
products, can be considered valuable natural

source of antioxidants. The results of this research
show that orange, lemon, apple and banana peel
contain bioactive compounds with antioxidant
capacity. Food industries should be encouraged to
use them as raw ingredients for production of
dietary supplements and in value-added products.
In the future, extensive work in isolation and
characterization of the active biomolecules in these
fruit peels is required.
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A series of condensation products were synthesized by treatment
of some aryl-substituted 1,2-amino alcohols with various aromatic
aldehydes in the catalyst-free medium in ethanol. The amino
alcohols bearing NH group give rise to the 1,3-oxazolidines, while
their NH, group holding analogs lead to the formation of Schiff
bases. Some advantages of this protocol are a simple work-up
procedure, short reaction time, mild conditions, and good to high
yields.

Ary
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N

/

0
R Ar NHR )k
R = Alk; Yields: 73-96% \OH_ 7 A1 R=H; Yields: 65-70%

INTRODUCTION

B-Amino alcohol unity is a common structural
component in a range of biologically active natural
and synthetic compounds such as antibiotics,
alkaloids, enzyme inhibitors, and p-blockers."”
Also, various chiral reagents utilize amino alcohols
as ligands or chiral auxiliaries.*” Therefore amino
alcohols are one of the most essential molecules in
medicinal and synthetic chemistry, a number of
synthesis methods have been reviewed in the
literature.”"" Functionalization of B-amino alcohol
derivatives with various carbonyl compounds gives
rise to the broad class of organic compounds such
as amides, esters, enaminones, ureas, carbamates,
aziridines, oxazolidines, oxazolines, oxazolidinones,
oxazines, pyrroles, pyridones, morpholines, acridi-
nones, and etc (Figure 1).'*

1,3-Oxazolidine and Schiff bases, obtained by
the condensation of B-amino alcohols with oxo
compounds are a well-investigated topic in organic
synthesis. Although to our best knowledge there

* Corresponding author: xalilov_a@yahoo.com

are very rare reports about the short-time facile
synthesis of these compounds in a catalyst-free
environmentally benign medium.'” In this context,
herein we disclose our results in condensation of
our previously obtained aryl-substituted B-amino
alcohols with aromatic aldehydes.

EXPERIMENTAL

Materials and methods

General: All chemicals were of reagent grade and used
without further purification. Melting points (mp’s) were
recorded on a Stuart SMP30 melting point apparatus using
open capillaries and were uncorrected. NMR spectra were
recorded at room temperature on a Bruker Avance II+ 300
(UltraShield™ Magnet) spectrometer operating at 300.130 and
75.468 MHz for proton and carbon-13, respectively. All NMR
spectra are reported in parts per million (ppm) relative to
tetramethylsilane (Me,Si) for 'H and *C NMR spectra, with
the residual solvent proton and carbon resonances used as
internal standards. The following abbreviations are used to
describe peak patterns: s = singlet, d = doublet, t = triplet,
m = multiplet, d-d = doublet of doublets. Elemental analyses
were performed using a Carlo Erba 1108 analyzer.
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Fig. 1 — Functionalization of f-amino alcohols with carbonyl compounds.

Chemistry

General synthesis procedure of the 1,3-oxazolidines and
Schiff bases: To the solution of 3 mmol of amino alcohol in
5 mL ethanol was added 3 mmol of aromatic aldehyde and
vigorously stirred at 60-70°C for 15 min. Only in the case of 6,
the reaction mixture was refluxed for 2 hours. Then the
reaction mixture was cooled down. Reaction products were
precipitated from reaction mixture, collected by filtration and
was recrystallized in ethanol. The yellow oiliest product 4 was
purified by column chromatography over silica gel and eluted
with hexane: 2-propanol (60:40, v/v).

I-Mesityl-3-((4-nitrobenzylidene)amino)propan-2-ol -
Yield 65%; Mp 117-119°C; 'H NMR (300 MHz, CDCls,
ppm): & 2.26 (s, 3H, CH3), 2.34 (s, 6H, 2CHj3), 2.95 (m, 2H,
CH,Ar), 3.75-3.85 (d-d, 2H, CH,N), 4.21 (m, 1H, CH-O),
6.89-8.30 (6H, Ar), 8.45 (s, 1H, CH-=N); *C NMR (75 MHz,
CDCl;, ppm): 8 21.09 (2CH;-Ar), 22.17 (CH;-Ar), 35.33
(CH,-Ar), 66.19 (CH,-N), 72.34 (CH,-O), 118.16(2CH_1om),
128.18 (2CH,rom), 129.16 (2CHgom), 132.07 (Cyrom), 136.25

