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INTRODUCTION

This interdisciplinary doctoral thesis (Vinca and Catharanthus plant extracts and their therapeutic
potential applications) unites and develops subjects related to newly discovered information and well-
known facts, regarding the pharmacological potential of hydroalcoholic leaf extracts. The plant
species studied in this research work belong to Vinca L. genus (periwinkle), like Vinca minor L., Vinca
major L., Vinca herbacea Waldst. & Kit., and the culture variety Vinca major L. var. variegata Louden; a
Catharanthus genus hybrid (Catharanthus roseus (L.) G. Don cv. Pacifica); and Chelidonium majus
L. species (celandine). In order to ascertain the key distinctions or similarities between these plant
species, the morphological, anatomical, and ultrastructural characteristics of the leaves of Vinca and
Catharanthus roseus were examined. The composition of the plant extracts, antioxidant properties,
antibacterial potential, in vitro cytotoxicity against human cell lines, and green metal nanoparticle
formation were also determined.

Four main chapters bring up the structure of the PhD thesis. The thesis' first chapter (Literature data) includes in-
depth information on: the historical significance of plant use in medicine (Subchapter 1.1); Some biological traits
of plants (Subchapter 1.2): their appearance and chemical content, the state of study on the significance of the
examined plants economically; and the implications of nanotechnology and metal nanoparticles for
contemporary medicine (Subchapter 1.3).

To examine the morphology and ultrastructure of Vinca leaf and C. roseus, to determine the
phytochemical composition of Vinca and C. roseus extracts, and to determine the antioxidant,
antibacterial, and cytotoxic activities are all covered in the second chapter (Personal contribution),
"Research Materials and Methods" (Subchapter. 2.1). Light microscopy, scanning electron
microscopy, and transmission electron microscopy are thus used to describe leaf-level characteristics.
Using high-performance liquid chromatography and colorimetric techniques, the extracts were
chemically evaluated. In addition, the cytotoxicity of the plant extracts on normal human cell lines
(keratinocytes) and tumor cells (human melanoma) was assessed, as well as their antioxidant potential
and antibacterial activity on Escherichia coli and Staphylococcus aureus.

Additionally, the extract that produced the best results was combined with an extract from the well-
known medicinal herb C. majus to create metallic Ag-MnO: nanoparticles (Subchapter 2.2). By using
techniques like X-ray diffraction, Fourier transform infrared spectroscopy, antibacterial potential
(against E. coli, S. aureus, and Candida albicans), and anticancer impact, the produced nanoparticles
were morphologically and physiologically evaluated. The statistical analyses completed for the

purpose of interpreting the results are presented in Chapter 2's conclusion (Subchapter 2.3).
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The original contribution is presented in chapter three (Chapter 3 — Results and discussion) which is divided into

five subchapters. The study's key conclusions are presented in chapter four (Chapter 4 - Conclusions).

The scopes and objectives of the research

The foundation of phytomedicine is the therapeutic application of substances derived from medicinal plants
(Scarlat, 2019). Consequently, the goal of the finalized doctoral thesis (Vinca and Catharanthus plant extracts
and their therapeutic potential applications) was to compare the foliar plant extracts and therapeutic
applications of Vinca and Catharanthus.

The goals of the research conducted for the doctorate were focused on plant extracts obtained of Vinca minor L.
(lesser periwinkle), Vinca major L. (bigleaf periwinkle), Vincamajor L. var. variegata Loudon, Vinca
herbacea Waldst. & Kit. (herbaceous periwinkle) and Catharanthus roseus (L.) G. Don (Madagascar
periwinkle). Alkaloids, polyphenols, and flavonoids were all quantitatively determined using a phytochemical
examination of these extracts. To test various experimental effects, the therapeutic potential of these extracts was
assessed using in vitro tests for antioxidant activity, antibacterial activity, cytotoxic activity, and green
nanoparticle formation.

The research activities detailed in the doctoral thesis were conducted in the following laboratories:
,,Constantin Craciun” Electron Microscopy Center — UBB Cluj-Napoca (EMC); Natural Extracts
Laboratory of Biology and Geology Faculty, UBB Cluj-Napoca (3bCenter); Chemistry Department
— Faculty of Chemistry and Chemical Engineering Babes-Bolyai University, Cluj-Napoca
(UBBChem); Integrated Electron Microscopy Laboratory (LIME), Research Center of Advanced
Technologies and Alternative Energies (CETATEA), Integrated Cell Cultures and Microbiology
Laboratory, Molecular and Biomolecular Physics Department and Nanostructured Systems’ Physics
Department, of National Institute for Research and Development of Isotopic and Molecular
Technologies, Cluj-Napoca (INCTDIM).

We have improved our understanding of the chemical composition and therapeutic potential of Vinca
and Catharanthus plants through a variety of research techniques. The study's findings offer crucial

information that may be applied practically and in a variety of phytomedicine partnerships.
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1 Literature research: from medicinal plants to ‘green’ nanotechnology
11 Medicinal plants: Vinca genus and Catharanthus roseus species

111 Brief background

The foundation of modern medicine is formed of fresh plants, whether they are in the form of powders, teas,
gemoderivatives, or tinctures. Phytopharmacology has a wide range of applications in the prevention and
treatment of veterinary and human diseases. Depending on the plant parts employed as well as the technique of
production, aqueous or alcoholic plant extracts have varied effects.

The discovery of antibiotics over 70 years ago represented a significant step in the advancement of medicine and
agriculture. This major health benefit also doubles as a disadvantage because more and more antibiotics with
broad spectrums of action are losing their effectiveness, necessitating the use of stronger drugs with focused
action. Lack of population awareness and administrative education are other contributing factors to this outcome.
As a result, the persistence of disease is a significant issue that is difficult to overcome (Bhagwat et al., 2014;
Jhanji et al., 2019; Newman, 2008).

It was previously thought that microbes acquire their resistance mechanism through a succession of mutations
and pass it down from generation to generation, but a fascinating finding has brought up new concerns. D'Costa
et al. (2011) reconstructed the protein sequence of a protein that is also present in modern bacteria that develop
antibiotic resistance through mutations using a DNA sequence from a 30,000-year-old sediment. As a result, it
has been demonstrated that resistance is a common natural phenomenon in nature that first emerged long before
the discovery of antibiotics. (D’Costa et al., 2011).

This doctoral dissertation compares the chemistry and pharmacological potential of hydroalcoholic leaf extracts
from: V. minor L., V. major L., V. herbacea Waldst. & Kit.; culture variety V. major L. var. variegata Louden,;
and C. roseus (L.) G. Don cv. Pacifica cultivar. Vinca species have long been used in alternative medicine
to treat hypertension since they contain indole alkaloids, which also have a hypotensive action
(vincamine, vincanine, vincadine, vinerine, vineridine, etc.) (Foddai et al., 2017; Redda et al., 2014;
Tulyaganov, 2000).

1.2 Biological characterization of Vinca and Catharanthus roseus plant species

12.1 Systematic classification and speciation

The Apocynaceae family is known for its alkaloid-rich plants, which are primarily found in the Mediterranean
region of Europe, Southwest Asia, North Africa, and North America. (Boga et al., 2011; Cepkova et al., 2016;
Cheng et al., 2016; Cheng et al., 2014; Csiky et al., 2013; Khanavi et al., 2010; Sukhdev et al., 2017; Yin et al.,
2011). Some authors group the Apocynaceae family's genera and species into subfamilies, bringing the total to
around 411 genera and more than 4000 species (EI-Fiki et al., 2019; Gurau, 2007). Other researchers

attribute 315 genera and 2900 species to the Asclepiadaceae family, which they believe to be separate
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from the Apocynaceae family (El-Fiki et al., 2019). Both versions place the genus Vinca inside the
Apocynaceae family.

There are roughly 50 cultivars of Vinca species (I.P.N.1.). As a result, some writers categorize the species of the
genus Vinca differently, including species like V. difformis in the group of synonyms of the species V. major or
considering V. erecta a synonym of V. herbacea, as shown by confirmed and attested online databases (Table 1)
(Bianco et al., 2005; Boga et al., 2011; Carriqui et al., 2015; Koyuncu, 2012). Furthermore, V. difformis has as
synonyms Vinca acutiflora Bertol. and Vinca media Hoffmanns. & Link, while V. herbacea has as synonyms V.
mixta Valen. and V. pumila Clarke. The Vinca species studied herein (Vinca minor L., Vinca major L. and Vinca

herbacea Waldst. & Kit.) are all part of the same genus.
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Table 1. Systematic classification of Vinca species according to accepted databases

No. Clasificassion U.S. Department of Agriculture The Plants List Plants of the World Online European Environment Agency
(PLANTYS) (TP.L)* (P.O.W): (EEA)

1 Kingdom Plantae Plantae Plantae Plantae

2 Sub-kingdom  Tracheobionta - - -

3 Super-division  Spermatophyta - - -

4 Division Magnoliophyta Tracheophyta Tracheophyta Tracheophyta

5 Class Magnoliopsida Magnoliopsida Magnoliopsida Magnoliopsida

6 Sub-class Asteridae - - -

7 Order Gentianales Gentianales Gentianales Gentianales

8 Family Apocynaceae Apocynaceae Apocynaceae Apocynaceae

9 Genus Vinca L. Vinca L. Vinca L. Vinca L.

10 Species Vinca minor L. Vinca difformis Pourr. Vinca difformis Pourr. Vinca balcanica Pénzes

11 Vinca major L. Vinca erecta Regel. & Schmalh.  Vinca erecta Regel. & Schmalh. Vinca difformis Pourr.

12 Vinca herbacea Waldst. & Kit.  Vinca herbacea Waldst. & Kit. Vinca herbacea Waldst. & Kit. Vinca herbacea Waldst. & Kit.

13 Vinca major L. Vinca ispartensis Koyuncu & Eksi  Vinca major L.

14 Vinca minor L. Vinca major L. Vinca minor L.

15 Vinca minor L.

16 Vinca soneri Koyuncu

19 Varieties Vinca major var. variegata Louden

20 Sub-species Vinca difformis subsp. difformis

21 Vinca difformis subsp. sardoa

*This database comprises 36 scientific names for plants in the Viinca genus, out of which 5 are accepted as species.


https://plants.sc.egov.usda.gov/java/nameSearch
http://www.theplantlist.org/1/
http://powo.science.kew.org/
https://eunis.eea.europa.eu/references/1780/species
https://plants.sc.egov.usda.gov/java/ClassificationServlet?source=display&classid=VINCA
http://www.theplantlist.org/browse/A/Apocynaceae/Vinca/
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:2619-1
https://eunis.eea.europa.eu/species-taxonomic-browser.jsp?expand=47,254824,255217,2851,2854&genus=Vinca#level_Vinca
https://plants.usda.gov/core/profile?symbol=VIMI2
http://www.theplantlist.org/tpl/record/kew-213148
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:82683-1
https://eunis.eea.europa.eu/species/152524
https://plants.usda.gov/core/profile?symbol=VIMA
http://www.theplantlist.org/tpl/record/kew-213152
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:82686-1
https://eunis.eea.europa.eu/species/152525
https://plants.usda.gov/core/profile?symbol=VIHE3
http://www.theplantlist.org/tpl/record/kew-213157
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:82691-1
https://eunis.eea.europa.eu/species/152530
http://www.theplantlist.org/tpl/record/kew-213165
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77174889-1
https://eunis.eea.europa.eu/species/152533
http://www.theplantlist.org/tpl/record/kew-213172
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:82697-1
https://eunis.eea.europa.eu/species/152536
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:82701-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77119119-1
https://eunis.eea.europa.eu/species/152528
https://eunis.eea.europa.eu/species/152529

Catharanthus roseus (L.) G. Don (Madagascar periwinkle) also known as Vinca rosea (Naaz et al., 2019) is

considered the only species of the Catharanthus genus in some databases (Table 2).

Table 2. Systematic clasificassion of Catharanthus plants according to accepted databases

No. Clasificassion U.S. Department of The Plants List Plants of the World Online
Agriculture (T.P.L) (P.O.W):
(PLANTS)
1 Kingdom Plantae Plantae Plantae
2 Sub-kingdom  Tracheobionta Tracheobionta -
3 Super-division ~ Spermatophyta Spermatophyta -
4 Division Magnoliophyta Magnoliophyta Tracheophyta
5 Class Magnoliopsida Magnoliopsida Magnoliopsida
6 Sub-class Asteridae Asteridae -
7 Order Gentianales Gentianales Gentianales
8 Family Apocynaceae Apocynaceae Apocynaceae
9 Genus Catharanthus (L.) G. Don  Catharanthus (L.) G. Don  Catharanthus (L.) G. Don
10 Species Catharanthus roseus (L.) G. Catharanthus roseus (L.) Catharanthus roseus (L.)
Don G. Don G. Don.
11 C. pusillus (Murray) G. C. pusillus (Murray) G.
Don Don
12 C. coriaceus Markgr. C. coriaceus Markagr.
13 C. ovalis Markgr. C. ovalis Markgr.
14 C. longifolius (Pichon) C. longifolius (Pichon)
Pichon Pichon
15 C. scitulus  (Pichon) C. scitulus  (Pichon)
Pichon Pichon
16 C. trichophyllus (Baker) C. trichophyllus (Baker)
Pichon Pichon
17 C. lanceus (Bojer ex C. lanceus (Bojer ex
A.DC.) Pichon A.DC.) Pichon
18 C. makayensis L. Allorge,

Phillipson & Razakamal.
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https://plants.sc.egov.usda.gov/java/ClassificationServlet?source=display&classid=VINCA
https://plants.sc.egov.usda.gov/java/ClassificationServlet?source=display&classid=VINCA
http://www.theplantlist.org/1/
http://powo.science.kew.org/
https://plants.sc.egov.usda.gov/java/nameSearch?keywordquery=catharanthus&mode=Scientific%20Name&sort=1
http://www.theplantlist.org/browse/A/Apocynaceae/Catharanthus/
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:2251-1
https://plants.sc.egov.usda.gov/core/profile?symbol=CARO14
https://plants.sc.egov.usda.gov/core/profile?symbol=CARO14
http://www.theplantlist.org/tpl/record/kew-35719
http://www.theplantlist.org/tpl/record/kew-35719
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77880-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77880-1
http://www.theplantlist.org/tpl/record/kew-35718
http://www.theplantlist.org/tpl/record/kew-35718
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77879-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77879-1
http://www.theplantlist.org/tpl/record/kew-35712
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77875-1
http://www.theplantlist.org/tpl/record/kew-35715
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77878-1
http://www.theplantlist.org/tpl/record/kew-35714
http://www.theplantlist.org/tpl/record/kew-35714
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77877-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77877-1
http://www.theplantlist.org/tpl/record/kew-35723
http://www.theplantlist.org/tpl/record/kew-35723
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77881-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77881-1
http://www.theplantlist.org/tpl/record/kew-35724
http://www.theplantlist.org/tpl/record/kew-35724
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77882-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77882-1
http://www.theplantlist.org/tpl/record/kew-35713
http://www.theplantlist.org/tpl/record/kew-35713
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77876-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77876-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77153515-1
http://www.plantsoftheworldonline.org/taxon/urn:lsid:ipni.org:names:77153515-1

122 Morphology

1.2.2.1 Vinca minor

Vinca minor also known as lesser periwinkle or common periwinkle, is a perennial, evergreen plant with creeping
and aerial stems. More than 40 years ago, the species’ botanical characteristics were documented (Ochirova et
al.,2018; Paun etal., 1988). The aerial stems can grow up to 40 cm tall, and the root is adventitious to the creeping
stems. When they hit the ground, they begin to root at the nodes to create marcots. The opposite, ovate-elliptic,
glossy, dark green, non-ciliate, and short-petiolate leaves are succulent. The plant produces solitary, axillary,
long-pedunculated, androgenic, pentamerous blooms that range in color from light blue to violet-blue, with the
amount of flowering depending on the light and the location of the plant. It blooms from March through June
and sporadically throughout the other seasons. The fruits have 2-3 seeds within and are acuminate with two
divergent follicles (Fleming, 2000; Ochirova et al., 2018). It is an allogamous plant that only produces seeds
when cross-fertilization occurs. It exhibits generative multiplication, which is quite uncommon, as well as clonal
vegetative proliferation by stolons, dragons, or cuttings (Moeller et al., 2015; Muntean et al., 2007; Tita, 2008).
Currently, V. minor plants are genetically altered to increase the amount of alkaloid content; this practice has the
potential to alter the plant's phenotype over time (Abouzeid et al., 2019a). According to popular belief, the
lesser periwinkle, which has green leaves even in winter, is a sign of eternal life and is frequently

planted on graves and cemeteries (Muntean et al., 2007).