(Carom)> 138.44 (2C10m), 142.27(Cyrom), 148.95 (Carom), 161.07
(CH-=N); Anal. Calcd for: C,gH»,N,03: C, 69.92; H, 6.79; N,
8.58; Found: C, 69.77; H, 6.65, N, 8.71.
4-Bromo-2-(((2-hydroxy-3-
mesitylpropyl)imino)methyl)phenol (2): Yield 70%; Mp 122-
124°C; '"H NMR (300 MHz, CDCl;, ppm): & 2.25 (s, 3H,
CHa), 2.39 (s, 6H, 2CH3), 2.95 (m, 2H, CH,Ar), 3.65-3.85 (d-
d, 2H, CH,N), 4.15 (m, 1H, CH-O), 6.83-7.45 (5H, Ar), 8.35
(s, 1H, CH-=N), 13.35 (s, 1H, OH); *C NMR (75 MHz,
CDCl;, ppm): & 21.08 (2CH;-Ar), 22.19 (CH;s-Ar), 35.30
(CH,-Ar), 65.21 (CH,-N), 72.40 (CH-0O), 110.09 (Cuom)
118.19(CHyrom), 120.06 (Cyom)s  129.22(2CHgom), 132.13
(Carom)s  134.15(CHyrom), 136.22 (CHyrom), 136.27  (Corom),
137.09 (Curom), 160.11 (Cyrom), 166.09(CH=N); Anal. Calcd
for: Cy9H»,BrNO,: C, 60.65; H, 5.89; N, 3.72; Found: C,
60.52; H, 5.68, N, 3.84.
4-Bromo-2-(3-methyl-5-(2,4,6-trimethylbenzyl)oxazolidin-2-
yhphenol (3): Yield 86%; Mp 115-116°C; 'H NMR (300
MHz, CDCl;, ppm): & 2.22 (s, 3H, CH3), 2.27 (s, 3H, CH3),
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231 (s, 6H, 2CH3), 2.34 (s, 6H, 2CH3), 2.43 (s, 3H, CHj),
2.44 (s, 3H, CHj), 2.52 (t, 1H, CH,N), 2.75 (t, 1H, CH,N),
2.95 (m, 2H, CH,Ar), 3.10 (m, 2H, CH,Ar), 3.23 (d-d, 1H,
CH,N), 3.51 (d-d, 1H, CH,N), 4.45 (m, 2H, 2CH-0), 4.75 (s,
1H, CH), 4.82 (s, 1H, CH), 6.70-7.41 (10H, Ar), 11.4 (s, 2H,
OH); “C NMR (75 MHz, CDCl;, ppm): & 26.85 (2CH3),
26.89 (2CHj3), 26.90 (CHj), 26.91 (CHj), 39.91 (CH,-Ar),
41.76 (CHy-Ar), 44.71 (CH3-N), 44.72 (CH;-N), 64.03 (CH,-
N), 66.11 (CH,-N), 82.07 (CH-0), 83.12 (CH-0), 104.03 (O-
CH-N), 105.09 (O-CH-N), 117.52 (Caom), 124.31 (CHrom),
124.50 (CHuom)s 127.33 (Carom)s 128.01 (Cpom), 136.98
(CHuom), 137.07 (CHygon), 137.45 (Cypom). 139.05 (CHiyrom),
139.09 (CHuom), 142.82 (Caom)s 143.05 (Cuom), 163.19
(Carom); Anal. Calced for: C,oHo4BrNO,: C, 61.54; H, 6.20; N,
3.59; Found: C, 61.39; H, 6.03, N, 3.71.
3-Methyl-2-(4-nitrophenyl)-5-(2,4,6-
trimethylbenzyl)oxazolidine (4): Yield 74%; '"H NMR (300
MHz, CDCls, ppm): & 2.23 (s, 3H, CHs), 2.26 (s, 3H, CH3),
243 (s, 6H, 2CH;), 2.44 (s, 6H, 2CH3), 2.49 (s, 3H, CHj),
2.50 (s, 3H, CHj), 2.60 (t, 1H, CH,N), 2.75 (t, 1H, CH,N),
3.00 (d-d, 1H, CH,N), 3.50 (d-d, 1H, CH,N), 3.1 (m, 4H,
2CH,Ar), 4.45 (m, 1H, 1CH-0), 4.62 (m, 1H, 1CH-0), 4.75
(s, 1H, CH), 4.87 (s, 1H, CH), 6.70-8.40 (12H, Ar); *C NMR
(75 MHz, CDCLy): & 20.10 (4CHy), 20.3 (2CH3), 20.6 (2CHs-
N), 34.07 (CH»-Ar), 35.11 (CH,-Ar), 37.09 (CH;-N), 38.23
(CH3-N), 58.25 (CH,-N), 62.19 (CH,-N), 77.65 (CH-O) ,
78.49 (CH-0), 97.36 (O-CH-N), 9827 (O-CH-N), 124.41
(CHarom), 125.01 (Cyrom), 127.75 (Carom), 129.86 (CHarom),
129.95 (CHuom)s 130.09 (Carom)s 132.56 (Cuom), 136.45
(Carom)s 137.22 (Cyrom)s 147.39 (Carom), 148.45(Cyrom); Anal.
Calcd for: C,0H4N,05: C, 70.57; H, 7.11; N, 8.23; Found: C,
70.40; H, 7.25, N, 8.37.
2-(3-Benzyl-2-(2,4,6-trimethylbenzyl)oxazolidin-5-yl)-4-
bromophenol (5): Yield 96%; Mp 133-134°C; 'H NMR
(300 MHz, CDCls, ppm): & 2.15 (s, 2H, CH3), 2.25 (s, 6H,
2CH;), 2.45-3.30 (m, 4H, CH,N, CH,Ar ), 3.95 (s, 2H,
NCH,Ar), 4.45 (m, 1H, CHO), 5.10 (s, 1H, CH), 6.70-7.40
(10H, Ar), 11.20 (s, 1H, OH); '*C NMR (75 MHz, CDCl,,
ppm): & 21.09 (2CH3), 22.06 (CH3), 34.29 (CHs-Ar), 56.75
(CH,-N), 57.22 (2CH,-Ar), 78.35 (CH-0), 97.42 (O-CH-N),
1153 (Carom), 118.77 (CHgom), 122.56 (Curom), 127.65
(CHarom), 128.24 (CH,pom), 127.31 (CHyrom), 127.40 (CHirom),
131.55 (Caom), 132.05 (Carom), 133.24 (CHyem), 134.01
(CHarom)> 135.99 (Carom)s 137.25 (Carom)s 157.35 (Carom); Anal.
Caled for: C,sHygBrNO,: C, 66.95; H, 6.05; N, 3.00; Found:
C, 66.72; H, 5.89, N, 3.21.

4-Bromo-2-(3-(tert-butyl)-5-(2,4, 6-
trimethylbenzyl)oxazolidin-2-yl)phenol (6): Yield 73%; Mp
167-169°C; '"H NMR (300 MHz, CDCls, ppm): & 1.15 (s, 9H,
3CHj3), 2.21 (s, 3H, CH3), 2.23 (s, 6H, 2CH3), 2.72-3.23 (m,
4H, CH,N, CH,Ar), 4.30 (m, 1H, CHO), 5.60 (s, 1H, CH),
6.60-7.30 (5H, Ar), 13.00 (s, 1H, OH); °C NMR (75 MHz,
CDCl,, ppm): 5 20.88 (CH3), 21.21(CH3), 28.09 (CHj), 33.14
(CHy-Ar), 52.43 (CH»-N), 54.65 (Cyrom), 78.33 (CH-0), 91.15
(O-CH-N), 111.13 (Cypom), 118.86 (CHyom), 125.94 (Carom)s
128.75 (CHyom), 132.86 (Carom), 133.14 (CHyom), 134.42
(CHarom), 136.51 (Carom)s 137.05 (Carom)s 158.36 (Carom); Anal.

Ar e)
Ho{ *
NH2 H)J\Ar»]

EtOH, t
“H,0

Calcd for: C,3H;30BrNO,: C, 63.89; H, 6.99; N, 3.24; Found:
C, 63.68; H, 6.71, N, 3.38.
4-Bromo-2-(5-(2,5-dimethylbenzyl)-3-methyloxazolidin-2-
yhphenol (7): Yield 80%; Mp 68-70°C; "H NMR (300 MHz,
CDCls, ppm): 8 2.15 (s, 3H, CHa), 2.17 (s, 3H, CHj), 2.15 (s,
3H, CH3), 2.29 (s, 3H, CH3), 2.40 (s, 3H, CH3N), 2.41 (s, 3H,
CH;N), 2.48 (t, 1H, CH,N), 2.75 (t, 1H, CH,N), 2.76-3.10 (m,
4H, 2CH,Ar), 3.22 (d-d, 1H, CH,N), 3.45 (d-d, 1H, CH,N),
4.45 (m, 1H, CH-0O), 4.56 (m, 1H, CH-0O), 4.85 (s, 2H, 2CH),
6.74-7.40 (m, 12H, Ar), 11.3 (s, 2H, 20H); *C NMR (75
MHz, CDCl;, ppm): 8 17.25 (CHs), 18.33 (CHj), 18.34 (CH3),
22.05 (CHy), 37.45 (CH,-Ar), 37.49 (CH,-Ar), 38.57 (CH;-N),
38.58 (CH3-N), 57.33 (CH,-N), 59.07 (CH,-N), 77.22 (CH-0),
78.31 (CH-0), 98.22 (O-CH-N), 99.01 (O-CH-N), 111.09
(Carom), 118.42 (CHyrom), 122.34 (Cyrom), 127.75 (CHarom),
127.78 (CHgrom), 130.04 (CHgrom), 132.34 (CHgpom), 133.16
(CHgrom), 13522 (Cuom)s 136.34 (Cuom), 156.87 (Carom)s
156.89 (Cyrom); Anal. Caled for: C9H,,BrNO,: C, 60.65; H,
5.89; N, 3.72; Found: C, 60.43; H, 5.64, N, 3.87.

RESULTS AND DISCUSSION

Our previous studies on the synthesis of amino
alcohols and exploring their utility in two-
component, as well as multi-component synthesis,
have been reported earlier.'®'® In the context of our
studies, herein, we have described the green
synthesis of novel Schiff bases and 1,3-
oxazolidines on the base of racemic 1,2-amino
alcohols. There are plenty of works in this field
using hazardous solvents, strong acids, hypervalent
iodine reagents under conventional heating or
microwave irradiation conditions.'*** Therefore,
environmentally benign chemical methods have
received considerable growing attention in recent
years. > The employment of green chemistry
techniques efficiently minimizes the generation of
hazardous substances. Consequently, we tried to
employ an eco-friendly, facile, cost- and time-
effective synthetic procedure that allowed us a
quick synthesis of new Schiff bases from 1-amino-
3-mesitylpropan-2-ol (Scheme 1).

Under a similar reaction condition, PB-amino
alcohols containing a secondary amine group lead
to the formation of 1,3-oxazolidines with good
yields. In the case of 6 (R= tert-butyl), reaction
time took 2 hours under reflux condition, probably
due to steric hindrance of the bulky alkyl group
(Scheme 2).

Ar
o
N4

Ar = 1,3,5-trimethylphenyl; Ar1= 4-nitrophenyl (1), 5-bromo-2-hydroxyphenyl (2).

Scheme 1 — Synthesis of Schiff bases.
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Ar (0]
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\
R

_EtOH.t
-H,0

R = Methyl; Ar = 1,3,5-trimethylphenyl ;
R = Methyl; Ar = 1,3,5-trimethylphenyl ;
R = Benzyl; Ar = 1,3,5-trimethylphenyl ;

R = tert-Butyl; Ar = 1,3,5-trimethylphenyl ; Ar4

R = Methyl; Ar = 2,5-dimethylphenyl ;

Ar1

Yf

Arq = 5-bromo-2-hydroxyphenyl (3);
Arq = 4-nitrophenyl (4);

Arq = 5-bromo-2-hydroxyphenyl (5);
= 5-bromo-2-hydroxyphenyl (6);

Arq = 5-bromo-2-hydroxyphenyl (7);

Scheme 2 — Synthesis of 1,3-oxazolidines.

Only in the case of aromatic substituents (R =
phenyl, 4-bromophenyl) at the secondary amine
group, all efforts to reach corresponding 1,3-
oxazolidines, unfortunately, were unsuccessful,
obviously due to poor nucleophilicity of secondary
amine. On the other hand, in the case of bulky
groups at the amine group (R=tert-butyl, benzyl)
the reaction occurred stereoselectively, wherein in
the case of small substituents (R=CH;) have been
formed mixture of 1,3-oxazolidine diastereoisom-
ers in a 1:1 ratio.

The structures of N-unsubstituted 1,3-
oxazolidines can be characterized by three-
component tautomeric equilibria  (ring™*-open-
ring™") of the cyclic and the corresponding Schiff
base open-chain forms.'” But in this case, we did
not observe the appearance of -characteristic
chemical shifts of cationic Schiff base imine
proton 1b and ring-opened intermediate 1la
(Scheme 3), well-reported in the literature.'”*®
Also, some signals (mainly aromatic signals) were

overlapped for the diastereomeric mixtures in the
NMR spectra, like in a similar precedent reported
in the literature.””*®

Finally, a plausible mechanism for the
formation of 1,3-oxazolidines from [-amino
alcohols has been proposed and illustrated in
Scheme 3. It has been proposed that nucleophilic
addition of a primary amine to the carbonyl group
of an aromatic aldehyde generates an intermediate
1a, which in turn undergoes dehydration to deliver
oxazolidine ring (Path A).

As well, an attraction of the alcoholic proton
from amino alcohol molecule by the nitrogen atom
of another counterpart could also allow the oxygen
to attack in a nucleophilic manner to lead to
another intermediate 1c, which also undergoes
dehydration to deliver the desired product (Path B).
Our further efforts are focused on optimizing and
studying the influence of the nature of substituents
on the stereochemistry of these reactions.

Ar>Y T NHR
Ar NHR <20CHO - A N TONHR —= Ar NHR
OH ( H OH ® ~H
2 B4
RHN Ar
AI"»]
\ +
Ar NHR M{VHR
Ar NR A H:'fo I
oH Ar, Ar/\OyHR
1a  HO® A O OH
- OH Y 1c
Ar/w__\ /Y\'HZO Ar,
.
TR o e
H™ ™ Ay
Ary Ar1
1b

Scheme 3 — Proposed mechanism for the formation of 1,3-oxazolidines.



New 1,3-oxazolidines azomethynes 723

CONCLUSION

In conclusion we have performed an efficient

and simple green synthesis of Schiff bases and
oxazolidine derivatives in catalyst free medium.
This approach has several advantages such as
simplified workup procedures, mild conditions,
and good yields of reaction products.
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The present study was conducted to determine the kinetic
parameters of the antioxidant activity of essential oil,

S

3
methanol and aqueous extracts of olive leaves. Antioxidant axl

o

potential was determined by 2,2-diphenyl-2-picryl-
hydrazyl (DPPH) and ferric ion reduction power. Result
showed that the essential oil and methanol extract exerts
higher scavenging activities of DPPH and significant
ability for iron reduction at concentration of 1000 pg/mL.
Lower values of IC50 were obtained by essential oil and
methanol extract and determined by two tested methods.
The kinetic parameters showed that the maximal rates of
DPPH scavenging were obtained by essential oil and
methanol extract. The lower value of KM obtained
indicated the good affinity of essential oil and methanol
extract to free DPPH radical. The maximal rate of iron
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reduction (r max) was obtained by essential oil and methanol extracts and the optimal concentration determined was 62.5 ng/mL. The
results indicate that the essential oil and methanol extract exerts a strong antioxidant activity can be used as valuable source for

commercial exploitation.