1.2.2.2 Vinca major and Vinca major var. variegata

Vinca major (big-leaf periwinkle) is a perennial plant, with leaves that are 2-3 cm wide, 5-7 cm long, and have
ciliate margins in contrast to Vinca minor. The leaves of the cultivar V. major L. var. variegata are glossier and
have edges that are very pale green, bordering on white (Craciun et al., 1977, Tita, 2008). The flowering time
varies depending on the location of the plant, which reproduces vegetatively by stolons (e.g. in India it blooms in
January-March, and in Mediterranean Europe, in April-May) (Sukhdev et al., 2017).

1.2.2.3 Vinca herbacea
The perennial herbaceous plant known as vinca herbacea Vinca herbacea (herbaceous periwinkle), it thrives in
rocky coastal areas as well as sunny meadows and thickets. In contrast to V. minor, the fruit has many seeds and

the leaves are deciduous, fragile, dull, and hardly ciliated, almost sessile (Tita, 2008).

1.2.2.4 Catharanthus roseus

C. roseus, often known as Madagascar periwinkle, is a tropical perennial plant that grows up to 1 m tall (Jaleel et
al., 2009; Mukunthan et al., 2011). The entire leaf is opposite, matte, obovate-elliptic, shortly pedunculate, and
ranges in length from 2.5 to 9 cm and limb width from 1 to 3.5 cm. Depending on the cultivar, flowers can range

from purple to white in hue (Barrales-Curefio et al., 2019; Hua Shu, 1995).
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1.2.3  The chemical composition

The primary active ingredient in plants in the Apocynaceae family is an alkaloid, of which more than
2000 have been isolated and described. Alkaloids are organic nitrogenous bases that occur naturally
in plants and are classified by Stenesh (1989) as having potent medicinal effects. The majority of
alkaloids are heterocyclic compounds with elaborate structures. Tropanes, pyrrolidines, piperidines,
pyrrolizidines, quinolizidines, isoquinolines, terpenes, and indoles (O’Connor, 2008) are the primary
groups into which they are classified as well as the precursors from which alkaloids are
biosynthesized (Fig. 1).

V. minor's chemical composition was not of interest until recently, but after vincamine was found to
be present, researchers started doing more and more tests to isolate and characterize this species'
alkaloids (Cepkova et al., 2016; Scheindlin et al., 1955). Only after the second half of the 19th century
was the alkaloid content of the V. major species brought to light (Muntean et al., 2007).
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Figure 1. Main groups in which alkaloids (molecules marked in green) and their precursors are classified:
acetate, ornithine or lysine are precursors for tropane, pyrrolidine, piperidine, pyrrolizidine, and quinolizidine
alkaloids (a); tyrosine or phenylalanine are precursors for isoquinoline alkaloids (b); mevalonic acid is a
precursor for terpene alkaloids, taxidiene being a diterpene precursor for taxol (paclitaxel) (c); tryptophan is a
precursor for indole alkaloids, including vincamine (d).

Plants also include micro- and macro-elements, phenolic acids, carotenoids, free amino acids

iridoids, flavones, caffeic acid, and other substances in addition to alkaloids (Cheng et al

., 2016;
Sohretoglu et al., 2013).
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1.2.3.1 Vinca minor

This plant has long been used for therapeutic purposes in addition to its decorative value. It can be
utilized in modern medicine to obtain medications that affect the nervous system, notably those that
aid in blood flow fluidization and brain homeostasis, the prevention of attention issues and neural
senescence (Cepkova et al., 2016; Ghédira et al., 2017; Khanavi et al., 2010; Moeller et al., 2015;
Tulyaganov, 2000; Yin et al., 2011).

The most significant alkaloid in this plant's chemical composition is vincamine, which is only
produced by V. minor in nature (Chen et al., 2017; Liu et al., 2015; Verma et al., 2014; Verma et al.,
2012). Vincamine can also be produced chemically, the resulting drug being vinpocetine, and has
beneficial properties (antioxidant and antitumor activities, treatment of cognitive, cerebrovascular,
and hypertension disorders, relief of stroke symptoms, etc.), but qualitatively, pure vincamine from
the plant is much more effective (Liu et al., 2015; Scheindlin et al., 1955; Yin et al., 2011).

It is continually being researched how to create quick processes for isolating and purifying vincamine
from plants in the most effective and inexpensive way feasible. By using endophytic fungal species
that can produce the same bioactive compounds as the host plant on which they are located, Yin et
al. (2011) were able to acquire vincamine in significant amounts (Yin et al., 2011).

Vincaburine, vincaminorine, vincaminoreine, vincadine, vinerine, vineridine, vallesiachotamine,
perivincine, minovine, minovincine, isovallesiachotamine, tryptamine, serpentine, and tabersonine
are only a few of the up to 50 distinct alkaloids that V. minor can produce in addition to vincamine
(Bahadori et al., 2012; Boyadzhiev et al., 2004; Farahanikia et al., 2011; Mokry et al., 1962;
Scheindlin et al., 1955; Tulyaganov, 2000). Polyphenols, flavonoids, tannins, etc. are also found in

the aerial organs of V. minor plants (Gruji¢ et al., 2015; Gruji¢ et al., 2014).

1.2.3.2 Vinca major and Vinca major var. variegata

Vinca major and V. major var. variegata are similar to V. minor when it comes to their chemical
composition. According to Van de Venter et al. (2008), when they utilized liver cell lines they saw
that the alkaloids present in the V. major leaf extract were toxic (van de Venter et al., 2008). However,
Rajput et al. (2011) showed that V. major extract was effective in treating rats with diarrhea brought
on by castor oil (Rajput et al., 2011). We list vinmajina (an alkaloid with many conformations, from
Ato I), vincamajorein, majoridine, venoterpine, and vincapyridine among the more than 30 alkaloids
identified in V. major (Chatterjee et al., 1975; Cheng et al., 2014; Wei et al., 2017). In addition to
alkaloids, V. major also includes additional polyphenolic and flavonoid compounds, including
iridoids, delphinidins, chlorogenic acids, sterols, and carbohydrates (Bahadori et al., 2012; Cheng et
al., 2016; Ishikura et al., 1978; Rajput et al., 2011; Wei et al., 2017).
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V. major var. variegata is frequently used as an ornamental plant; nevertheless, little research has
been done on the chemical composition of the plant. However, the presence of alkaloids and
polyphenolic compounds has previously been noted (Liao et al., 2013).

1.2.3.3 Vinca herbacea

Since the 1960s, novel alkaloids have been reported and isolated from the V. herbacea species, which
is the least well-known species in this genus, at a very consistent rate until 2011 (Boga et al., 2011;
Gulgin et al., 2012; Vachnadze et al., 2010). In his paper, Ognyanov (1965) described a tenth alkaloid
in addition to mentioning the presence of nine alkaloids in the chemical composition of V. herbacea
(Ognyanov, 1965). Pyuskyulev et al. (1967) isolated and described six other alkaloids (Pyuskyulev
etal., 1967), and herbavine was isolated and described in 1968 (Zabolotnaya et al., 1968). Vincoline,
the plant's primary alkaloid, is also present along with majdine, isomajdine, reserpinine, kopsinine,
tabersonine, etc. (Boga et al., 2011; Vachnadze et al., 2010). Additionally, polyphenols and
flavonoids in V. herbacea have potent antioxidant properties (Gulgin et al., 2012).

1.2.34 Catharanthus roseus

More than 130 alkaloids have been identified and isolated from the medicinal plant C. roseus, which has been
the subject of intense research (Abouzeid et al., 2019b; Rischer et al., 2006). Vinblastine and vincristine, two of
the alkaloids present, are used in conjunction with cytostatic medications to treat cancer patients, particularly
leukemia patients (Mahmoudi et al., 2016). In 1960, vinblastine was first isolated (Chagas et al., 2019; Johnson
et al., 1963). In order to synthesize the vinblastine alkaloid in large amounts, several studies are now being
conducted to determine the synthesis pathway. The major goal of these studies is to induce these processes in
other plants (Abouzeid et al., 2019b; Goklany et al., 2009; McCoy et al., 2008; O’Connor, 2008; O’Connor et
al., 2006). Serpentine, catharanthine, ajmalicine, and tabersonine are only a few of the significant alkaloids
identified in C. roseus (Bhadra et al., 1977; Binder et al., 2009). The plant also has volatile substances,
polyphenols, tannins, saponins, and other substances in addition to alkaloids (Ferreres et al., 2008; Pandey-Rai
et al., 2006; Samiyarsih et al., 2019).

1.24 Pharmacological potential

1.2.4.1 Antioxidant activity

When an organic substance may prevent or slow down the autoxidation of another compound after they are
mixed, that compound exhibits antioxidant action (Stenesh, 1989). Thus, the natural components found in the
chemical composition are primarily responsible for the antioxidant activity of Vinca and C. roseus extracts.
(Ainsworth et al., 2007).

Numerous C. roseus extract preparations have been shown to have antioxidant action (Barrales-Curefio et al.,
2019; Ferreres et al., 2008; Jaleel et al., 2008; Kabesh et al., 2015; Mardani-Nejad, 2017; Moon et al., 2018;
Tiong et al., 2013), as the plant has been investigated since the 19th century (Bahadori et al., 2012).
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According to other studies (Gruji¢ et al., 2015), certain complete extracts are more potent antioxidants than
separated fractions. V. minor and V. major were synthesized as three different types of extracts (methanolic,
alkaloidal, and non-alkaloidal), and their comparative antioxidant effects were investigated by Bahadori et al.
(2012). Alkaloidal extracts demonstrated higher antioxidant activity than non-alkaloidal and methanolic extracts
for both species. (Bahadori et al., 2012).

Methanolic, alkaloidal, and non-alkaloidal extracts of V. herbacea's leaves, stems, and flowers were contrasted
by Boga et al. (2011). And in this instance, the alkaloidal extract outperformed the methanolic one and shown
stronger antioxidant activity than the non-alkaloidal extract (Boga et al., 2011). The antioxidant activity of the
non-alkaloid substances that Cheng et al. (2016) isolated from V. major was examined independently. Of the
seven polyphenolic substances studied, five showed promising antioxidant potential (Cheng et al., 2016). In order
to compare the antioxidant activity of V. sardoa's flowers, leaves, and roots, Foddai et al. (2017) synthesized
methanolic extracts of each. Since the leaf extract's chemical makeup was more complex than that of the extracts
from the flowers and roots, it had a substantially stronger antioxidant impact (Foddai et al., 2017).

According to (Grujic¢ et al., 2015), the aqueous extract of V. minor leaves showed a greater antioxidant impact
than the extracts made from acetone and ethyl acetate, and the isolated antioxidants majdine and isomajdine from

V. herbacea exhibit dose-dependent antioxidant activity (Gulcin et al., 2012).
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1.2.4.2 Antimicrobial and antiviral activities

Previous studies have shown that fractions and extracts from Vinca species have an antibacterial effect (Table 3).
The antibacterial capacity is replicated by the diffusimetric approach, also known as the Kirby-Bauer method,
through the zone of inhibition (internationally stated in mm) created around the examined culture, in a time
specific to each unique microbial strain. (Leclercq et al., 2013; Turker et al., 2009). The microdilution method is
used to determine the minimal solution concentration necessary to prevent the pathogen from growing (minimum
inhibitory concentration - MIC) (Matuschek et al., 2014).

The therapeutic potential of this plant was highlighted by some of the findings from other investigations on some
C. roseus extracts and fractions (alkaloids, polyphenols, or flavonoids) that were chemically synthesized or

extracted (Table 4).
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Table 3. Antibacterial, antifungal, and antiviral effects of several Vinca extracts and/or isolated or chemically synthesized natural compounds

Microbial/viral species Vinca extract Natural Agueous extract  Alcoholic extract  Positive control Reference
compound
Bacteria
Aeromonas hydrophila . minor 9.25 mm (Turker et al., 2009)
Bacillus cereus Quercetin (Arima et al., 2002)
350 pg/mL
Quercitrin
6-7 mm
Bacillus pumilus . minor 625 pg/mL 19.53 pug/mL 0.11 pg/mL (Gruji¢ et al., 2015)
19.53 pug/mL 0.11 pg/mL (Gruji¢ et al., 2014)
Bacillus subtilis . minor 78.13 pg/mL 0.11 pg/mL
Vincamine
2 pg/mL (Ozgelik et al., 2011)
Rutin
7 mm 8 mm (Dubey et al., 2013)
Staphylococcus aureus . minor 1250 pg/mL 1250 pg/mL 0.45 pg/mL (Gruji¢ et al., 2015)
11.3 mm 25.3 mm (Yildirim et al., 2012)
8.2 mm* 42.7 mm
. major 6 mm* 12.5 mm (Redda et al., 2014)
Vincamine
2 pg/mL (Ozgelik et al., 2011)
Rutin
128 pg/mL 128 pg/mL (Araruna et al., 2012)
15 mm 21 mm (Dubey et al., 2013)
Enterococcus faecalis . minor 1250 pg/mL >2500 pg/mL 7.81 pg/mL (Gruji¢ et al., 2015)
9.25 mm 17.75 mm (Turker et al., 2009)
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Vincamine

2 pg/mL (Ozcelik et al., 2011)
Pseudomonas aeruginosa V. minor >2500 pg/mL >2500 pg/mL 250 pg/mL (Gruji¢ et al., 2015)
Vincamine
4 pg/mL (Ozgelik et al., 2011)
Rutin
12 mm 9 mm (Dubey et al., 2013)
Escherichia coli V. minor >2500 pg/mL >2500 pg/mL 7.81 pg/mL (Grujic¢ et al., 2015)
9.3mm 10.3 mm (Yildirim et al., 2012)
V. major 6 mm* 7.2mm (Redda et al., 2014)
Vincamine
8 pg/mL (Ozgelik et al., 2011)
Rutin
128 pg/mL 128 pg/mL (Araruna et al., 2012)
9 mm 9 mm (Dubey et al., 2013)
Proteus mirabilis V. minor >2500 pg/mL >2500 pg/mL 250 pg/mL (Gruji¢ et al., 2014)
Vincamine
8 pg/mL (Ozgelik et al., 2011)
Salmonella typhimurium V. minor >2500 pg/mL >2500 pg/mL 15.6 pg/mL (Grujic¢ et al., 2015)
V. major 6.4 mm* 23.3mm (Redda et al., 2014)
Salmonella enterica V. minor >2500 pg/mL >2500 pg/mL 15.6 pg/mL (Grujic¢ et al., 2015)
Fungi
Penicillium italicum V. minor 2500 pg/mL 2500 pg/mL 1000 pg/mL (Gruji¢ et al., 2015)
Aspergillus niger >2500 pg/mL >2500 pg/mL 62.5 pg/mL
A. flavus V. minor >2500 pg/mL >2500 pg/mL 62.5 pg/mL (Gruji¢ et al., 2015)
Botrytis cinerea V. minor >2500 pg/mL >2500 pg/mL 31.25 pg/mL (Gruji¢ et al., 2015)
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Trichoderma viride 625 pg/mL 2500 pg/mL

Fusarium oxysporum ~1% (Rongai et al., 2012)
Yeasts
Candida albicans V. minor >2500 pg/mL >2500 pg/mL 62.5 pg/mL (Gruji¢ et al., 2015)
Vincamine
4 pg/mL (Ozgelik et al., 2011)
Rutin
32 pg/mL 32 pg/mL (Araruna et al., 2012)
Rhodotorula spp. V. minor 2500 pg/mL 625 pg/mL 62.5 pug/mL (Grujic¢ et al., 2015)
Saccharomyces boulardii >2500 pg/mL >2500 pg/mL 31.25 pg/mL
Viruses
Herpes simplex tip 1 (HCV-1) Vincamine
1.6 pg/mL (Ozgelik et al., 2011)
Parainfluenza tip 3 (PI-3) 1.6 pg/mL

Testing methods: diffuzimetric (inhibition diameter mm); microdilution (minimum inhibitory concentration - MIC).