INTRODUCTION

Oxidative stress has been one of the main
interests of the scientific community for centuries.
During the cell metabolism, a series of reactive
oxygen species (ROS) are synthesized.! The
redundant free radicals can damage cells by
destructing protein and resulting in the development
of inflammation and lipid oxidation.” The imbalance
between antioxidant defense system and ROS may
lead to patho-biochemical mechanisms caused by
the development of different diseases.’ Antioxidants
are vital agents that possess the capacity to protect

*Corresponding author: naouel.ouis@univ-mascara.dz

the body from all damages caused by free radical
induced oxidative stress and retard the advancement
of several chronic diseases.” Recently, the synthetic
antioxidant agents are restricted because they are
suspected to have some toxic effects and even
possibly carcinogens.” Hence, the studies on natural
antioxidants have gained intensively greater
importance. Many antioxidant agents, naturally
occurring in plant source have been identified as
potential antioxidants.® Due to its richness in
different bioactive phenolic compounds, plants have
been used for alternative medicine, pharmaceutical
industries, natural therapies and food preservation.’
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It has long been acknowledged that some plant
essential oils exhibits antioxidant activity and it is
necessary to investigate those plants scientifically.®

The olive tree (Olea europaea L.) deriving from
the Mediterranean region, belongs to the Oleaceae
family, is one of the oldest fruit tree cultivated for
its edible fruits as table olives and for extraction of
olive oil.” Olive fruit extracts are used as food
additives, nutrition supplements and medicinal
ingredients.'" The total polyphenol content in olive
leaves is higher than that in olive fruits, however,
the use of olive leaves is lower, compared to that
of olive fruits." During olive tree cultivation, the
pruning step generates an important quantity of
olive leaves, which are commonly used as animal
feed, and which could also be used as a source of
antioxidants.'' Several methods were used for
evaluation of the antioxidant activity; however, the
most utilized approaches are based on scavenging
DPPH level %, variation of optical density or
calculation of IC50 (concentration of substrate that
inhibits 50% of the DPPH radicals present in the
reaction medium). To the best of our knowledge,
the present study is the first to report the
determination of the kinetic parameters to explain
the affinity of the antioxidant to inhibit the free
radical and mechanism of action of the tested
natural antioxidant. Hence, present study was
carried out to determine the antioxidant activity of
essential oil of olive leaves, methanol and aqueous
extracts of olive leaves and determination of the
kinetic parameters of the reactions.

EXPERIMENTAL

Chemicals substances: All chemicals and solvents (analytical
grade) were purchased from Sigma Aldrich (Munich,
Germany), unless otherwise specified.

Plant material: Olive leaves used in current study were
collected from an olive orchard located in the region of
Mohammedia, Mascara (North-West of Algeria) during Mars
2020. The olive leaf was the most used in traditional medicine
in the region. The specie was identified taxonomically and
authenticated by botanist at SNV faculty, University Mustapha
STAMBOULI of Mascara. The leaves were washed with tap
water to remove all impurities and then with distilled water.
The samples were dried in darkness at room temperature and
chopped into small particles to increase the surface of
diffusion.

Extracts preparation: The dried leaves were made into fine
powder of 40 mesh size using the pulverizer. 10 grams of
leaves were macerated in hydromethanolic solution
(methanol/water 70:30 v/v) at ratio of 1:10 (w/v) with
magnetic stirring overnight at room temperature.'? This
soaking was repeated three-folds by renewing the solvent

every 24 hours and then maceration of each solvent was
combined. The hydromethanolic extract was recovered after
filtration through Whatman No.41 filter paper and
concentration in a rotavapor (Buchi Labortechnink AG,
Postfach, Switzerland). For preparation of aqueous extract,
10 grams of leaves powder were macerated in 100 mL of
distilled water at ratio of 1:10 (w/v) with magnetic stirring
overnight at room temperature. This operation was repeated
three-folds and then combined. The aqueous extract was
recovered after filtration through Whatman No.41 filter paper.
The two concentrated extracts were used for in vitro
determination of antioxidant activity.

Isolation of essential oil: 100 grams of olive leaves in
500 mL of distilled water were submitted to hydro-distillation
for 3 hours, using a Clevenger-type apparatus (ST15 OSA,
Staffordshire, UK) until total recovery of oil. The extracted
essential oil was dried over anhydrous sodium sulfate. In order
to preserve it original quality, the oil was stored at 4 °C until
tested in an opaque glass bottle sealed. The essential oil yield
was evaluated by gravimetric method and expressed in terms
of % (w/w ratio between the weight of the obtained oil and the
weight of the leaves to be treated). The purity of essential oil
was assessed by measurement of physic-chemical indices were
evaluated according to the European Pharmacopoeia.'* The pH
was measured by using a digital pH meter apparatus and
density by density meter. The relative density (dy™’) was
determined, which refers to the ratio of mass of the liquid
sample and the mass of water, both at 20 °C. Pycnometers
were used according to the amount of the essential oil
available. The refraction index was evaluated in a
refractometer using sodium light of wavelength of 589.3 mm
(D ray), which was adjusted with distilled water (refraction
index of 1.3330), the samples being kept at 20 °C. The
rotatory power was measured by using a polarimeter. The
miscibility with ethanol is the volume of ethanol needed to
solubilize one volume of the essential oil (v/v). For evaluation
of the acid index, a solution of m in (mg) of essential oil was
mixed with SmL of 95% ethanol and 5 drops of
phenolphthalein 0.2%. This solution was neutralized with an
ethanolic solution 0.1 M of KOH. The titration is over when
the pink color begins to appear and persists for at least
15 seconds, we note the volume V in (mL) of the KOH
solution that causes this color change and it was calculated by
using the following formula:

_S.61xV
m

Ia

(M

where: la (acid index), V (volume in mL of the used KOH
solution), m (mass of the sample test in gram).

For determination of the saponification index, in a 250 mL
monocolumn flask equipped with a reflux condenser, the test
sample m (mg) was mixed with 25 mL of 0.5 M alcoholic
potassium hydroxide and a few glass beads. The refrigerant
was adapted and refluxed for 30 minutes and 1 mL of
phenolphthalein was added to the solution. The latter was
titrated immediately with 0.5 M hydrochloric acid (sample
test). The blank test was carried out under same conditions
(blank test). The saponification index was calculated by using
the following formula:

(Vi —Ve)xC.HCIxM .KOH
m

Is

@

where: (Is) saponification index, (Vt) volume in mL of HCl
0.5 M poured (blank test), (Ve) volume in mL of HCI 0.5M
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poured (sample test), (C.HCI) concentration of HCI in mol/L,
(M.KOH) molar mass of KOH (56.10 g/mol, (m) mass of the
sample test in gram. The ester index (Ie) was calculated from
the saponification index (Is) and the acid index (Ia) according
to the formula:

le=1Is—la 3)

For determination of iodine value, in a 500mL volumetric
flask, one gram of oil sample was mixed with 15mL of carbon
tetrachloride and 25mL of Wijs solution. The flask was stoppered
and swirled to ensure complete mixing. The sample was then
placed in the dark for 30 minutes at room temperature. The flask
was removed from storage and 20 mL of 10% potassium iodide
(KI) solution added, followed by 150mL of distilled water. The
mixture was titrated with 0.1N thiosulphate (Na,S,0s) solution
adding gradually and with constant and vigorous shaking until the
yellow colour had almost disappeared. 1.5mL of starch indicator
solution was added and the titration was continued until the blue
colour disappeared. A blank determination was conducted
simultaneously. The peroxide present was evaluated by titration
against thiosulphate in the presence of KI using starch as an
indicator.

DPFH radical scavenging activlie, Y% =

where: A control: absorbance of the control containing all
reagents except the oil or extract, A sample: absorbance of the
sample (presence of the essential oil or extract).

The IC50 was estimated from the inhibition level, %
versus concentration plot, using a non-linear regression
algorithm.

Ferric ion reduction: The ferric ion reduction power of
tested samples was determined by using the potassium
ferricyanide-ferric chloride method described by Yildirim et
al.® ImL of each tested sample at different concentrations was
mixed with 2.5 mL of 0.2 M phosphate buffer pH 6.6 and
2.5 mL of potassium ferricyanide solution K;Fe(CN)g, 1 %.
After incubation for 20 min at 50 °C, 2.5 mL of trichloroacetic
acid 10% was added and the reaction mixture was centrifuged
for 10 min at 3000 rpm (Sigma labrzentrifugen D-37620
Osterode am Harz, Germany). An aliquot of 2.5 mL of the
supernatant from each mixture was mixed in a test tube with
2.5 mL of distilled water and 0.5 mL of ferric chloride
solution (0.1%) prepared freshly in distilled water. After 20
min of reaction time at 35 °C, the absorbance was recorded at
700 nm against a blank that contains all reagents except the
essential oil (or extract) solutions and ferric chloride. The

1 Hm

Evaluation of the antioxidant activity

DPPH free radical-scavenging activity: The antioxidant
potential was evaluated in terms of hydrogen donating or
radical-scavenging capacity, using the stable free radical 2,2-
diphenyl-1-picrylhydrazyl (DPPH) as a reagent. The capacity
of the sample to scavenge DPPH was assessed by using the
method as described by Shen et al.'* with some modifications.
The samples to be tested for their antiradical activities were
prepared in methanol to achieve the concentration of
1 mg/mL. Dilutions were made to obtain concentrations of
500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.90, 1.99, and
0.97ug/mL. A volume of 50uL of each solution was added to
1950uL of methanol solution of DPPH (6.10° M) as free
radical source. The mixtures were stirred vigorously for
30 seconds and then incubated in the dark for 30 min at room
temperature. The absorbance was measured using UV/Vis
spectrophotometer model Hitachi 4-2000 at 517 nm against
pure methanol. Ascorbic acid was used for comparison as
positive control. Lower absorbance of the reaction mixture
indicated higher free radical-scavenging activity. The
inhibition level, % of DPPH was determined using the
equation:

A control—Asample
SRR ¢
Acontret

control was achieved by different concentrations of ascorbic
acid. Higher absorbance of the reaction mixture indicated
higher ion reduction power. The concentration providing 0.5
of absorbance (IC50) was estimated by plotting absorbance at
700 nm against the corresponding sample concentration.

Evaluation of the Kkinetic parameters

Kinetic parameters for DPPH assay: This approach
consists to considering the reaction of inhibition of the free
radical DPPH by an antioxidant as a chemical reaction similar
to the enzymatic reaction. In an enzymatic reaction the
maximum reaction rate (r max) and the affinity of the
substrate for the enzyme (Km) are determined graphically by
the relationship of Lineweaver and Burk. In the reaction of
DPPH with the antioxidant, the free radical DPPH inhibition
level, % can be considered as the initial rate of reaction. So the
plotting of the curve of 1/free radical DPPH scavenging, %= f
(1/concentration of tested antioxidant) linear regression makes
it possible to graphically determination of the kinetic
parameters (r max and Km).

1 L

Freevadical DPFH scovenging St T rmax Concentrations cf onticxident wmaox

Kinetic parameters for ferric reduction power assay: The
ferric reducing power assay is often used to estimate the
capacity of tested antioxidant to donate an electron or
hydrogen to form more stable product. The evaluation of the
ferric reducing antioxidant was based on the reduction of
Fe"/ferriccyanide complex to the ferrous form in the presence
of antioxidants in the tested samples. The Fe? were then
monitored by measuring the formation of Perl’s Prussian blue
at 700 nm. In fact, it is widely accepted that higher absorbance
at 700 nm is correlated to reducing power. In this method the
intensity of the absorbance is proportional to the iron
reduction reaction. Plotting the optical density (OD) = f
(concentration of antioxidant) curve indicates the power of an
antioxidant to reduce iron. The first derivative of this curve

)

gives the rate of the reduction of iron. To have this rate we
draw the curve: difference of optical density (dOD) versus
difference of concentration of antioxidant plot (dC), using a
non-linear regression algorithm.

dop = Fidc) (6)
0D2 — 0D1 = F{C2 - C1} )

Data analysis: All determinations were conducted in
triplicates and results for each measured parameter were
expressed as mean = SD. Data were statistically determined by
analysis of variance ANOVA using the level significance
(P<0.05) using Microsoft Excel and SPSS statistics software 8.1.
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RESULTS AND DISCUSSION

Physic-chemical characterization of olive leaves
essential oil: Olive leaves essential oil was
characterized by a limpid liquid aspect, volatile,
mobile, with light green colour, strong and fresh
smell. This oil was marked by a yield of 0.9 +
0.3%. The physic-chemical characterization (pH
5.1 £ 0.2, density at 20 °C 0.84 + 0.02 g/mL,
relative density 0.91 £+ 0.01 g/g, refractive index at
20 °C 1.355 £ 0.002, rotatory power +5.32 = 0.12,
miscibility with ethanol at 96% 1:9 (v/v), acid
index 17.362 = 0.010 mg KOH/gEO, ester index
115.171 + 0.030 mg KOH/gEO at 20 °C,
saponification index 134.20 + 0.04, peroxide index
12 + 0.3 meq O2/KgEO, carbonyl index 146.31 +
0.02, and iodine number 2.9 £+ 0.3) showed the
good quality of the studied oil.

Antioxidant capacity
of extracts and essential oil of olive leaves

DPPH free radical-scavenging capacity:
DPPH is free radical that provides information
about the ability of the antioxidant agent to inhibit
oxidative cell damages by preventing reactive
radical species from attacking key bio-compounds
in biological and food systems.'® It is frequently
used to evaluate the antioxidant activity. As shown
in Fig 1, the antioxidant potential was directly
correlated to the concentrations used. The ascorbic
acid (positive control) displayed the higher
scavenging activity of DPPH radical 96.3 £+ 0.2%
at concentration of 1 mg/mL, folowed by essential
oil 88.0 = 0.1%, then methanol extract 84.0 = 0.2%
and aqueous extract 63.2 =+ 0.3% at same
concentration.