Table 4. Antibacterial, antifungal, and antiviral effects of several Catharanthus roseus extracts and/or isolated or chemically synthesized natural compounds

Microbial/viral species Plants species  Fraction Adgueauss Alcoholic Positive Reference
extract extract control
Bacteria
Bacillus subtilis C. roseus 5.39-10.9 mm 22.9 mm (Goyal et al., 2008)
2-6 mm 3-8 mm** 10-14 mm (Kabesh et al., 2015)
C. roseus* 8.5-25 mm** (Hanafy et al., 2016)
Staphylococcus aureus C. roseus 15-21.8 mm 30.4 mm (Goyal et al., 2008)
3-4mm 3-4 mm** 9-11 mm (Kabesh et al., 2015)
C. roseus* 8.9-24 mm** (Hanafy et al., 2016)

Pseudomonas aeruginosa C. roseus 2 mm** (Patil et al., 2010)




Escherichia coli

Fungi
Aspergillus niger
A. flavus

Yeast

Candida albicans

Viruses
Poliovirus 11

Vaccinia virus

. roseus*

. roseus

. roseus*

. roseus*

. roseus

. roseus*

2-6 mm

2-8 mm

2 mg/mL

Vindoline
15-20 mm
Vincaleucoblastine
24-33 mm

3-8 mm**
9.5-21.3 mm**
5.2-13.6 mm
4-7 mm**

9.2-20.1 mm**

8.7-21.3 mm**
9.5-20.5 mm**

4 mg/mL**
1 mg/mL**
8.7-21.6 mm**

6-7 mm

35.6 mm

2-9 mm

(Kabesh et al., 2015)
(Hanafy et al., 2016)
(Goyal et al., 2008)

(Kabesh et al., 2015)
(Hanafy et al., 2016)

(Hanafy et al., 2016)

(Wankhede et al., 2013)

(Hanafy et al., 2016)

(Farnsworth et al., 1968)

Testing methods: diffuzimetric (inhibition diameter mm); microdilution (minimum inhibitory concentration - MIC).

*transgenic species and not wild type.
**methanol was used for extract preparation.
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1.2.4.3 Antiparasitic activity

With the development of parasite resistance to anthelmintics, which was brought on by the careless use of these
types of medications, researchers started looking into the antiparasitic properties of medicinal plant extracts
(Carvalho et al., 2012). Allium (Hezarjaribi et al., 2015), Berberis vulgaris (Mahmoudvand et al., 2014; Rouhani
et al., 2013), Eleucine indica (Ettebong et al., 2012), Nicotiana tabacum (Nouri et al., 2016) and other types of
plant extracts (Hezarjaribi et al., 2015; Hurtada et al., 2012) were proven efficient against Plasmodium
falciparum, Giardia lamblia, Leishmania spp., Marshallagia marshalli, or Echinococcus granulosus.

The antiparasitic effects of Vinca and C. roseus extracts have not been investigated, however isolated fractions
(rutin, quercetin, vinblastine, and vincristine) have been demonstrated to be effective against parasites like:
Plasmodium falciparum (Ganesh et al., 2012) or Trypanosoma cruzi (Almagro et al., 2015; Barrales-Curefio et
al., 2019; Grellier et al., 1999).

1.2.4.4 Antitumor and cytotoxic effects

Medical plant extracts' in vivo anticancer and in vitro cytotoxic properties are still being thoroughly researched
(Alam et al., 2015; Alam et al., 2013; Almosnid et al., 2018; Eswaraiah et al., 2020; Garcia-Lazaro et al., 2020;
Giines et al., 2019; Sharmaet al., 2015; Solowey et al., 2014). Among the plants taken into account in this study,
C. roseus has two natural alkaloids (vinblastine and vincristine) that are employed in the treatment of cancer
patients. From these two alkaloids, several semi-synthetic ones (vinflunine, vinorelbine, and vindesine) with the
same function were produced (Ceresoli et al., 2015; Douillard et al., 2007; Fumoleau et al., 2012; Magge et al.,
2015; Martino et al., 2018; Schutz et al., 2011).

Vinca alkaloids specifically influence microtubules and the division spindle in the cytoskeleton (Gascoigne et al.,
2009; Lobert et al., 1996; Martino et al., 2018). Natural substances that inhibit tumor cell division by stabilizing
microtubules include paclitaxel (Cao et al., 2018) and colchicine (Amos, 2011); at the other end of the spectrum
are Vinca alkaloids, which inhibit cell division by destabilizing microtubules (Jordan et al., 1991; Risinger et al.,
2009). Vinca alkaloids interact with B-tubulin primarily in the ‘vinca domain’ which is located near the GTP end
of microtubules (Jordan et al., 2007).

Vinca alkaloids work in a dose-dependent manner (Checchi et al., 2003). Thus, premature microtubule
depolymerization occurs in large concentrations, suppressing microtubule dynamics, and chromosomes stay
unsegregated and in a condensed condition (Fig. 2) Vinca alkaloids have the ability to alter the shape of § -tubulin
at low doses, causing it to self-associate. They can also connect to the GTP end of microtubules, preventing

polymerization and forcing depolymerization (Fig. 2).
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Figure 2. Graphic representation of the mode of interaction between a-tubulin, -tubulin, microtubules and
Vinca alkaloids (i.e., vinblastine). (a) o-tubulin and p-tubulin associate and form heterodimers which, under
conditions dictated by the cytosol, begin to form microtubules, a process called polymerization. A string of
heterodimers, which have a-tubulin at the (-)end and B-tubulin at the (+)end, are known as protofilaments. A
microtubule consists of 13 protofilaments, which acquire the conformation of a non-uniform cylinder with a
diameter of 24 nm. The process of dissociating heterodimers is called depolymerization. (b) In cancer cells,
inhibition of polymerization by vinblastine occurs at the level of microtubules involved in the coordination of
mitosis/meiosis and in low concentrations, it associates with free B-tubulin in the cytosol, promoting self-
association or (c) it binds to B-tubulin at the GTP end and prevents polymerization. (d) In high concentrations,

vinblastine promotes premature depolymerization of microtubules.
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Studies have demonstrated that, in addition to vinblastine, several other alkaloids and medications can also
interact with the identified vinca domain (Jordan et al., 2007; Zhou et al., 2005), although it is unknown as of yet
whether vincamine also does so. Vincamine is a supplement used in the treatment plans of stroke patients (Du et
al., 2019; Liu et al., 2015). Although numerous other studies (Fandy et al., 2016; Hasa et al., 2013a; Hasa et al.,
2013b; Wang et al., 2020; Wu et al., 2018) have revealed the positive effect of this alkaloid, prior investigations
have frequently indicated the cytotoxicity of Vinca extracts (Table 5).

29



Table 5. The cytotoxic effects of Vinca extract and/or other natural compounds of Vinca species

In vitro assays on In vitro assays on

Vinca Chemical normal cells cancerous cells
extracts  composition Reference
Cell type 1Cso Cell type 1Cso
V. minor  Total alkaloids NIH/3T3 3.32 HT29 3.63 ug/mL  (Khanavi et al., 2010)
pg/mL  Caco?2 0.62 pg/mL
T47D 1.34 pg/mL
V. major 3 identified HL60 >40 uM (Zhang et al., 2015)
alkaloids*
SMMC7721 >40 uM
Ab49 >40 uM
MCF7 >40 pM
SW480 >40 pM
Vincamajorine Ab49 19.8 uM (Zhang et al., 2016)
C
MCF7 >40 uM
SW480 >40 uM
SMMC7721  >40 pM
HLG60 >40 pM
Vincamajorine A549 >40 pM
D
MCF7 >40 uM
SW480 >40 uM
SMMC7721  >40 uM
HL60 >40 uM
Vincamajorine A549 34.8 uM
E
MCF7 >40 pM
SW480 >40 uM
SMMC7721  >40 uM
HL60 >40 uM

*19-hidroxil-10-metoxi-19,20-dihidrovinorine; 19-O-acetil-10-metoxi-19,20-dihidrovinorine and 19,21o-dihidroxil-10-metioxi-
19,20-dihidrovinorine.

ICso = the concentration at which 50% of the cells are affected.

Numerous other researchers (Table 6) have also discovered these detrimental effects on some human
cell lines because extracts of C. roseus have been used for their adverse effects on cancer since the
beginning (Wang et al., 2017). Vinblastine and vincristine are therefore used in conjunction with
cytostatic medications, however some of the negative effects that have been noticed over time may
also be caused by these alkaloids (Jordan et al., 2007).

30



Table 6. Cytotoxicity of natural compounds found in C. roseus

Chemical In vitro assays on normal cells In vitro assays on cancerous cells
. Reference

composition Cell type 1Cso Cell type 1Cso

Total alkaloids BL1395 720 ng/mL JURKAT E.6 211 ng/mL (Fernandez-Pérez et al., 2010)
THP1 210 ng/mL

Catharoseumine HL60 6.28 M (Wang et al., 2012)
CA9-KB 0.043 pg/mL (Aslam et al., 2010)
ED50 0.043 pg/mL

Vinflunine U20s 18 nM (Okouneva et al., 2003)
CAL27 34.1nM (Simoens et al., 2006)
MCF7 47.2nM
H292 56.3 nM
ECV304 93.6 nM

Fi360 474.1 nM

Vinorelbine U20s 5nM (Okouneva et al., 2003)

A549 1uM (Chiu et al., 2012)
Murine cells* 80 pg/mL (Rabbani-Chadegani et al., 2015)

Vinblastine U20s 5nM (Okouneva et al., 2003)

Vincristine A549 14.9 nmol/L (Chiu et al., 2017)
CL1 4.2 nmol/L

*mice non-adherent cell types.

ICso = the concentration at which 50% of the cells are affected.



13 Nanotechnology: metal nanoparticles synthesis methods and their importance in medicine
Technology in recent years has increasingly focused on the characteristics of materials at the micro-
and nanometric scales, as well as cutting-edge synthesis techniques and transdisciplinary applications
(Egorova et al., 2016). This feature of nanotechnology has recently transformed the scientific community by
enabling us to comprehend and control matter at the atomic and molecular level. Nanoparticles are nanometric
objects with dimensions below 100 nm (Alavi et al., 2018; Ganguly et al., 2019) with unique optical, electrical,
and magnetic capabilities (Khan et al., 2016).

Numerous industries, including biomedicine, where nanomaterials are utilized as contrast agents in magnetic
resonance imaging, have expanded due to the incredibly small size of nanoparticles (Gubin, 2008). A top of
ceramic nanoparticles (50%), carbon nanotubes (20%), nanoporous materials (20%), metal nanoparticles,
graphene, nanocapsules, and quantum dots was achieved by firms that produce nanomaterials in 2009 (National
Research Council of the National Academies,” 2012).

The National Initiative for Nanotechnology in the United States of America has set aside more than 27 billion
dollars over the past ten years, while the operational initiatives HORIZON 2020 of the European Commission
have set aside 1.1 billion euros for this subject through the end of 2020 (European Commission; National
Nanotechnology Initiative). The People’'s Republic of China and Japan are competing in Asia for
nanotechnology, and since 2003, expenditures in both countries have increased exponentially by 20% yearly
(European Commission Decision C, 2019; Grewal, 2019). This Global effort has resulted in the publication of
6193 articles between 2003- 2018 and over 2800 articles for the year 2019, only on green chemical synthesis of
nanoparticles (Du et al., 2018; Web of Science).

The most crucial step in the processes of creating nanomaterials is their synthesis, which determines the function,
shape, application, and sustainability of the nanoparticles. The method does have some drawbacks, though,
including a few understudied features and qualities and the manifestation and behavior of nanomaterials, which
can have negative impacts on humans both in vitro and in vivo (Egorova et al., 2016; Kharissova et al.,
2013). The primary obstacles to systemic medicine today include toxicity and other side effects, the necessity to
provide a high dose to achieve the ideal concentration at the target level, the wide dispersion of the relevant
substance, and the lack of specificity in a given disorder (Kadzinski et al., 2016; Nakawaga et al., 2016).
Researchers are therefore concentrating on the use of targeted therapy using nanoparticles to address these
deficiencies. If the treatment can be localized, it becomes possible to monitor the medication at the level of the
problem (Kadzinski et al., 2016; Suciu et al., 2020).

It is possible to synthesize nanoparticles (Fig. 3) both physically and chemically (Braakhuis et al., 2015). This

study focused on the green synthesis branch of chemical synthesis, which uses plant extracts.
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Figure 3. Representative scheme for models of physical or chemical synthesis of metal nanoparticles. (a) by
the physical method, nanoparticles can be synthesized through the top-down model which involves grinding
the raw material down to the level of nanoparticles, and under controlled conditions the dimensions of the
nanoparticles can also be established (ablation of the raw material with the help of a beam laser, strong); or by
the bottom-up model, which involves the assembly of atoms of some metals (in a vacuum and atmosphere of
argon or any type of heavy gas); (b) through green or conventional chemical synthesis, nanoparticles can be
synthesized from salts or acids of some metals, which are reduced in the presence of plant extracts or an-
Jorganic solvents; another type of chemical synthesis is also the biological synthesis of nanoparticles by means
of pro-/eukaryotic living organisms; (c) following any of the mentioned syntheses, nanomaterials of several
types can result, such as polygonal nanoparticles (spherical, cubic, pyramidal, hexagonal, etc.), nano-rods,

nano-tubes, nano-wires, nano-flowers, and many others.

1.3.1 Physical synthesis
The most popular methods are mechanical (grinding the raw material into micro- then nanoparticle size), thermal,

or amix of the two. The metal or semiconductor material is put in a vacuum at a pressure of 10*-10® atm in order
to manage the size distribution. A saturated vapor made up of the constituent parts of the target material is created

by direct heating. The atoms of the target material collide with the argon gas in an argon environment, which
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causes the particles to develop quickly (nucleation phase). All atomic particles created afterwards will adhere to
the nuclei that already exist (growth phase). Since cooling happens quickly when a substrate is present and growth
happens quickly, the resulting nanoparticles become metastable (Braakhuis et al., 2015).

132 Chemical synthesis

Aqueous or non-aqueous inorganic molecular solutions, such as hydrazine, hypophosphites, and
sodium borohydride, or organic molecular solutions, such as glucose, formaldehyde, ascorbic acid,
and citrates, can be used for chemical synthesis (Egorova et al., 2016; Khan et al., 2012; Kunkalekar
et al., 2012). Along with solution temperature, pH, type of reactant, and reactant concentration,
reducing agents play a significant effect on the shape and size of nanoparticles (Wu et al., 2009).
The method is based on the reduction of a metal's salt or acid with a reducing agent, and when the
metal atoms are created in solution, the steps of nanoparticle nucleation and growth are carried out
(Braakhuis et al., 2015).