Recent studies have conducted to evaluate the
antioxidant compounds derived from leaves and
fruit of olive trees, numerous fruits and vegetables,
as well as medicinal and aromatic plants and
spices.'” Free radical scavenging capacity is
strongly related to the abundance of polyphenol
compounds. Recent research showed that the main
constituents of phenolics compounds of olive
leaves extracts determined by UPLC-MS/MS were
as follows: apigenin, diosmetin, hydroxytyrosol,
luteolin,  oleanolic  acid, oleuropein, and
quercentin.'® Similar results obtained by using
FPLC coupled with photo diode array detection
(DAD) revealed six major polyphenolic
compounds: oleuropein, verbascoside, luteolin-7-
O-glucoside, apegenin-7-O-glucoside, hydroxytyro-
sol and tyrosol.” The methanol extract of olive
leaves content a large quantity of phenol content

2.06 CAE.* This phenol content was mainly
represented by polyphenols 41.77%, flavonoids
30.01%, soluble proteins 20.40% and free amino
acids 0.09%. *' According to the literature, the
oleuropein and phenols are the main constituents
present in olive leaves possessing high antioxidant
activity.”” The antioxidant capacity of hydroxyl
compounds in olive leaf extract could be related to
the abundance of the hydroxyl groups in their
structure such as oleuropein, hydroxytyrosol, and
luteolin-7-o-glucoside acid.” Presented results are
in line with other studies suggested that olive
leaves extracts are a source of antioxidants acting
as radical scavengers.'®'"** Similar results were
obtained by several authors who describe that for a
same plant organ, extracts obtained with methanol
possess a higher antioxidant potential than those
prepared with water.”*** Certain studies suggests
that the olive phenolics compounds of olive leaves
exhibits a synergic behavior in the ability of
elimination of free radical when mixed in the form
of extract, superior to the vitamin C and E6.”®

Ferric ion reduction: As shown in Fig 2, the
reducing ability of tested samples increased in a
concentration-dependant manner. According to the
results, we note that significant ability for reducing
iron, values observed by optical density (OD) of
2.07 + 0.20 for ascorbic acid, followed by 1.90 +
0.10 for essential oil, then 1.75 + 0.10 for methanol
extract and 0.99 £ 0.20 for aqueous extract of olive
leaves in the concentration of 1 mg/mL. The
present work reveals that the essential oil and
methanol extract of olive leaves possesses strong
antioxidant capacities presumably due of its
phytochemical constituents such as polyphenols
and oleuropein.

The DPPH scavenging capacities of tested
samples showed a good correlation with its
reductive activities. These facts justify the
medicinal use of the leaves for treatment of various
diseases. This can be of valuable source in
preservation of foodstuffs, drug products and
cosmetics, where free-radical-mediated chain
reactions result in lipid oxidation. These natural
substances may also prove to have therapeutic
capacity, as free radicals are believed to be
involved in the pathogenic cascade of events in
many maladies. Several authors have observed a
direct correlation between antioxidant capacities
and reducing power of certain plant extracts.”® *’
The reducing capacity is generally associated with
the presence of reductones. The antioxidant
activity of reductones is based on the breaking of
the free radical chain by donating a hydrogen
atom.”® The marked antioxidant potential may be
attributed to the abundance of polyphenols which
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may act as reductones to convert free radical into
more stable products and terminate free radical
chain reaction. Reductones are reported to react
with certain precursors of peroxide, thus
preventing peroxide formation.

IC50 values: The 1C50 parameter frequently
used to estimate the antioxidant capacity and is
necessary for each sample to reduce 50% of DPPH
radical concentration in a defined period of time, a
low value of IC50 corresponds to a higher
antioxidant capacity. It was used to classify
antioxidant activity of tested sample in comparison
with the standard.

As shown in Fig. 3, the ascorbic acid displayed
a lower values of IC50: 30 += 0.2 pg/mL
(determined by DPPH method) and 50 =+
0.1 pg/mL (evaluated by iron reduction), followed
by essential oil (70 = 0.1 pg/mL, 60 + 0.2 ug/mL),
then mehanol extract (110 = 0.1 pg/mL, 80 =+
0.3 ug/mL), and aqueous extract (400 + 0.4 pg/mL,
220 + 0.3 pg/mL). Presented data of DPPH IC50
values are lower to those found by Abaza et al.”,
who report that methanol extract exhibited IC50 of
170 pg/mL and water extract the value of
970 png/mL. Several studies have demonstrated that
the iron reduction ability of bioactive compounds
is related to its antioxidant capacity.” *°

100 i ’

80 -+

60 -+

Inhibition level, %

20

—S— Ascorbic a.
—@—EO

== Met Ex
== Aq Ex

; f ; f
0 200 400

f ; f ;
600 800 1000

Concentration, pug mL"

Fig. 1 — Free radical-scavenging activities of ascorbic acid, essential oil (EO), methanol (Met Ex) and aqueous extracts (Aq Ex) of
olive leaves. Values represent Mean + SD; n=3; Confidence level p<0.05.
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Fig. 2 — Ferric reducing ability of ascorbic acid, essential oil (EO), methanol (Met Ex) and aqueous extracts (Aq Ex) of olive leaves.
Values represent Mean + SD; n=3; Confidence level p<0.05.
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Fig. 3 — Values of IC50 obtained by ascorbic acid, essential oil (EO), methanol (Met Ex) and aqueous extracts (Aq Ex) of olive
leaves using DPPH and Ferric ion reduction assays. Values represent Mean + SD; n=3; Confidence level p<0.05.

Kinetic parameters of antioxidant activities: As
shown in Fig. 4 and Table 1, the ascorbic acid
displayed the higher rate of DPPH scavenging
(100%), followed by essential oil with rate of
79.107%, then methanol and aqueous extracts of
olive leaves 68.948% and 49.014%. The affinity of
tested antioxidant to the DPPH was estimated by
determination of the KM. Ascorbic acid presents a

Table 1

lower concentration of Km (12.768 pg/mL) indicated
higher affinity, followed by essential oil 28.718
pg/mL, then methanol extract 33.417 pg/mL and
aqueous extract 40.464 ug/mL. Ascorbic acid, EO
and methanol extract exhibited a higher rate of DPPH
scavenging and have a good affinity to the DPPH
compared to the aqueous extract.

Kinetic parameters (1, and Km) of tested antioxidants against free radical DPPH

Attributes Ascorbic acid Essential oil Methanol extract Aqueous extract
Timax 100 79.107 68.948 49.014
Km 12.768 28.718 33.417 40.464
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Fig. 4 — Correlation between (1/Free radical scavenging level, %) and (1/Concentrations of antioxidant agent, pg/mL)
of ascorbic acid, essential oil, methanol and aqueous extracts of olive leaves.
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Fig. 5 — Rate of iron reduction by tested antioxidant (ascorbic acid, essential oil, methanol and aqueous extracts of olive leaves).

Table 2

Kinetic parameters (I,,,,) of tested antioxidants for iron reduction.

Attributes Ascorbic a. EO Met Ext Aq Ext

Maximal rate of iron reduction () 0.763 0.660 0.600 0.400

Optimal concentration of antioxidant used (ug/mL) 62.5 62.5 62.5 250.0
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For this research was fabricated a polysulfone (PSf)- MCM-41
mixed matrix membranes (MMMs) for separation of CO, from
CH,. For this purpose, the mesoporous MCM-41 particles
synthesized by hydrothermal method. In order to improve particle
dispersion and increase the compatibility and coupling between
particle and polymer matrix, the surface of MCM-41 modified by
3-aminopropyltrietoxysilane (APTES). The synthesized and
functionalized articles were characterized by SEM and FTIR
analysis and it was shown that the surface of particles were
successfully modified. The unmodified and modified particles
were then used in values of 5, 10, 15 and 20 wt % in the polymer
matrix and then FTIR and SEM analysis were used to study the
synthesized membranes. Finally the gas separation performance
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including CO, and CH, permeability as well as CO,/CH, selectivity of synthesized MMMSs were investigated. The addition of any type of
MCM-41 particles to the PSf matrix were increased the measured permeability, while selectivity showed a different trend depending on the
presence or absence of the silane coupling agent. Generally, the addition of modified MCM-41 to the PSf matrix was improved the gas

separation performance compared to other fabricated membranes.