1.3.2.1 Green synthesis of nanoparticles using plant extracts

A technique for creating nanoparticles known as ‘green chemistry” is valued for its high yield and low cost. It
uses less harmful and renewable materials while consuming little energy (Kadzinski et al., 2016).

Plant extracts can be utilized to create de novo nanoparticles as well as to functionalize those created
by other physical or chemical processes outside green chemistry. Over time, different plant extracts
of all kinds have been used to create metallic nanoparticles (Hanan et al., 2018) of varied shapes and
sizes, among which we highlight: Nigella sativa (Amooaghaie et al., 2015), Allium cepa (Cvjetko et
al., 2017; Gomaa, 2017), Aloe barbadensis (Gunalan et al., 2012), Berberis vulgaris (Anzabi, 2018;
Behravan et al., 2019; Nasrollahzadeh et al., 2015), Trichosanthes tricuspidata (Yuvarajan et al.,
2015), Chelidonium majus (Alishah et al., 2016; Dobrucka et al., 2017), Coleus sforskohlii (Naraginti
et al., 2016; Naraginti et al., 2014), Coptis chinensis (Ahmad et al., 2017), etc.

Despite being a significant medicinal plant, Vinca extracts have not showed much interest in the
nanoparticles’ synthesis. There was only one study found: Maincent et al. (1984) tested the absorption
and dispersion of nanoparticles in vivo in rabbits using vincamine (Maincent et al., 1984). On the
other hand, Catharanthus roseus extract was successful in synthesizing silver nanoparticles (Sharma
etal., 2014).

1.3.2.2 Biological synthesis

Often pro- and eukaryotic microorganisms, but also complex plant organisms, are used in this sort of
synthesis. Through their metabolic processes, these organisms take metal salts, which they then
convert into nanoparticles (Dar et al., 2013; Fayaz et al., 2010). However, there is still
misunderstanding among scientists because the phrase ‘green synthesis’ is sometimes used to refer to

chemical synthesis involving extracts (Nasrollahzadeh et al., 2018; Ogunyemi et al., 2019;
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Sathyavathi et al., 2010; Singhal et al., 2011; Veerasamy et al., 2011) also for in vivo synthesis (Cauerhff
et al., 2013). As we regard in vivo synthesis to be biosynthesis in this paper, we shall employ green synthesis
for synthesis using plant extracts.

Ascomycete fungi are a popular and affordable alternative for biosynthesis, although this approach
has a number of drawbacks (Barabadi et al., 2014). By generating mycotoxins, which can later cause
allergies, skin conditions, or lung problems, mushrooms employed in biosynthesis pose a serious
threat to staff contamination (Barabadi et al., 2014).

Biosynthesis can be carried out extracellularly or intracellularly. The size and distribution of the
resulting nanoparticles can be regulated through extracellular biosynthesis, and they are extracted
from the environment by centrifugation in a manner akin to chemical synthesis. This approach
allowed for the production of metallic nanoparticles using fungi such: Aspergillus flavus
(Vigneshwaran et al., 2007), A. fumigatus (Bhainsa et al., 2006), Fusarium acuminatum (Ingle et al.,
2008), F. semitectum (Basavaraja et al., 2008), F. oxysporum (Ahmad et al., 2003; Duran et al., 2005),
Penicillium crustosum (Barabadi et al., 2014), P. chrysogenum, P. expansum (Mohammadi et al.,
2015), P. phellutanum (Kathiresan et al., 2009), or Phoma glomerata (Birla et al., 2008).

Also bacteria such as Aeromonas hydrophylla (Jayaseelan et al., 2012), Bacillus subtilis (Saifuddin et al., 2009),

or Actinobacter spp. (Bharde et al., 2008) can be used for metal nanoparticle biosynthesis.

1.3.3 Silver and Mn nanoparticles: pro’s and con’s

Salts or oxides of some noble metals with exceptional qualities, such as gold, silver, platinum, or
palladium, as well as more readily available metals like zinc, copper, manganese, or iron, are utilized
in the chemical production of nanoparticles. The results are impressive in antibacterial, antifungal, or
anticancer activity, and some researchers consider that the capabilities of nanomaterials can be
enhanced by creating hanocomposites (combinations of 2 or more metal salts) (Ethiraj et al., 2016;
Naraginti et al., 2016).

Silver (Ag) is a noble metal extensively studied for both its environmental impact and its therapeutic
potential (Du et al., 2018; Noghabi et al., 2017). Recent studies bring to the fore the antitumor
potential of silver nanoparticles on some types of cancer such as: MCF-7, breast cancer (Salaheldin
et al., 2019), A549, pulmonary cancer (Anandan et al., 2019), HCT116, colon cancer (Naraginti et
al., 2017), HepG, hepatocellular carcinoma (Gopinath et al., 2017) or AGS, gastric cancer (Mousavi
et al., 2018). Since manganese (Mn) is a crucial micronutrient, Mn nanoparticles have a lot of
potential uses in biology (Soejima et al., 2018). However, when produced chemically, Mn
nanoparticles can have negative effects (Negahdary et al., 2019), therefore employing plant extracts
as a synthetic agent is a less hazardous option (Asaikkutti et al., 2016; Moon et al., 2014; Nair
Sreekala et al., 2019).
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Additionally, some investigations have shown that Ag ions might have damaging effects on non-
cancerous human cell types as well (Butler et al., 2015). Silver and manganese have therefore been
combined for research purposes (Bai et al., 2016; Guan et al., 2018), and it has been demonstrated
from a biological perspective that silver ions can stabilize in the presence of MnO2 (Kunkalekar et

al., 2012), lowering cellular cytotoxicity.
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2 Personal contribution
2.1 Materials and methods
211 Equipment and software
2.1.1.1 Light microscope

Olympus BX51 microscope coupled with CCD camera, from the ‘Constantin Craciun’ Electron

Microscopy Center (EMC) from the Biology and Geology Faculty, BBU, Cluj-Napoca.

2.1.1.2 Electron microscopes

Electron microscopes use a vacuum electron beam, and the magnetic or electrostatic lens system that replaces
the optical lenses in photon microscopy. There are two main types of electron microscopes, classified by the
information they provide. By combining the two types of microscopes, other models can be obtained that also
combine the type of information provided, and by coupling with various other attachments (photon beams of
different wavelengths — fluorescence, X-rays, etc.), one can complete information about the studied specimen.

o Scanning Electron Microscope

Scanning electron microscope (SEM) Hitachi SU8230 coupled with EDX detector and AZtec software
(Oxford Instruments), from Integrated Electron Microscopy Laboratory (LIME) of National Institute
for Research and Development of Isotopic and Molecular Technologies (INCDTIM), Cluj-Napoca.
. Transmission Electron Microscope

Transmission electron microscope (TEM) Hitachi HD2700 operated at 200 kV, coupled with double EDX
detector and AZtec software (Oxford Instruments) from LIME-INCDTIM and TEM Jeol JEM 1010 operated at
80 kV with MegaView Ill camera, from EMC-BBU, Cluj-Napoca.

The samples were prepared using Leica UC6 and Leica UC7 ultramicrotomes, DIATOME diamond knife
and Quorum Q150T ES coating sputter, from EMC-UBB and LIME-INCDTIM.

2.1.1.3 High Performance Liquid Chromatography
Agilent 1200 HPLC system, from Chemistry Faculty of BBU, Cluj-Napoca.

2.1.1.4 Spectrophotometers and diffractometers

Bio-Tek EPOCH spectrometer and Gen5 software from INCDTIM, Cluj-Napoca; Tecan SPARK 10M
spectrometer from Chemistry Faculty of BBU, Cluj-Napoca; JASCO 6100 Fourier Transformed InfraRed
(FTIR) spectrometer and X-ray SmartLab diffractometer, operated at 9 KW SmartLab Guidance software,
from INCDTIM, Cluj-Napoca.
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2.1.1.5 Other software used

Python 3.8.6 available online; MATLAB R2019b, Image J Java 8 available online; CoreDRAW X8, free trial;
Adobe Photoshop CS6, Adobe llustrator CS6 and MS Ofice365, from BBU available through
POCU/360/6/13/123886 program; OriginPro Lab 2016 b9.3.226, free trial.

212 Plant material

The samples were collected from ‘Alexandru Borza’ (UBB) Botanical Garden, in Cluj-Napoca,
Romania, during the flowering seasons (April, May, and September) of 2017-2019. The plants were
authenticated by Prof. Dr. Marcel Parvu, each with a voucher registered in the Botanical Garden
Herbarium:

. Voucher CL 665977 for V. minor L. (Fig. 4);

o Voucher CL 668019 for V. major L. (Fig. 5);

. Voucher CL 668018 for Vinca major L. var. variegata ‘Loudon’ (Fig. 6);

o Voucher CL 668021 for Vinca herbacea Waldst. and Kit. (Fig. 7);

. Voucher CL 668782 for Catharanthus roseus (L.) G. Don cv. Pacifica (Fig. 8);

. Voucher CL 663692 for Chelidonium majus (Fig. 9).

Figure 4. Vinca minor: aerial parts; April 2018, (‘A. Borza’ Botanical Garden, Cluj-Napoca, Romania).
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Figure 6. V. major var. variegata: aerial parts, March 2018; (‘A. Borza’ Botanical Garden, Cluj-Napoca,
Romania; image taken by dr. M. Parvu and published with his approval).
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Figure 8. C. roseus cv. Pacifica: aerial parts, September 2019 (A), September 2020 (B); Cluj-Napoca (‘A.
Borza’ Botanical Garden, Cluj-Napoca, Romania; images taken by dr. M. Parvu and published with his

approval).



Figure 9. Chelidonium majus: aerial parts, April 2018; (‘A. Borza’ Botanical Garden, Cluj-Napoca, Romania).

2.1.3 The morphological and ultrastructural analysis of the leaf

The leaf is frequently the principal organ employed in the production of herbal extracts (Andrade et al., 2017).
As a result, we valued the morphological and ultrastructural examination of a sample of plant leaves that would
subsequently be used to produce the extracts. Harvested leaves were examined on both sides, in the region of the
midvein or a secondary vein, using light, scanning, and transmission electron microscopes. To identify the key
distinctions and similarities between the leaves of the plants employed, morphometric analyses were initiated.

2.1.3.1 Leaf harvesting
Thea leaves were collected from each mature plant's mid-stem region. Immediately after harvest,

glutaraldehyde (GTA) solution was applied to the mid-zone of the cut leaf limb.

2.1.3.2 Scanning electron microscope

The leaves were left with 2.7% GTA in 0.1 M phosphate buffered saline (PBS) for 1 h, after which
they were washed three times with PBS, 1 h each (Ciorita et al., 2021b). The samples were then
dehydrated according to the following routine (the first three steps were done at 4°C):

. 30% acetone in ultrapure water: 1 h;
° 50% acetone in ultrapure water: 1 h;
) 70% acetone in ultrapure water: 1 h;
o 100% acetone: 1 h x 3 times.
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The samples were immersed for an hour each in a 1:1 mixture of hexamethyldisilazane (HMDS) and
anhydrous acetone to retain the structure as close to its unaltered condition as feasible.

The samples were analyzed with a Hitachi SU8230 SEM after being metallized with a 9 nm coating
of gold using a Quorum Q150T ES metallizer in LIME-INCDTIM, Cluj-Napoca, Romania.

Equations 1 and 2 allow for the calculation of metrics like trichome density (DT), stomatal density
(DS), stomatal index (1S), and stomatal aperture index (IAS) based on the pictures collected (Liu et
al., 2019; Royer, 2001):

IS(%) = % x 100 Equation 1

Where: DS = stomatal density (number of stomata in 1 mm?), E = epidermal cells density in the same surface

unit.
IAS(%) = DS x LS? x 10~* Equation 2
where: LS = the length of stomatal aperture (calculated for six randomly dispersed stomata).

2.1.3.3 Light microscopy

After harvest, the samples were cut into ~3 mm x 1 mm x 0.5 mm pieces, near a secondary vein. The
samples were placed in 2.7% GTA for 1 h, washed with PBS four times of 1 h each, and counter-
fixed with osmium tetroxide (OsO4). The OsO4 was left on the samples for 1.5 h and then washed
with PBS four times, 1 h each.

Dehydration was conducted as following:

. 30% acetone in ultrapure water: 1 h;

. 50% acetone in ultrapure water: 1 h;

J 70% acetone in ultrapure water: 1 h;

J 80% acetone in ultrapure water: 30 min.;
J 90% acetone in ultrapure water: 30 min.;
. 100% acetone 30 min x 3 times.

Epon 810 resin was used for gradual infiltration. The samples were polymerized for 72 h, at 60°C.
The blocks were modeled with Leica UC6 ultramicrotome and glass knives. The semithin sections
had 200-400 nm thickness. The sections were placed on glass slides, thermally fixed and stained with
Epoxy Tissue Stain. Olympus BX51 light microscope was used. These steps took place at EMC-
UBB, Cluj-Napoca.

It was possible to determine various aspects of the leaf anatomy using the light microscopy pictures,
including the cell tension ratio (RTC) and the spongy parenchyma tension ratio (RS) in accordance
with equations 3 and 4 (Liu et al., 2019):
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RTC(%) = = X 100 Equation 3

where: PTT = pallisadic tissue thickness, GF = leaf thickness.

RS(%) = SGT—FT x 100 Equation4

where: STT = spongy tissue thickness.

2.1.3.4 Transmission electron microscopy

The blocks obtained in subchapter 2.1.3.3, were used to obtain 80-100 nm thick sections, using a DIATOME
diamond knife and Leica UC7 from LIME-INCDTIM, Cluj-Napoca. The samples were placed on Cu grids of
100 mesh and stained with uranyl acetate and lead citrate. TEM Jeol JEM 1010, from EMC-UBB, Cluj-Napoca

was used for examination.

2.1.3.5 Computational analysis

A computational approach was developed to estimate the ratio between intercellular gaps and cells, in partnership
with the Faculty of Mathematics and Informatics at UBB, Cluj-Napoca (Dr. Mircea Gabriel). The intercellular
areas could be quantified using semi-thin sections. Each region of interest was colored differently: cellular region
- green; intercellular region - gray; epidermis - blue; leaf exterior - yellow. Intercellular spaces were manually
determined using an image processing application (Photoshop, version 13.0). Epidermises were not included in
the final computation because they are not a component of the leaf mesenchyme. The images were then
converted into a Python script (version 3.8.6) that quantified the pixels according to the color they possessed

before determining the proportion of green pixels to gray pixels (intercellular space).

214 Plant extract preparation

Cold repercolation was used for plant extract preparation (Parvu et al., 2011b). The leaves of Vinca and C. roseus
were used in the process, while the total herbal material was used for C. majus. The plant material was washed
with distilled water, chopped and weighed. The extracts were obtained by Dr. Marcel Parvu, within the
Mycology Laboratory, UBB-Cluj-Napoca and stored in brown glass containers at 4°C until their use in

subsequent experiments.

2.15 Phytochemical composition determination
All extracts were analyzed using the Tecan SPARK 10M spectrophotometer and the Agilent 1200 HPLC system,
from the Faculty of Chemistry of UBB, Cluj-Napoca. The analyzes were carried out under the guidance of dr.

Augustin Mot and together with drd. Cezara Zagrean-Tuza.

2.15.1 High performance liquid chromatography
According to a prior work, chromatographic separation and detection were carried out under regulated pressure
and temperature conditions (Andreicut et al., 2018). A quaternary pump that regulates the maobile phase's flow
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rate was used to automatically inject the samples. A Zorbax SB-C18 column (250 mm x 4.6 mm, 5 um particle
size) was used for chromatographic separation, and a DAD detector allowed for detection. The column was
heated to 30°C, and 8 L of plant extract was injected at a flow rate of 1 mL/min.

Ultrapure water was solvent A and acetonitrile was solvent B. The standards used were: 3,4-dihidrobenzoic acid,
4-hidroxibenzoic acid, caffeic acid, chlorogenic acid, ferulic acid, p-coumaric acid, syringic acid, berbamine,
berberine, galangin, isoquercitrin, jatrorrhizine, kaempferol, myricetin, palmatine, quercetin, quercitrin, rutin,
vinblastine and vincamine. Every two seconds, the DAD detector took measurements of the whole spectrum
between 210 and 600 nm (Farcas et al., 2018).

2.15.2 Total polyphenols and flavonoids

a. The Folin-Ciocélteu method was used to calculate the total content of polyphenols: 25 uL of each plant
extract was combined with 25 uLL Folin-Ciocalteu reagent and 200 pL of ultrapure water. The solution was
incubated for 5 min. Na,COs was added at 25 uLL volume (stock concentration: 10.6 g/100 mL) and incubated
for 60 min in the dark. The absorbance was measured at 725 nm, while gallic acid was used as standards in the
2-40 pg/mL concentration range (Blainski et al., 2013).

b. AICI3 complexation was used to determine the total flavonoid content: 10 pL of each plant extract was
combined with 50 pL of 2% AICIz and 50 pL of 1 M sodium acetate in 140 pL ultrapure water. After 5 min, 50
ML of 0.1 mM HCI solution was added. After an additional 20 min, the absorbance was measured at 452 nm.
Rutin was used as calibration standard at 1.6-50 pug/mL concentration range (Pgkal et al., 2014).

2.15.3 Total alkaloid content

In this study, the Dragendorff method was adapted and optimized to assess total alkaloid content. The solutions
used: (1) Bi(NOa)z at a concentration of 43.8 mM and tartaric acid at a concentration of 1.66 M, and (2) Kl at a
concentration of 2.4 M in ultrapure water. 30 L of each plant extract and 10 pL of glacial acetic acid were added
to 260 pL of this reagent after 5 mL of the first solution and 2 mL of the second solution were combined. At 560

nm, optical density was observed (Sreevidya et al., 2003).

216 Antioxidant activity determination

The following methods were used to determine the antioxidant activity:

a. DPPH: 10 pL of each extract were combined with 15 pL of DPPH reagent and 285 pL 50%
ethylic alcohol. The absorbance was measured in the beginning and after 20 min at 517 nm. Rutin
was used as standard (stock 83 mg/mL) (Sharma et al., 2009).

b. REAC: the ABTS anionic radical was prepared by combining 5 mM ABTS reagent with 59
nM Cucurbita pepo peroxidase and 1.3 mM hydrogen peroxide in 50 mM sodium acetate buffer

solution, at 5.5 pH. 290 uL of this solution were mixed with 10 uL plant extract. The absorbance was



measured after 30 min at 730 nm. Rutin was used as standard at 3-23 pg/mL concentration range
(Alam et al., 2013).

C. CUPRAC: 2 mM neocuproine solution, 1 mM CuSO4 pentahydrate and 1 M ammonium
acetate (pH 7) were incubated together for 10 min. From this solution, 190 pL was incubated with
100 pL of ultrapure water and 10 pL of each extract. The absorbance was measured after 10 min. at
450 nm and the calibration curve was made using rutine standard in the concentration range 3-14
ug/mL (Ozyurek et al., 2011).

d. Lipid peroxidation: 0.2 mg/mL liposomes in PBS (pH 7.4) were sonicated for 30 min. to
homogenize the solution. From this solution, 290 uLL was incubated with 10 uL of the analyzed plant
extract, and the reaction was triggered by the addition of cytochrome C, in a final concentration of 2
uM. The kinetics of the reaction was measured at 235 nm, and the standard used was rutin in the

range of 0.067-2.3 pg/mL concentrations (Mot et al., 2016).

2.1.7  Antibacterial activity determination

It is advised that the antibacterial potential of an improved or newly synthesized chemical be assessed in
accordance with the current EUCAST regulations (“"European Committee on Antimicrobial Susceptibility
Testing," 2020). The antibiogram or the diffusimetric approach, then, is the accepted procedure for determining
how susceptible a particular bacterial strain is to a chemical (Matuschek et al., 2014). Using the plate
microdilution method, the minimum inhibitory concentration (MIC) is determined (EUCAST, 2020c). We
employed Mueller-Hinton (MH) agar growth medium for the diffusimetric approach, and the strains were
inoculated at a typical turbidity of 0.5 McFarland.

Depending on the strain, the plates were incubated for 18 +2 hours at 35°C £1°C in an aerobic or anaerobic
condition (EUCAST, 2020a). The interpretation was made based on the tables that the same source gave
(EUCAST, 2020b).

A Gram-negative (Escherichia coli, ATCC 25922) and a Gram-positive (Staphylococcus aureus, ATCC 25923)
strain were used in the experiments. The antibacterial activity was determined by the diffusimetric method and

by the microdilution method (Carpa et al., 2014).

2.1.7.1 Diffusimetric method

E. coli and S. aureus were incubated with MH media for 24 h in Petri dishes. Plates were swabbed with a clean
cotton swab and incubated at 37°C for one hour (Jyoti et al., 2018). Then, wells with a diameter of 6 mm were
cut in the MH agar medium-coated plates with infiltrating bacterial strains. These wells were then loaded with
150 pL of the examined plant extract and small, sterile cotton balls (Valgas et al., 2007). A blank of 30% ethyl
alcohol and ciprofloxacin positive control (0.1%) were included on the plates. Samples were evaluated after being
incubated for 24 hours at 37°C.
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2.1.7.2 Microdilution method

E. coli and S. aureus 24 h bacterial cultures were adjusted to 0.5 McFarland standard in PBS or 0.85%
physiological serum. The 96 well plates were inoculated as following: 100 uL MH media/well, first row of wells
were then inoculated with 100 pL plant extract and two-fold dilutions were afterwards conducted. The final
concentrations were from 0.09-50%. The bacterial strains were added at the end, 10 pL each, of 5x10° CFU/mL
final concentration (colony forming units). An untreated control and a ciprofloxacin 4.5% positive control were
both included on each plate. To interpret the findings, separate controls using alcohol and plant extracts in amedia
devoid of microorganisms were carried out. The plates were incubated for 24 hours at 37 °C. Using the Bio-Tek
EPOCH spectrophotometer and Gen5 software from INCDTIM, Cluj-Napoca, absorbances were read at a
wavelength of 600 nm.

Bacterial inhibition was expressed as a percentage calculated according to Equation 5 (1SO10993-5:2009(E),
2009):

absorbance (nm)

Inhibition (%) = x 100 Equation 5

untreated control absorbance (nm)

2.1.7.3 Morphological modification induced in bacteria by the used plant extracts

A To ascertain how the plant extracts affect the bacterial cells of E. coli and S. aureus, morphological
investigation by SEM was conducted. Sample preparation followed a methodology that was improved for this
investigation (Erlandsen et al., 2004). In order to centrifuge the bacteria for five minutes at 5000 revolutions per
minute (rpm) at room temperature, the bacteria were treated for 24 hours at the CMI established using the
procedure given in section 2.1.8. The bacterial pellet was then resuspended in 0.5% alcian blue solution, 2%
GTA solution, and 2% PFA (paraformaldehyde) solution in 0.15 M PBS after the supernatant was removed.
Three PBS washes were done after the seven hours of fixation. Acetone was used to dehydrate the subjects at
escalating concentrations (30%, 50%, 70%, 80%, 90%, and 100%). After that, samples were post-fixed with
HMDS in acetone:HMDS ratios of 1:1 and 1:0 for 1 hour. Each phase of the process was followed by
centrifugation at 4 °C (5 min. at 5000 rpm). 5 pL of the bacterial suspension was poured onto formvar-coated
copper grids for screening (200 mesh).

The grids were attached to aluminum stubs, gold-plated, and then analyzed with a Hitachi SU8230 SEM. (Ciorita
etal., 2021c; Erlandsen et al., 2004).

2.1.7.4 Computational analysis

To determine the degree of alteration in the dimensions of E. coli bacilli using computational analysis, the extract
of V. minor was used (Belean et al., 2020). Therefore, measurements were made of bacteria from the untreated
control, bacteria treated with 3% concentration of plant extract (the MIC value established by the prior analyses),
and bacteria treated with 25% concentration of plant extract (the highest concentration tested in the beginning
analyses). Dr. Gutt Robert, INCDTIM, developed a script in the MATLAB application that allowed for the
automatic quantification of E. coli bacteria based on the SEM images of the bacteria. In the lower right corner of

46



the obtained images is a scale that represents the actual size of the images. It is simple to calculate the number of
pixels in the image that correspond to the specified unit of measurement because the position and size of the
gradations are fixed. The "Optical Character Recognition™ (OCR) procedure is used to identify the value and the
unit of measurement associated with the image after the program selects the area of the image where the unit of
measurement is present. The scale from the image is chosen in the second section of the program, and by
summing the columns that correspond to the vertical axis, a matrix is created in which the highest values match
the scale's gradations. The number of pixels that make up a gradation is determined by the matrix's first two
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maxima (Fig. 10).

Figure 10. Determining the number of pixels associated to one measuring unit.

For the purpose of defining the maximum sizes of the bacteria, a precise and clear outline is necessary.
However, this stage is also the most challenging because numerous parameters need to be modified
in order to get the right contour. The photos' contrast and brightness make automation more
challenging, thus in order to solve these issues, the intensities of the photographs are normalized in
comparison to a reference image, and this feature is taken into consideration when developing the
code (Belean et al., 2020). The contour of the bacterium (Cbac) is represented by the zero-level set
of the level function (LSF) defined by ¢ (X, y, t) for each rectangular region Rbac (area of interest
enclosing a single bacteria), using equation: Cp,. = {(x,¥): ¢ (x,y,t) = 0}.

Identifying the contour: the partial differential equation (PDE), also known as the level set evolution

problem, is transformed from Cbac to finding the solution. F is the velocity function that governs the
motion of the curve.: Z—T = F|Vo| (Lietal., 2010).

The selection of the Rbac region of interest, which encloses each bacterium, determines the
rectangular contour represented by the function ¢ (X, y, 0), which is the beginning condition for the
LSF. Thus, the edge separating the bacterium from its local background is represented by the resulting
LSF function ¢ (X, y, t), where t is the number of iterations (Fig. 11 a). The zero level ¢(x, y, t) set
for each Rbac is established (Belean et al., 2020; Li et al., 2010).

The binary picture obtained from the zero level of the LSF may have some spots or lines as a result
of the inhomogeneity that may be present on the surface of the bacterial membrane or on the image's

background. Their removal is accomplished using an established method in image processing to get
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rid of artifacts larger than a predetermined threshold. To determine the bacterium's length or width,

the final image is used (Fig. 11 b-c).

Figure 11. E. coli bacterial cell: (a) bacterial contour estimation; (b) bacterial contour after resolving the
artefacts, (c) binary image of one bacterial cell.

2.18 Cytotoxicity determination

International Standard ISO 10993-5/2009 states that one or more quantitative and/or qualitative techniques that
evaluate cellular degeneration at the morphological level, measure cellular degeneration and growth, and evaluate
specific aspects of cellular metabolism can be used to determine the cytotoxicity of a compound in vitro
(1S010993-5:2009(E), 2009).

Cell viability is measured by the 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cytotoxicity assay. The MTT reagent is turned from yellow to blue-violet, and the quantity of live cells can be
determined by correlating the color's intensity with spectrophotometric measurements. The tested substance is
not cytotoxic for absorbance values equal to 80% of cell viability, weakly toxic for absorbance values between
60% and 80%, moderately toxic for absorbance values between 40% and 60%, and extremely toxic for
absorbance values below 40% (1SO10993-5:2009(E), 2009).

The lactate dehydrogenase (LDH) test can be used to check the integrity of cell membranes. Cytotoxicity can be
determined by spectrophotometrically detecting the amount of LDH released by damaged cells. The underlying
idea is based on LDH's ability to catalyze the reaction: NADH + piruvate 57 NAD™ + lactate, where
NADH is reduced to B-nicotinamide adenine dinucleotide (Han et al., 2011). Thus, the degree of cell inhibition,
necrosis, and/or apoptosis can be assessed depending on the equation employed to measure the concentration of
LDH in the culture medium in which the treated cells were placed (Macavei et al., 2016).

Nitric oxide (NO) measurement in the culture media was another technique used to detect in vitro cytotoxicity.
NO is engaged in a variety of physiological and pathological processes, but its presence can signal both the
suppression of tumor growth by triggering cell apoptosis and the inhibition of cell death by apoptosis (Levytskyy
et al., 2004). It is advised to correlate the outcomes of additional cytotoxicity tests with the results of the NO
detection tests as a consequence (such as MTT and LDH). The Griess reaction creates a molecule that can be
read at a wavelength of 540 nm when N2Os (the nitrosating agent) created by the autoxidation of NO, bonds to

sulfanilamide and produces a diazonium ion (Bryan et al., 2007).
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Human melanoma (A375, ATCC CRL-1619) and immortalized normal human cells (HaCaT keratinocytes,
CLS-300493) were used to test the cytotoxicity of plant extracts in vitro. The V. minor extract was tested four
times (at 24, 48, 72, and 96 hours), and the studies with the other plant extracts from this study were started based
on the findings with this extract. Therefore, HaCaT cells and A375 cells received treatments with the plant

extracts for 48 and 72 hours, respectively.

2.1.8.1 Cell viability assay

For 24 hours, cell cultures were attached in an anaerobic environment at 37°C and 5% CO; on 96-well culture
plates. A375 cells and HaCaT cells were injected at 10* cells per well and 12x103 cells per well, respectively
(Ciorita et al., 2020; Macavei et al., 2016). Following attachment, the medium in the wells was replaced with
medium containing plant extract at progressively higher concentrations (0.09%, 0.5%, 1%, 2%, and 3%) and
placed back into the incubator for 48 or 72 hours.

The plant extract culture medium was withdrawn once the experiment’s allotted time had passed, and 100 pL of
MTT solution (with a concentration of 0.5 mg/mL/well) was then added. The plates were placed back into the
incubator for 1.5 hours, as directed by 1ISO 10993-5:2009(E) (ISO10993-5:2009(E), 2009). Cells were lysed
using acidified iso-propanol (25 mM HCI), and the absorbance of the resultant substance was assessed using a
Bio-Tek EPOCH plate reader and Gen5 Plate Reader software. Each plate had untreated cells for the positive
control, sterility controls, background signal (such as plain medium, medium plus extracts, etc.), ethyl alcohol
controls, and a final concentration of 2% of Tween 20 detergent for the negative control. Each concentration was
tested six times.

Cell viability was calculated according to Equation 6 (1ISO10993-5:2009(E), 2009), and 1Cso was calculated
according to Equation 7:

absorbance (nm)

. 11 0L — .
Vlablhty (A)) " untreated control absorbance (nm) X100 Equatlon 6
x == Equation 7

m

where x = median concentration, y = 50%, m = the coefficient calculated following the exponential calibration

of the data, and ¢ = calibration constant.

2.1.8.2 Lactate dehydrogenase release

Plant extract culture medium resulted from the MTT assay was analyzed to investigate cell membrane integrity.
In a new 96-well plate, the following solutions were added: 50 pL plant extract medium, 50 pL. 50 mM lithium
lactate, 50 UL 200 mM Tris at pH 8, and 50 pL. NAD (ionitrotetrazolium violet, phenazine methosulfate and
nicotinamide-dinucleotide). The absorbance of LDH was measured at a wavelength of 490 nm and the value

was calculated according to Equation 8:

(sample absorbance)—(untreated control absorbance)

LDH (%) =

X 100 Equation 8

(negative control absorbance)—(untreated control absorbance)
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2.1.8.3 Griess assay

The concentration of NO was measured by the Griess reaction of the culture medium with plant extract from the
MTT assay. The nitrosating agent N2Osz, derived from NO and generated from the autoxidation of NO, reacts
with sulfanilamide to produce the diazonium ion. This then couples with N1-NAP and forms a compound that
absorbs at a wavelength of 540 nm. A volume of 50 uL of extract culture medium was incubated with 50 pL of
sulfamylamide for 10 min. in the dark. N1-NAP was then added and incubated for an additional 10 min. in the
dark. The samples were subsequently read at a wavelength of 540 nm.