INTRODUCTION

The separation of the CO, gas as an undesirable
component to increase the heating value of the fuel
is one of the general separation processes in the
natural gas industry. In addition, CO, causes the
corrosion of process equipment in the presence of
water. Therefore, it is necessary to separate CO,
from CH, and bringing it to an acceptable limit
prior to transmission and distribution of natural
gas. Different technologies are used to separate
CO; in the industry, such as separation by chemical

* Corresponding author: most.tabatabaei@yahoo.com

solvents, physical solvents and membrane
technology."

In the last two decades, membrane technology
has been used for various separation. A membrane
has the ability to selectively pass one component
into a mixture and does not allow other
components to pass through.*® The difference in
permeability rate of gases is the basis of membrane
processes for gas separation. Polymeric membranes
have process properties including low energy
consumption, high transport properties, low fixed

and current costs. Robeson showed that there is a
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reverse relation between permeability and
selectivity of polymeric membranes. To overcome
this challenge in the separation properties of neat
polymeric membranes, the concept of MMMs was
presented. In the MMM, the special properties of
the separation of minerals with mechanical
properties and economical cost of polymeric
materials have been mixed.”'> The minerals used
in the synthesis of MMMs as filler have a unique
structure in terms of chemical surface and high
mechanical resistance and it is expected to increase
the properties of polymer separation and
mechanical and thermal resistance when added to
the polymer matrix. The mesoporous MCM-41
particles has attracted much attention as a member
of the M41S family (MCM-41, MCM-48 and
MCM-50) due to the high surface area, regular
porous structure, small pore diameter and
scattering.”” In addition, polymer chains can
penetrate into the pores of different fillers and
increase the adhesion between polymer and
nanoparticles by blocking the partial pores.'* Reid
et al. were the first research group to study the
MMM consisting of PSf and MCM-41 for gas
separation, so that the mixture of MCM-41 with
PSf increased permeability significantly while
selectivity didn’t change much."”'® Kim er al.
increased the gas permeability of PSf by
incorporation of MCM-48 nanoparticle, while
selectivity of the membrane was not significantly
altered.'”"® Most of the MMMs show higher gas
permeability as well as enhanced or identical
selectivity in comparison with neat membranes.'*?’

Although it is expected that by adding
nanoparticles to the polymer structure, the
separation properties of gas in the MMM can be
improved, but sometimes fabrication of MMMs
can lead to non-ideal effects such as agglomeration
of nanoparticles, formation of surface voids around
the nanoparticles, blockage of the free space
around the nanoparticles and the rigidity of the
polymer layer around the nanoparticles. The
agglomeration of nanoparticles and formation of
surface voids around the nanoparticle in the MMM
results in the formation of non-selective voids in
the membrane which these non-selective voids are
formed due to the weak compatibility between the
polymer and the nanoparticles and they are
challenged the gas separation performance.***
Tantekin-Ersolmaz et al. in their study reported
that the MMM consists of glassy polymers and
zeolites causes an increase in separation. however,
the fabrication of MMMs using glassy polymers
causes the formation of voids between the polymer
and the zeolite, thus reducing the MMM
performance in comparison with neat polymer.* It

is usually used to prevent agglomeration of
nanoparticles and increase the adhesion of
nanoparticles to polymer matrix their surface is
modified. Nanoparticles surface modification both
organic and inorganic materials in order to change
their physical and chemical properties is done. The
silane coupling agents are the most prominent class
of organic compounds that can be used for
modification.””*® The choice of type of silane
coupling agent is based on the type and structure of
the polymer network and the type of the existing
interaction.” The appropriate silane selection for
the surface modification of the nanoparticles at the
time of fabricating the membrane increases the
adhesion between the silica surface and the
polymer network.® Organosilanes act as a bridge
between the inorganic nanoparticles and the
polymer network and significantly increase
adhesion between them.’' Shimizu et al. reported
that the addition of functionalized mesoporous
SBA-15 nanoparticles by aminosilane is effective
on the selectivity of CO,/CH,.>”

The aim of this study was to fabricate neat PSf
membrane and MMMs Containing PSf and
modified and ummodified MCM-41 for separation
of CO, fromCH,. In this work, APTES silane
coupling agent without solvent was used to modify
the surface of MCM-41 (solvent free method). The
MMMs were prepared by adding the MCM-41 at a
specific weight percent to the polymer solutions
for fabricate nanocomposite membranes containing
5, 10, 15 and 20 weight percent MCM-41.
Modified and unmodified particles and fabricated
membranes were characterized by different
analysis. Finally, the performance of different
membranes in the separation of CO, from CHy
such as permeability and selectivity was evaluated.

EXPERIMENTAL

Material

Cetyltrimethylammonium bromide (CTAB), tetracthy-
lorthosilicate  (TEOS), sodium  hydroxide (NaOH),
tetrahydrofuran (THF) and APTES were purchased from
merck. Anhydrous toluene was purchased from Sigma
Chemical Co., Iran. Moreover, polysulfone (Udel P-1700
grade), a glassy polymer with a glass transition temperature
(Tg) of 185°C, was obtained from Amoco.

Synthesis of MCM-41 particles

In this research, hydrothermal method was used to achieve
the MCM-41 particles with uniform pore size distribution. In
this method, an aqueous micellar solution containing 1 g of
CTAB surfactant, 0.28 g of NaOH, and 480 mL of deionized
water was prepared under stirring for 1 h. Then, 5 mL of TEOS,
as a silica source, was slowly added to the solution at 80°C in an
oil bath to form a white slurry solution. After 2 h stirring
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(500 rpm), the slurry was transferred to a glass container and was
left for 24 h to be completely transformed. The slurry was filtered
using a ceramic filter and washed many times with deionized
water until the filtrate became neutral. Then, the resulting
precipitate was products was dried at ambient temperature.
Finally, the obtained powder was calcined at 550°C in the air for
6 h to remove the surfactant.”

Modification of MCM- 41 particles without using solvent

The silane coupling agent acts as an interface between a
mineral (MCM-41 particle) and an organic matter (PSf) as two
different materials. In this method for surface modification of
particles using silane, functional groups without using solvent
in the particles are created. A mixture of 0.5 g synthesized
MCM-41 and 10 ml APTES at 68°C was refluxed under
stirring and nitrogen atmosphere for 48 h. After cooling, the
mixture was filtered and washed with ethanol. Eventually the
excess amine was removed by soxhlet-extraction using
methylene chloride (CH,Cl,) for 10 h and the amine modified
MCM-41 particles were dried for 6 h at room temperature
under vacuum.