2.1.8.4 Ultrastructure modification induced in HaCaT and A375

In order to observe the cells' caused alterations at the ultrastructural level, they were prepared for TEM inspection
in accordance with a methodology that had been made particularly effective in a prior study (Macavei et al.,
2016). In order to do this, HaCaT and A375 cells were cultivated on glass slides for 24 hours, reaching a
confluence of 3x10* cells per slide, and then incubated with plant extracts at a final concentration of 3% for the
same amount of time under anaerobic circumstances. After this time, the cells were fixed with 3% GTA in 0.1
M PBS for 1.5 h before the culture media was replaced. The samples were then fixed with OsO4 for one hour
following four subsequent PBS washes that were separated by 15 minutes between each stage.

The samples were dehydrated with increasing concentrations of acetone (30%, 50%, 70%, 80%, 90%, 100%, 15
min each stage) after a further series of four successive PBS washes lasting 15 minutes each, and then they were
infiltrated with Epon 812 in increasing concentrations (1:2, 1:1, 1:0 with acetone). The resulting coverslips were
then put on silicone capsules containing pure Epon 812, totally submerging the cells in the resin (Fig. 12), and

polymerized at 60°C for 72 hours.
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Figure 12. Schematic representation of the method of processing cells for examination by TEM —mounting
the glass slide on the silicone capsule and the step of detaching it. Once the cells are completely dehydrated and
still attached to the glass slide, it is placed face down (with the cells in relief) on the silicone capsule containing
the Epon 812. The resin should slightly extend beyond the capsule's boundaries so that the cells are completely

immersed in the resin. After 72 h of polymerization at 60°C, detach the glass slide from the silicone capsule by
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thermal shock. At the end the cells will be trapped in the resin block which can later be processed to obtain

ultrafine sections to be examined by TEM.

Following this break, the silicone capsule's glass coverslip was removed by creating a thermal shock (immersion
in liquid nitrogen for 1-2 seconds), and the resin blocks containing the treated cells were sectioned and contrasted
in accordance with the subsection’s 2.1.4.4 protocol. Samples were analyzed using a Jeol JEM 1010 TEM

(Ciorita et al., 2021c).

219 Reagents and Kits
Table 7 presents the list of used substances, reagents, and kits:
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Table 7. The complete list of reagents used in this study

No. Reagent No. Reagent No. Reagent No. Reagent No. Reagent No. Reagent
1 3(4,5-dimetiltiazol-2-yl)- 13  Gallic acid 25  Ciprofloxacin 37  Isoquercitrine 49 Neocuproin 61 DPPH
2,5-
difeniltetrazoliumbromid
2 Ammonium acetate 14  p-coumaric 26  Cytochrome C 38  Isopropanol 50 Nicotinamid- 62  Folin-Ciocalteu
acid dinucleotid

3 Sodium acetate 15  Syringic acid 27  Lead citrate 39  Jatrorrhizine 51 Bismuth nitrate 63  Rutin

4 Uranyl acetate 16  Tartaric acid 28  Aluminum chloride 40  Kaempferol 52 Palmatine 64  Foetal serum

5 Acetone 17 Agar-agar 29  Sodium chloride 41 Lithium lactate 53 Paraformaldehyde 65  Sulfanilamide

6 3,4-dihidrobenzoic acid 18  Alcian blue 30  Dinitrogen trioxide 42  L-glutamine 54 Penicilin- 66  Copper sulfate
streptomicin

7 4-hidroxibenzoic acid 19  Ethylicalcohol 31  Epon 812 43 DMEM 55 Potassium 67  Phosphate
permanganate buffered saline

8 Acetic acid 20  Methylalcohol 32  Galangine 44 Mueller-Hinton 56 Hydrogen 68  Osmium tetroxyde
peroxide

9 Caffeic acid 21 Ultrapure water 33  Glutaraldehide 45  Nutrient 57 Cucurbita pepo 69  Tris
peroxidase

10  Chlorohydric acid 22  Berbamine 34  Hexametildisilazane 46  Phenazine 58 Quercetin 70  Vinblastine

methosulfate
11 Chlorogenic acid 23 Berberine 35  Potassium iodine 47  Miricetin 59 Quercitrin 71  Vincamine
12 Ferulic acid 24 Sodium 36 lonitrotetrazolium 48  N-(-1-naftil)- 60 ABTS
carbonate violet ethylenediamine
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2.2 Green nanotechnology - Ag-MnO2znanoparticles

Ag-MnO; nanoparticle synthesis and interpretation were conducted at INCDTIM, Cluj-Napoca.

2.2.1  Green synthesis

According to the given methodology (Ciorita et al., 2020), Ag-MnO> nanoparticles (NPs) were
produced in two phases. Thus, by combining 8 mL of plant extract with 200 mg of KMnO4 and 16
mL of ultrapure water, MnO2 NPs were produced in the first step. The solution's transformation from
reddish purple to dark brown after one hour of sonication showed evidence of NP production (Fig.

13). The NPs were washed with ultrapure water and ethanol using several centrifugations at 7000

rpm, and then they were dried for 24 hours at 60°C.
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Figure 13. The color change of KMnOsand plant extract from red-purple to brown, phenomenon that indicates

the successful formation of nanoparticles; (a) schematic representation of the stage preceding the formation of

nanoparticles, (b) KMnQOasolution in the beginning, (¢) KMnOj4 solution after one hour.

In the second step, Mn NPs were mixed with AgNOs (5 mM) and plant extract. The solution was placed on a
magnetic agitator for six hours at a speed of 1000 rpm and room temperature. The stirring and cleaning processes
took place under the same conditions as those described in phase one. Three types of NP were obtained: CmNPs
(C. majus extract), VmNPs (V. minor extract), and MNPs (1:1 (v:v) extract mix).

2.2.2  Physical characterization of nanoparticles

2.2.2.1 SITEM, EDX, XRD, and FTIR

Din S/TEM was used to characterize the NPs from a morphological perspective, and the resulting
images were also used to analyze the nanoparticles' size distribution. The distribution of elements in
the three types of NPs was evaluated by elemental analysis of the type EDX (energy-dispersive X-
ray spectroscopy), and the structure of the nanoparticles was determined by Fourier Transform
Infrared spectroscopy (FTIR) and X-ray Diffraction (XRD) (Ciorita et al., 2020).
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2.2.3 Biological characterization of nanoparticles

2.2.3.1 Antimicrobial activity

The diffusimetric approach described in section 2.1.8. was used to assess the antibacterial activity on two bacterial
strains (E. coli and S. aureus) and the antifungal activity on a strain of Candida albicans (ATCC 90028).
2.2.3.2 Cytotoxicity

A375 and HaCaT were used to test the cytotoxic effect using the MTT, LDH, and NO assays, in accordance
with the methods outlined by Ciorita et al. (2020) and in subchapter 2.1.9. Cells were cultured for 24 hours in a
medium containing nanoparticles at concentrations ranging from 1 to 2000 g/mL. Additionally, TEM and EDX
were used to assess the ability of nanoparticles to be taken up by human cells. Therefore, 3x10* confluent fresh
cell cultures were allowed to adhere to glass coverslips for 24 hours. Following this, 1000 g/mL of nanoparticles
were introduced, and the cells were incubated once more for 24 hours. Only CmNPs and MNPs were evaluated
because they had the biggest and smallest sizes, respectively. Samples were prepared in accordance with section
2.1.9.4. Additional EDX analysis was carried out to determine the nature of the electron-dense deposits observed

within the cells.

2.3 Statistical analyses
Student t Test, Analysis of Variance (ANOVA), Principal component analysis (PCA), Tukey Test, Pearson and

Spearman correlation tests were performed using the Origin Lab software.
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3 Results and discussions

3.1 Vinca and Catharanthus roseus leaf morphology

Although each type of microscope has benefits and drawbacks, imaging techniques used to analyze various
samples help us better understand how the living world functions and how organic and inorganic matter interact.
Therefore, a combination of several pieces of equipment, each intended to perform a specific task (representing
the surfaces, anatomies, and ultrastructures, as well as the interactions between the elements of the studied
specimen), is suggested in order to obtain the most accurate representation of a functional assembly.

The presence or lack of trichomes and stomata on the surface of the leaf blade were highlighted by the use of
SEM. With the exception of V. minor, the hairs present on the adaxial (superior) face are gathered on the midrib,
on the secondary ribs (V. herbacea and C. roseus), and on the margin (postero-anterior orientation) (Fig. 14). The
top edge of the leaf limbs of V. minor has protuberances that resemble trichomes in their early stages of
development (Fig. 14b), and the trichomes on the surface of the leaf limbs of C. roseus are also dispersed
randomly (Fig. 14g).

Details on the trichomes reveal that, according on the species, they have various ornamentation (Fig. 15). Stomata
were also observed on the adaxial surface, clustered along the veins (Fig. 15). Stomata are absent from the adaxial
face of V. minor. Another significant finding was the contrast between the epidermal cells, which in V. minor, V.
major, and V. major var. variegata appeared like puzzle pieces, and those in V. herbacea and C. roseus, had a
papillary look (Fig. 15).

The abaxial (lower) surface of the leaves shows epidermal cells with a puzzle-piece appearance for all species
analyzed, and stomata are randomly distributed over the entire surface (Fig. 16). C. roseus also shows hairs on
the abaxial side (Fig. 16i), and their density is higher than on the adaxial side (Table 8).
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Figure 14. Distribution of trichomes on the adaxial surface and on the edge of the leaf blade of Vinca and C.
roseus plants. (a) distribution and orientation of trichomes on the central vein of the V. minor leaf; (b) the
presence of protuberances on the edge of the V. minor leaf; () distribution and orientation of trichomes on the
edge of the V. major and (d) V. major var. variegata leaves; (e) the distribution of trichomes on the secondary
veins of the V. herbacea leaf and (f) on the margin; (g-h) the distribution of trichomes over the entire surface of
the C. roseus leaf; Nm — midvein, Ns — secondary vein, pb — protuberances, s — stomata, T — trichome (Ciorita
etal., 2021b).
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(0]
Figure 15. The distribution and appearance of trichomes, the organization of epidermal cells and the different

shapes of stomata on the adaxial surface of the V. minor (a-c), V. major (d-f), V. major var. variegata (g-i), V.
herbacea (J-1), and C. roseus (m-o) leaves’ blade; Ca — subsidiary cell, Ce —epidermal cell, Cs —guard cell,
Nm — midvein, Ns — secondary vein, O — stomatal aperture, T —trichome, arrowhead — stomata (Ciorita et al.,
2021b).
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Figure 16. The distribution and appearance of trichomes, the organization of epidermal cells and the different
shapes of stomata on the abaxial side of the V. minor (a-b), V. major (c-d), V. major var. variegata (e-f), V.
herbacea (g-h), and C. roseus (i-j) leaves’ blade; Ca — subsidiary cell, Ce — epidermal cell, Cs —guard cell, Nm
—midvein, Ns — secondary vein, O — stomatal aperture, T —trichome, arrowhead — stomata (Ciorita et al.,
2021b).
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In the taxonomy of medicinal plants, the aspects described in this research paper play a very important
role (EI-Fiki et al., 2019; Venkateshwar et al., 2013), as connections have been established between
the cell walls of epidermal cells and the content in natural compounds (Abouzeid et al., 2019Db).
Epidermal cells have a specialized role in the biosynthesis and accumulation of natural compounds
such as alkaloids (Murata et al., 2008), terpenes, and flavonoids (Murata et al., 2008; Roepke et al.,
2010).

The epidermis of the species covered in this study has a single row of pavement cells as well as
specialized elements like stomatal complexes and protective trichomes (Murata et al., 2008). In
accordance with factors such as the age of the leaves, placement on the stem, CO2 emissions,
frequency of solar radiation, humidity, pollution, etc., these specialized epidermal structures can vary
both intra- and interspecifically (Royer, 2001; VVofely et al., 2018).

In contrast to the other leaves examined, V. herbacea and C. roseus had different epidermal cells on the adaxial
face. Similar findings were previously reported with this difference between V. minor and V. herbacea (Gagua
et al., 2012). Although it is common to see this kind of arrangement in the shape of puzzle pieces, no clear
explanation has yet been found. According to a number of theories, this aspect strengthens the leaf surface,
permits the proper framing of specialized structures (stomata and trichomes), enhances the flow of chemical
signals between cells, and relieves mechanical stress brought on by the turgor of subepidermal cells
(Sampathkumar et al., 2014; Sapala et al., 2018; Vofely et al., 2018).

In an attempt to find an explanation, but also to define these parameters in the studied species, stomatal density
(DS), stomatal index (1S), stomatal aperture index (1AS) and trichome density were calculated for both sides of
the leaf (DT), each value varying by species (Table 8).

Table 8. Morphological parameters measured on both adaxial and abaxial faces of the leaves of Vinca and C.

roseus plant species (Ciorita et al., 2021b)

Species DS* IS (%)* LS (um) 1AS (%) DT*

Ad Ab Ad Ab  Ad Ab Ad Ab Ad Ab
V. minor 0 223 0 253 0 9.57 +0.6 0 204 31 O
V. major 10 49 45 232 1484+11 19.75x04 0.22 191 14 0
V. major var. variegata 12 68 4.2 209 12331 12.24+14 0.18 101 25 O
V. herbacea 16 60 4.4 25 12561 13.05+12 025 102 23 O

C. roseus cv. Pacifica 17 175 4.7 25 11.93+0.5 12.25+0.2 0.24 262 9 32.3

Ad =adaxial (superior), Ab =abaxial (inferior), DS = stomatal density, IS (%) = stomatal index, LS = stomatal aperture length, I1AS (%) = stomatal aperture
index, DT = trichome density; *> measurements conducted in 1 mm2surface.

The density of trichomes on the adaxial surface differs for each species examined. The production, storage, and
secretion of phytocompounds by secretory and glandular cells play a part in defense. Only tector trichomes were
seen in the species described, however they play a part in mechanical defense and reducing water loss (Murata
etal., 2008).

59



Stomata are crucial plant physiology components that are involved in the processes of respiration and
transpiration (Csiky et al., 2013; Murata et al., 2008; Petra et al., 2020; Segev et al., 2015; Zhu et al.,
2018). Stomatal sizes and shapes vary widely inter- and intraspecific (Bertolino et al.,
2019)determinate and several significant negative correlations were determined between stomatal
density and stomatal shape (area, perimeter, axes) for different plants (Hong et al., 2018). The number
of stomata might rise as we ascend the stem's axis as well as from the leaf's petiole to its apex (Zhu
etal., 2018). As aresult, it is advised to use the stomatal index as a benchmark for comparing different
species because it is specific to each one and the difference in values can only be explained by internal
causes (Segev et al., 2015). Stomata were seen on both sides of the leaf (except for V. minor, with stomata
only on the lower side), with a significantly lower index (~ 4%), compared to the lower side (20-25%). This
makes all species hypostomatous (Ticha, 1985), with the lowest stomatal index for V. minor, followed by V.
herbacea and C. roseus cv. Pacifica. The stomatal aperture index was high for C. roseus cv. Pacifica (2.62%),
followed by V. minor (2.04%) and the others with under 2% (Table 8).