Fabrication of membranes

All of the membranes were fabricated using the solution
casting method. Before preparation of the membranes, PSf
was degased at 80°C for 8 h under vacuum to remove
absorbed moisture. For preparing the neat membrane with
10 wt % PSf, 0.5 g PSf was added to the proportional value of
THF and the mixture was stirred for 4 h to produce a uniform
solution. Then the solution was cast onto a glass plate and for
solvent evaporation, it was placed at 40°C for 24 h. The
remaining solvent in the prepared membrane was evaporated
in a vacuum oven at 85°C for 4 h.

For fabrication of the MMMs in the first step, due to the
presence of different amount of particles in the polymer matrix (5,
10, 15 and 20 wt), the amount of cach of modified and
unmodified MCM-41 was dried in a vacuum oven. Then each of
the fillers was added to 3 g of THF and the mixture was stirred for
10 h and to increase dispersion was sonicated for 20 minute. The
process of stirring and sonicating were repeated twice. At the
same time, a homogeneous solution containing PSf and THF was
stirred in another container. Then 4-5 drops of this solution were
added to the suspension and this suspension was stirred and
sonicated for 20 minute again in order to cover the surface of the
particles. After that, the remainder of the polymeric solution was
added to the suspension and this suspension was stirred and
sonicated to prevent formation of particle agglomerates. Then, the
mixture was stirred for 4 h at room temperature and was sonicated
for 10 minute to remove any gas bubbles before casting. Final
casting on a glass plate is similar to that of neat PSf membrane.

P5f Membrane

PEELMO-Mx MV

In this study, three groups of membranes, including neat
PSf membrane, MMMs consisting of PSf and different weight
percents (5, 10, 15, 20%) of unmodified and APTES-modified
MCM-41 were prepared and are labelled a PSt, PSf-=UMO-Mx
and PSf-AP-Mx (x indicates the weight percentage of
particles). A schematic of the different types of fabricated
membranes is shown in Figure 1.

Charactrization

Fourier transform infrared (FTIR) Spectroscopy was done
by using THERMO AVATAR spectrometer in the range of
400-4000 cm™ to characterize the functional groups of the
particles. The morphology of unmodified and modified MCM-
41 particles and membranes was investigated using a MIRRA
3 TESCAN scanning electron microscope (SEM). Membranes
were broken under liquid nitrogen and sputter coated with
gold using Cressington HR208 (UK) high resolution sputter
coater. X-ray diffraction (XRD) patterns were determined
using X'Pert Pro, analytical X-ray diffractometer. The results
were recorded using Cu Ko radiation (A = 1.54°A) in the 20
range of 10-90° for neat membrane and MMMs.

Gas permeation measurements

After fabrication of PSf membrane and MMMs, these
membranes were tested for gas permeability to CH, and CO,
gases with a purity of 99.99%, respectively. The fabricated
membranes were tested in a pure gas system. The permeation
measurements of CH, and CO, were performed at pressure of 8
bar and room temperature for all membranes. In this study,
constant pressure test device is used to study gas permeability into
the membrane and recording the flow rate of gas. The
permeability test apparatus consists of a gas permeability cell that
the membrane is located into and one side of it is exposed to gas
feed. The pressure on the feed side is regulated by the regulator
and is measured by the pressure gauge and the downstream
pressure is the ambient pressure, and changes in the volume of gas
passing through the membrane is recorded. The permeability of
gas i, P;, in membrane is obtained with the following equation:

L "

AAP d,

where P; is gas permeability of i in barrer, V; is volume of gas
displaced in the flow meter of soap bubble or volume of gas
permeation in the membrane according to the cubic centimeter, A
is the effective surface of the membrane equal to 15.9 square
centimeters, 1 is the membrane thickness in c¢m, t is the time
interval of bubble movement in the column in second and AP is
the pressure drop across the membrane in cmHg. In this study the
gas permeability was investigated at 8 atm.
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Fig. 1 — A schematic of the different types of fabricated membranes.
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The ideal selectivity of gases, ai/j, for each membrane is
obtained with the following Equation:

B
a%:Fj 2

where oy is the ideal selectivity of gas i to j and P; and P; are
the permeability of the gases i and j respectively.

RESULTS AND DISCUSSION

Characterization results of silica MCM-41

The morphology of silica mesoporous particles
was investigated by SEM analysis as shown in
Figure 2. This Figure shows the micrographs of
unmodified MCM-41 and APTES-modified MCM-
41 particles, respectively, which are spherical
shape and have a particle diameter between 200
and 650 nm. As can be seen, the MCM-41 particles
have not undergone structural and morphological
changes after modification, and their structure has
been preserved.

The Fourier transform infrared (FTIR)
spectrometer of unmodified and modified MCM-
41 particles in the range of 4000-400 cm™ under
ambient conditions is shown in Figure 3. For the
unmodified MCM-41, the peaks observed in region
3402 cm™ belong to the O-H stretching vibrations
of the water molecules adsorbed on its surface as
well as the hydroxyl silanol Si-OH groups. The
peak observed in 1626 cm™ also belongs to the
vibrations of H;O molecules trapped in the lattice.
The main feature of MCM-41 is the presence of a
silicate network. This characteristic is observed b
the peaks of 460 cem’, 950 cm™” and 1084 cm™,
which belong to the Si-O-Si, Si-OH and Si-O
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silicate groups, respectively. After the MCM-41
particles became functional without the use of
solvent, a new peak appeared in the 2932 cm’
area. This peak belong to the vibrations of C-H
group, which is caused by the substituent propyl
group of APTES. The changes observed in the
1480 cm™ region also indicate changes in amine
bonds that occur after functionalization. Amination
also changes the appearance of the peak in the
3402 cm™. These results indicate that particles
modification has been successfully performed by
APTES.

Characterization results
of Mixed Matrix Membranes

In this study, SEM analysis was used to
evaluate the dispersion quality of MCM-41
particles in the PSf matrix. SEM micrographs of
the cross section for PSf-UMO-M10 and PSf-AP-
M10 MMMs are shown in Figure 4. Figure 4 (al)
and (a2) shows that unmodified MCM-41 particles
have accumulated in the PSf matrix and that
undesirable voids have formed between the
mineral particles and the PSf matrix. The
formation of these undesirable and non-selective
voids is due to the weak bond between the polymer
and the mineral fillers and also the formation of
hydrogen bonds between the silanol groups of
MCM-41 which leads to a decrease in the
selectivity and mechanical properties of the MMM.
While in the MMM with APTES-modified
particles, it shows a more uniform dispersion
compared to the unmodified particles and no
definite void is seen between the polymer and the
filler (Figure 4 (b1) and ((b2)).
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Fig. 2 — SEM image of (a) unmodified and (b) APTES modified MCM-41.
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Fig. 3 — FTIR spectra for the (a) unmodified and (b) APTES modified MCM-41.
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Fig. 4 — Cross-sectional SEM images for (al) PSf-UMO-M10, (a2) details of (al), (b1) PSf~AP-M10, (b2) details of (b1).