Given the physiological significance of stomata and trichomes for leaves, a significant negative correlation (r=-
0.73) between their densities was found (Fig. 17). This feature suggests that the number of trichomes rises while

the stomatal index falls, which controls the transpiration process (Bertolino et al., 2019).
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Figure 17. Linear fit of the trichomes’ density and stomatal index on the adaxial side of the examined Vinca (V.
minor, V. major, V. major var. variegata, V. herbacea) leaves and C. roseus cv. Pacifica leaf (Ciorita et al.,
2021b).
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The morphology and anatomy of the leaves used in extract preparation are two important characteristics for Vinca
species (Csiky et al., 2013; Ochirova et al., 2018; Petra et al., 2020; Samiyarsih et al., 2019), along with the
solvent used or the time of year the plant organs are harvested (Bahadori et al., 2012; Barrales-Curefio et al.,
2019; Farahanikia et al., 2011). Studies on climbing plant species Vinca major, Hedera nepalensis var. sinensis
and Trachelospermum jasminoides (Shi et al., 2020) or Arabidopsis thaliana (Weraduwage et al., 2015) have
revealed a relationship between dry mass content, leaf area, and biomass accumulation. The stomatal index for
the leaves of Vinca and C. roseus plants has different values and can produce the variability of the chemical
composition of the extracts. A high stomatal index is directly correlated with the rate of photosynthesis, as was
also indicated for other plant species (Opris et al., 2019; Segev et al., 2015).

According to Petra et al. (2020) the stomatal density of V. major var. variegata varied with light intensity and
ranged between 88 and 119 stomata/mm? (Petra et al., 2020). According to Ochirova et al. (2018) V. minor has
350 stomata per square millimeter (Ochirova et al., 2018). Additionally, there are no reports of stomata on the
upper face of V. herbacea in the literature (Gagua et al., 2012). As a result, three of the ten leaves in the examined
batch were also found to have stomata on the upper side. The plants from which the leaves were taken might
have various adaptations to the current environmental variables, which helps to explain this aspect (Royer, 2001).
Although phenotypic and leaf development are typically controlled by genetics, environmental variables can also
have a role (Ruan, 2012). The synthesis methods of primary and secondary metabolite products, such as sugars,
which have been demonstrated to be in charge of the growth and development of leaves in V. minor and C. roseus
plants, are linked to a number of the reported morphological distinctions between Vinca species (Chen et al.,
2017). In plants, morphological characteristics of aerial organs are frequently employed to identify species (Chen
etal., 2017; Csiky et al., 2013; Ochirova et al., 2018; Petra et al., 2020), and these characteristics can be seen in
Vinca leaf morphology as well. The leaf phenotype can differ intraspecifically across plants and occasionally
even within the same individual, which has an impact on processes including photosynthesis, water and thermal

balances, and interactions with other species (Kidner et al., 2010).

3.2 Vincaleaf anatomy

Light microscopy could be used to see how the leaf mesophyll is organized using the obtained semi-thin sections.
Only the leaves of the species V. minor, V. major, V. major var. variegata and V. herbacea were examined by
light microscopy because the species of the genus Vinca have undergone less anatomical study than C. roseus.
Under the upper epidermis of the leaf limb, all species exhibit a simple palisade tissue that is more or less
developed, as well as spongy tissue beneath the lower epidermis (Fig. 18).

In contrast to other species, V. major's mesophyll is organized rather uniformly, and its cuticles are thin compared

to other species. These traits are common in ornamental houseplants (Fig. 18c).
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Figure 18. Semithin cross-sections of Vinca leaves showing the organization of the mesophyll between the
upper epidermis (Es) and lower epidermis (Ei) as determined through light microscopy. (&) V. minor, (b) V.
major, (c) V. major var. variegata, (d) V. herbacea; Ei = lower epidermis, Es = upper epidermis, | = idioblast,
Pp = pallisadic parenchyma, Ps = spongy parenchyma, scl = sclerenchyma, v = vascular bundle (Ciorita et al.,
2021b).

Parameters such as cellular tension ratio (RTC) and spongy parenchymal tension ratio (RS) were measured based

on images obtained by light microscopy (Table 9).

Table 9. Anatomic parameters of Vinca species (Ciorita et al., 2021b)

Species GF (um) PTT (um) STT (um) RTC (%) RS (%)
V. minor 85.47 +2.6 12.58 £0.7 52 £0.5 14.72 60.84
V. major 136.85+1.4 0 124 +0.5 0 90.61
V. major var. variegata 97.09 £1.5 1457 +4.4 67.29 £1.7 15.01 69.31
V. herbacea 133.38 2.2 36.66 +2.2 68.42 3.7 27.48 51.3

GF = leaf blade thickness, PTT = pallisadic tissue thickness, STT = spongy tissue thickness, RTC (%) = cell tension report, RS (%) =

spongy tissue tension report.
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The leaf of V. herbacea (27.4%) has the highest cell tension ratio, followed by the leaves of V. major var.
variegata (15.01%) and V. minor (14.7%). This ratio varies by species and is determined by the level of pallisadic
tissue growth (Liu etal., 2019) (Samiyarsih et al., 2019). When plants are grown in areas that receive sunshine,
their number of pallisadic cells increases, while when they are grown in the shade, it decreases (Gotoh et al.,
2018; Ochirova et al., 2018; Petra et al., 2020). Palisade cell phenotypic regulation by phototropins,
a crucial factor in photosynthesis, determines palisade cell form and chloroplast motions (Gotoh et
al., 2018). In comparison to the other investigated species, the palisade tissue of V. major (growing
in greenhouse conditions) was extremely underdeveloped (Fig. 18, Table 9).

According to a recent study (Petra et al., 2020), plants cultivated at altitude have a double layer of
palisade tissue in contrast to plants grown at ground level, which is an explanation that also applies
to the situation we observed. A double palisade tissue for V. minor and a single palisade tissue for V.
herbacea are both described in another study (Gagua et al., 2012). Therefore, the variation in the
chemical makeup of these plants can also be explained by the fact that the pallisadic tissue, the unit
directly in charge of performing photosynthesis, varies between species of the genus Vinca (Gotoh et
al., 2018).

The spongy tissue has multiple layers of circular or ovoid cells that are either closely packed together
or separated by broad intercellular spaces. These characteristics may be determined by external
stimuli or inherent characteristics (Gagua et al., 2012; Ochirova et al., 2018; Petra et al., 2020). The
mesophyll for the plants grown in greenhouses (V. major and V. major var. variegata), was rather
uniform (Fig. 18), echoing the findings of Petra et al. (2020).

A computational study of the images produced by semi-thin sectioning was done to determine the ratio between

the intercellular gaps of the mesophyll present in the anatomy of the Vinca leaf (Fig. 19).
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Figure 19. Computational estimation of the intercellular space of the Vinca mesophyll; (a) V. minor, (b) V.
major, (c) V. major var. variegata, (d) V. herbacea, (€) graphical representation of the estimated number of cell

pixels and inter-cell pixels as calculated using the Python scrip (Ciorita et al., 2021b).

Following this analysis, it was showed that only 37% of the leaf of V. minor, 36% of V. major, and 32% of V.
major var. variegata and V. herbacea are occupied by cells. These findings suggest that these factors may be
directly to blame for the variation in chemical composition seen in these plants' extracts (Ciorita et al., 2021b;
Ciorita et al., 2021c). These variations could also affect the rate of photosynthesis (Huang et al., 2019).

The correctness of the mathematical model that is produced in comparison to the conditions seen in reality is the
primary goal of the computational technique used. Other semi-automatic techniques for dividing up a portion
into distinct zones have been reported over time, including computer vision (Kulwa et al., 2019; Minaee et al.,
2020) and machine learning (Xue et al., 2019; Xue et al., 2017b).

Although the results we obtained are within normal bounds, computational mistakes were also noted because
our ultimate goal was to segment the intercellular space as accurately as feasible but not perfectly. In other words,
even though the results were valid from a mathematical standpoint, the data's scientific accuracy may have been
affected because this method cannot faithfully replicate reality.

Our findings can, however, be connected. Wide intercellular spaces may be directly associated to a high stomatal
index, supporting our data, according to recent research (Lundgren et al., 2019; Samiyarsih et al., 2019). These
studies also show the relationship between intercellular gaps and the number of functional stomata.

33  Vincaand C. roseus leaf ultrastructure

The leaf ultrastructure of the four Vinca species and the C. roseus cv. Pacifica species was determined through
TEM analysis (Fig. 20).
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Figure 20. TEM micrographs of the cells located in the spongy parenchyma of (a) Vinca minor, (b) V.

major, (c) V. major var. variegata, (d) V. herbacea and (e) C. roseus cv. Pacifica leaves; A = starch
granules, cl = chloroplast, L = lipid droplets, pg = plastoglobuli (Ciorita et al., 2021b).

The presence of large lipid droplets in V. major and V. major var. variegata may be an indication of the
emergence of a compensatory mechanism developed by the plant as a result of an adaptation to greenhouse
conditions. Lipids can be used by plants in processes involving energy production when they are deficient (Fan
etal., 2019). Additionally, the lipid droplets found in the investigated plants can be used to directly correlate the
variability of the chemical composition (Fan et al., 2019).
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Next, TEM was used to define the upper and lower epidermis’ cell walls for the first time (Fig. 21).

Figure 21. TEM micrographs of the upper and lower epidermises of (a) V. minor, (b) V. major, (c)
V. major var. variegata, (d) V. herbacea and (e) C. roseus cv. Pacifica leaves; 1 = upper epidermis, 2 =
lower epidermis, black delimitation = cutin layers, white delimitations = epidermal cells’ cell wall, double

arrowhead = epicuticular waxes (Ciorita et al., 2021b).

The thickness of the cell walls in the two epidermises of the leaf limb was another issue that the TEM
was used to examine (Fig. 22).

The upper epidermises of V. minor and V. herbacea exhibit accumulations. The epidermis of these
two species was likewise the thickest. The leaf epidermis of V. major was determined to be the
thinnest (2.08 um +0.02 um upper epidermis and 2.8 um lower epidermis) when compared to the
other investigated species, as seen in the semi-thin sections.
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Figure 22. Graphic representation of epidermal cells’ cell wall thickness of lower and upper
epidermis (a) and cuticles (b) of the Vinca minor, V. major, V. major var. variegata, V. herbacea,
and C. roseus cv. Pacifica plant species; ***p<0.0001, **p<0.005, *p<0.05 (Ciorita et al., 2021D).

With the exception of V. major, all species have intraspecific variations in cell wall thickness (upper versus lower
epidermis), and V. minor and V. herbacea have intraspecific variations in cuticle thickness. The only interspecific
difference that was found to be significant (p<0.05) was the thickness of the cell wall. Vinca leaves have a very
complex chemical composition, with many layers of cutin covering the outer cuticle (Fernandez et al., 2016;
Guzman et al., 2014; Xue et al., 2017a).

These cutin layers morphologically resemble the leaves of Pyrus communis and Populus bolleana
plants, and they are found in V. minor, V. major var. variegata, V. herbacea and C. roseus cv. Pacifica
(Guzman et al., 2014). Important defense against infections, variations in temperature, salinity, or
light intensity is provided by epicuticular cutin layers (Xue et al., 2017a).

34 Characterization of the obtained hydroalcoholic plant extracts

Natural compounds from plants have a multivalent use, being used in industries such as pharmaceutical, food or
chemical. The extraction process thus becomes an important pillar, preceding the isolation and purification
stages, in which the correct choice of the method used for extraction plays an important role (Parvu et al., 20114;
Parvu et al., 2008; Parvu et al., 2013).

The extraction technigques can be categorized based on a number of factors (extraction time, solvent consumption,
completed product, or method complexity itself), but the majority of them will be contrasted with those pioneers
in the area who created them first (Azmir et al., 2013; Jones et al., 2006).

The cold repercolation approach, which combines the two earlier procedures, is frequently employed for
thermosensitive extracts (Jones et al., 2006). The percolation theory was created by Broadbent and Hammersley

in 1957 and is based on the likelihood that an object immersed in water (or alcohol, gas, plasma, etc.) will become
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completely saturated within a specified period of time (Grimmett, 1999; Handa et al., 2008; Stauffer et al., 1994).
The plant material is crushed and washed before being added to a percolator, where a known amount of solvent
is then added (Parvu et al., 2011a; Zhang et al., 2005).

The following plant extracts were obtained:

) C. majus = 1:1 (g:mL) with 30% ethanol;

. V. herbacea =» 1:2 (g:mL) with 30% ethanol;

) V. minor = 1:1.2 (g:mL) with 30% ethanol;

J V. major =» 1:1.4 (g:mL) with 30% ethanol;

o V. major var. variegata =» 1:1.5 (g:mL) with 30% ethanol.

34.1 Phytochemical composition

Different qualitative or quantitative techniques are used to assess the phytochemical composition of plant
extracts. High-performance liquid chromatography (HPLC) is one technique that can be used to examine and
separate mixtures of substances into their constituent parts. The mobile phase is pushed under pressure through
columns that make up the stationary phase, and the entire assembly is entirely automated. By using this technique,
it is feasible to evaluate solutions or extracts from intricate plants that can be broken down into their constituent
parts and subsequently isolate them (Dong, 2006).

The main types of polyphenolic chemicals produced by plants include hydroxycinnamic acids, flavonoids,
tannins, and anthocyanins (Ainsworth et al., 2007). The Folin-Ciocélteu method, invented in 1927, is one
colorimetric technique used to measure the amount of phenols in extracts (Everette et al., 2010). The reaction is
based on the reduction of molybdenum and oxidation of polyphenols, which results in the complex's color change
from yellow to blue. The solution is then spectrophotometrically evaluated at specific wavelengths (Ainsworth
etal., 2007).

Rutin-specific detection of total flavonoids is possible through the complexation of polyphenols with AICls. Ina
process that changes the color from yellow to red, aluminum interacts with polyphenols and forms complexes
with two ligands (Pekal et al., 2014).

Alkaloids and flavonoids belong to the group of organic chemicals that provide extracts their medicinal potential.
However, plants produce alkaloids as a defensive mechanism, thus the effect is poisonous to both the pathogen
and the plant. Because of this, alkaloids are only synthesized in small amounts, and some of them, such as
nicotine, atropine, and aristolochic acids, can be quite dangerous to humans as well (O’Connor, 2008; Sreevidya
etal., 2003; Ziegler et al., 2008).

Methods for measuring total alkaloid content frequently use the Dragendorff reagent, however its specificity is
limited to certain classes (Sreevidya et al., 2003). Therefore, a key goal of this doctoral thesis was the optimization

of the technique for detecting indole alkaloids from Vinca species. Thus, indole alkaloids could be detected
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without using other methods by adding tartaric acid, increasing the amount of glacial acetic acid, and measuring

the whole chemical generated after precipitation with bismuth (Chaudhary et al., 2010; Shaheen et al., 2019).

34.1.1 HPLC analysis
HPLC was used to determine the chemical makeup of the extracts of Vinca minor, Vinca major, Vinca major

var. variegata, Vinca herbacea, and Catharanthus roseus cv. Pacifica (Fig. 23, Table 10). Chlorogenic acid levels

in all extracts were high, and V. herbacea had a high rutin content. Vinblastine was only found in C. roseus cv.

Pacifica, and the alkaloid vincamine was found in all extracts (except V. herbacea).
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Figure 23. (a) HPLC-DAD chromatograms of VVinca minor, V. major, V. major var. variegata, V. herbacea,

and Catharanthus roseus cv. Pacifica plant extracts measured at 230 nm. Analytical standards used: 1 -3,4-
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dihidroxibenzoic acid, 2 —chlorogenic acid, 3 — 4-hidroxibenzoic acid, 4 — caffeic acid, 5 —syringic acid, 6 —
rutin, 7 — p-coumaric acid, 8 — isoquercitrin, 9 — ferulic acid, 10 — quercitrin, 11 — miricetin, 12 — berbamine, 13
—vincamine, 14 — jatrorrhizine, 15 — quercetin, 16 — palmatine, 17 — berberine, 18 — kaempferol, 19 —
vinblastine, 20 — galangin. The identified compounds are marked in green. (b) UV molecular spectra registered
by the DAD detector for each phytoconstituent (grey — hydroxybenzoic acid, green — cinnamic acid, blue —

flavonoids, red — alkaloids) (Ciorita et al., 2021c).

Table 10. The main phytoconstituents concentration in Vinca and C. roseus plant extracts (Ciorita et al., 2021c)

Compound Compound concentration (ug/g)

vm VM VMv Vh Crp
Chlorogenic acid 4112+13  675+160 932+260 15384200 2959+240
Caffeic acid 229+2 13+2 182+23 13+1 13+1
Rutin 73+1 11+1 94+10 2528+160 44+2
Isoquercitrin 12+1 12+1 3814 8714 8217
Quercitrin 52+4 11+1 4548 109+10 8616
Vincamine 65+1 42+3 31+2 n.d. 41
Quercetin 21+2 14142 28+2 203 21+2
Vinblastine n.d. n.d. n.d. n.d. 6.8+2

*Vm = V. minor, VM = V. major, VMv = V. major var. variegata, Vh = V. herbacea, Crp = C. roseus cv. ‘Pacifica’; n.d. — not detected.

The alkaloids' greatest absorption peak, which ranged between 240 and 310 nm, displayed different spectrum
properties. To sort and identify the components connected to the unidentified spectral peaks, a principal
component analysis (PCA) was initiated. Thus, the detected groups belonged to hydroxycinnamic acids and
flavonoids, while alkaloids were the most prevalent category in the undetermined chemicals (Fig. 24). The extract
from V. minor contained the highest amount of alkaloids, and the HPLC results were then compared to those
from colorimetric assessments of the total alkaloid content.

3.4.1.2 Total polyphenol and total flavonoid contents determination

Utilizing colorimetric techniques, the total amount of polyphenols and flavonoids was also determined (Fig. 25).
The highest concentration of polyphenols was found in V. herbacea, followed by V. major var. variegata and C.
roseus cv. Pacifica (Fig. 25a).

V. major var. variegata (Fig. 25b) had the highest flavonoid concentration, followed by C. roseus cv. Pacifica
and V. herbacea. In comparison to the other extracts, the polyphenol and flavonoid contents of both V. minor and

V. major were comparatively low.
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Figure 24. Chemo-mapping of the major chromatographic peaks—phytoconstituents classification—based on

spectral similarities for each studied extract using PCA. PCA was applied on exported UV DAD spectra, for

each chromatographic peak. Shown here are the scatterplots of the scores for the first two principal components

for (a) V. minor, (b) V. herbacea, (c) V. major, (d) V. major var. variegata and (g) Catharantus roseus cv.

Pacifica. Groups with high similarity are clustered in specific color for each phytoconstituent group or class

(grey-hydroxybenzoic acids, green-cinnamic acids, blue-flavonoids, and red-alkaloids); (f) Total standard

(vincamine for TAC, quercetin for TFC, cynnamic acid for TCaC and benzoic acid for TBzaC) equivalent

content (%) for each extract for 230 nm chromatogram, after PCA classification. TAC-total alkaloid content,
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Vm = V. minor, VM = V. major, VMv = V. major var. variegata, Vh = V. herbacea, Crp = C. rosuesu cv.
Pacifica (Ciorita et al., 2021c).
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Figure 25. Total polyphenols and flavonoids content in Vinca minor, V. major, V. major var. variegata, V.
herbacea, and Catharanthus roseus cv. Pacifica plant extracts, determined through Folin-Ciocalteu (a) and
AIClI3 (b) methods.

3.4.1.3 Total alkaloid content determination

Using Dragendorff colorimetric assay, the total alkaloid content (TAC) was determined through UV-
Vis. Vinblastine was used for calibration with a linearity determined for 60 concentration units (Fig.
24 a). V. minor had the highest TAC (332 £33 vinblastine/g), followed by C. roseus cv. Pacifica (278
+15 vinblastine/g), V. herbacea (195 9 vinblastine/g), V. major var. variegata (101 +6
vinblastine/g), and V. major (35 +11 vinblastine/g) (Fig. 26c). The outcomes were contrasted with
those from the HPLC analysis. Strong correlation (r = 0.99) between the two techniques was
observed, indicating the effectiveness of the improved Dragendorff protocol in this study (Fig. 26b).
The plants used in this study are regarded as medicinal plants due to their abundance of alkaloids and
polyphenolic chemicals that have a variety of pharmacological effects (Cheng et al., 2016; Cheng et al., 2014;
Gruji¢ et al., 2015; Grujic et al., 2014; Gulgin et al., 2012; Islam et al., 2019; Liao et al., 2013). The improved
Dragendorff method, which solely offers numerical data, was used to calculate the total alkaloid content. The
Dragendorff and HPLC techniques utilized here were complementary in identifying the overall alkaloid content,
making the procedure useful for further specialized research. Along with alkaloids, plants also have flavonoids,
hydroxybenzoic, hydroxycinnamic, and chlorogenic acids, which are renowned for helping to protect the plant
from environmental stresses (Choi et al., 2004; Mierziak et al., 2014).
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34.2 Antioxidant activity determination

The antioxidant potential of Vinca minor, V. herbacea, V. major, V. major var. variegata, and Catharanthus
roseus cv. Pacifica was determined thorough REAC, DPPH, CUPRAC, and lipid peroxidation inhibition
methods.

3.4.2.1 DPPH method

Blois created the technique in 1958 with the intention of quickly and accurately measuring a compound's
antioxidant activity (Kedare etal., 2011). Purple is the hue of the stable free radical 1,1-diphenyl-2-picrylhydrazyl
(DPPH). DPPH transforms into a neutral molecule and gradually loses its color when it interacts with a substance
that acts as a hydrogen atom donor. At 517 nm, color fading can be observed. The DPPH decolorization time
will be shortened the better a molecule is a hydrogen atom donor (Sharma et al., 2009).

3.4.2.2 ABTS+"/REAC method

Blue-green 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), often known as ABTS, is the hue of trolox-
equivalent antioxidant capacity (TEAC). The reagent loses its color after coming into contact with one or more

antioxidant chemicals. The decolorization duration will be shortened the stronger the antioxidant compound,
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according to other studies (Mller et al., 2011; Nenadis et al., 2011; Re et al., 1999). The color change can be
observed at 730 nm. Rutin was the standard employed in the studies conducted for this study report; as a result,

this procedure was given the name REAC.

3.4.2.3 CUPRAC (Cupric ion reducing antioxidant capacity) method

When powerful antioxidants are present, Cu (1) from bis-neocuproin is converted to Cu (1) (polyphenols, but
also alkaloids). The development of a combination between Cu(l) and the quinones produced by the antioxidant
chemicals is what gives the substance its apparent yellow color. The more the yellow complex absorbs light at a
wavelength of 450 nm, the more potently antioxidant the substance is. (Akar et al., 2019; Ozyurek et al., 2011).
3.4.2.4 Lipid peroxidation inhibition method

Lipid peroxidation occurs more quickly when cytochrome C is present. Following the enzyme's reaction with
the peroxyl radicals it produces, some substances with antioxidant activity can postpone its occurrence. The
delayed peroxidation will have a sigmoidal kinetic profile, and the longer an antioxidant compound's liposome
peroxidation inhibition time is. (Buege et al., 1978; Mot et al., 2016).

The V. herbacea extract showed strong antioxidant activity using all four techniques used to measure antioxidant
activity (Fig. 27). The V. minor extract is the least effective antioxidant when it comes to preventing lipid
peroxidation, and among all the extracts examined in this study, the V. major extract was the least effective
antioxidant in the majority of initial analyses. Thus, in terms of overall antioxidant activity, V. herbacea extract
tops the list, followed by V. major var. variegata, C. roseus cv. Pacifica, V. minor, and V. major.

The antioxidant potential is determined by the phytoconstituents present in the extract used, such as
vincamine (Wu et al., 2018), chlorogenic acid (Foddai et al., 2017), and other phenolic compounds
(Stagos, 2020). The results obtained by us are consistent with previous studies where the antioxidant
activity was determined for V. minor (Gruji¢ et al., 2014), V. herbacea (Simsek Sezer et al., 2018),
V. major (Cheng et al., 2016), and C. roseus (Ferreres et al., 2008; Mardani-Nejad, 2017). Moreover,
the total polyphenol/flavonoid content was directly correlated with the observed antioxidant activity (r > 0.9).
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Figure 27. The antioxidant activity determined in Vinca and C. roseus cv. Pacifica plant extracts through: (a)
REAC, (b) DPPH, (c) CUPRAC, and (d) lipid peroxidation inhibition methods.

34.3 Antibacterial activity determination

3.4.3.1 Diffusimetric method

Preliminary analyzes by the diffusimetric method were carried out to establish the potential of the extracts to
inhibit the growth of Gram-positive bacterial strains (Staphylococcus aureus) and Gram-negative (E. coli) (Fig.
28). In principle, E. coli bacteria were more sensitive than S. aureus under the action of Vinca and C. roseus plant

extracts, but statistically significant differences were determined only in the case of strains treated with extract of
V. major var. variegata (Fig. 28).
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Figure 28. Antibacterial effect of Vinca minor, V. major, V. major var. variegata, V. herbacea, and
Catharanthus roseus cv. Pacifica plant extracts, determined through the diffusimetric method against E. coli
and S. aureus bacterial strains (Ciorita et al., 2021c).

3.4.3.2 Microdilution method

It was feasible to determine, depending on the concentration and the species, how the extracts affected the
bacterial strains of E. coli and S. aureus using the microdilution method. The lowest extract concentration at
which bacterial growth is stopped is known as the minimum inhibitory concentration (MIC). For V. minor and
V. major var. variegata, MIC could be established at concentrations lower than 50%, and bacterial growth was
suppressed for the remaining extracts at 25% or 50% plant extract concentration in the mediu (Fig. 29).

The bacterial strains reacted differently to the extracts depending on the peptidoglycan's composition. In this way,
V. herbacea promoted the growth of E. coli cultures while inhibiting the growth of S. aureus cultures. The high
quantity of rutin (258 g/g) found in this extract is an essential factor, and other researchers that examined the
effects of rutin on Gram-positive and Gram-negative bacteria obtained similar outcomes (Bharathi et al., 2018;
Dubey et al., 2013; Ganeshpurkar et al., 2017). However, V. minor inhibited both bacterial strains, which might
be explained by the complicated chemical makeup of the plant extract. According to studies, entire extracts can
be more harmful to bacteria than pure alkaloid or polyphenol fractions (Mahmoudi et al., 2016; Manosalva et
al., 2016; Shaheen et al., 2019). Similar results were also reported by Gruijic et al. (2015), who tested different
types of V. minor extracts on Gram-negative and Gram-positive bacteria, with strong inhibitory effects against
the latter (Gruji¢ et al., 2015).
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Figure 29. Antibacterial effect of Vinca minor, V. major, V. major var. variegata, V. herbacea, and Catharanthus
roseus cv. Pacifica plant extracts, determined through the microdilution method against E. coli and S. aureus. The
values represent the mean of minimum three replicates + standard error of the mean (s.e.m.) (a) V. minor, (b) V.
major, (c) V. major var. variegata, (d) V. herbacea, (€) C. roseus cv. Pacifica. *** p < 0.0001, ** p<0.001, * p<
0.05 (Ciorita et al., 2021c).

3.4.3.3 Induced morphological alterations in the studied bacteria

SEM analysis of bacteria exposed to Vinca and C. roseus extracts was used to identify some induced
morphological changes. The extremely noticeable glycocalyx was present on the surface of E. coli that had been
exposed to a plant extract of V. major var. variegata (Fig. 30). This aspect may help to explain why the
proliferative effect of this extract was noticed on the E. coli strain in accordance to the results of the microdilution
test. Compared to untreated strains, bacteria treated with all extracts at a 25% concentration shrank in length (Fig.
31).
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Figure 30. SEM micrographs of E. coli bacterial strain treated with Vinca and C. roseus plant extracts at the
identified MIC values; (a) control E. coli (untreated), (b) 2% V. minor, (c) 15% V. major, (d) 10% V. major

var. variegata, (e) 5% V. herbacea, and (f) 5% C. roseus cv. Pacifica.

Figure 31. SEM micrographs of E. coli bacterial strain treated with 25% Vinca and C. roseus plant extracts; (a)
control E. coli (untreated), (b) V. minor, (c) V. major, (d) V. major var. variegata, (€) V. herbacea, and (f) C.
roseus cv. Pacifica.

As the extract of V. minor proved very effective against E. coli strains, the bacilli were measured using SEM
images and a script developed in the MATLAB program. Thus, the size variations of the control strains, those
treated with 3% extract and those treated with 25% extract were established (Fig. 32).
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Figure 32. (a) Computational analysis of E. coli dimensions determined with the help of a MATLAB script
and (b) size distribution of E. coli. The values marked with same letter are not statistically significant according

to the Tukey test at p <0.05 (Ciorita et al., 2021a).

It was observed that bacteria treated with 25% extract concentration were significantly (p < 0.05) smaller than
those treated with 3% extract concentration and the untreated control. In comparison to untreated bacteria,
bacteria treated with 3% extract showed a small but non-significant increase in size.

S. aureus behaved morphologically differently to the various extracts (Fig. 33). S. aureus did not significantly
vary from the untreated control after being exposed to V. minor extract at a MIC of 5%, while bacteria exposed
to V. major and V. major var. variegata exhibited a smoother surface (Fig. 33). The glycocalyx was more
pronounced in S. aureus treated with extract of V. herbacea at a dosage of 2%, and bacteria treated with extract

of C. roseus cv. Pacifica at a concentration of 25% had extensive extracellular matrix, similar to bacteria that
form biofilms (Fig. 33f).
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Figure 33. SEM micrographs of S. aureus treated with Vinca and C. roseus plant extracts; (a) control S. aureus
(untreated), (b) 5% V. minor, (c) 2% V. major, (d) 2% V. major var. variegata, (€) 2% V. herbacea, (f) 25% C.

roseus cv. Pacifica.

Figure 34. SEM micrographs of S. aureus treated with 25% Vinca and C. roseus plant extract concentration;
(@) V. minor, (b) V. major, (c) V. major var. variegata, (d) V. herbacea, () C. roseus cv. Pacifica.

The results showed that the extract of V. herbacea at the concentration of 25% has the same effect as the extract

of C. roseus on the morphology of S. aureus cocci (Fig. 34). S. aureus cocci treated with V. major had a rough
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appearance, but those treated with V. minor and V. major var. variegata were almost completely disintegrated
and only a few retained their shape (Fig. 34).

Spearman correlation statistical analysis showed that growth inhibition of E. coli strain is negatively correlated
with TAC (p =-0.6), and this result indicates a decrease in the optical density generated by the bacteria while
increasing the concentration of alkaloids in the plant extracts (Fig. 35). Considering that V. minor had the highest
total alkaloid content and the best inhibitory effect against E. coli bacterial cells, this correlation is justified.
Moreover, the positive correlation between TPC and bacterial inhibition by the microdilution method (p = 0.7)
suggests that the proliferative effect of V. herbacea extract on E. coli may be generated by the high content of
polyphenols in this extract (Fig. 35). Also, TPC was negatively correlated with the inhibitory effect on S. aureus
bacterial cells (p = -0.6), explaining why the same extract (V. herbacea) had the strongest inhibitory effect on S.
aureus.
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Figure 35. MIC, total polyphenol, and total alkaloid contents correlations of Vinca minor, V. major, V. major
var. variegata, V. herbacea, and Catharanthus roseus cv. Pacifica plant extracts, determined against (a-b) E. coli
and (c) S. aureus. MIC = minimal inhibitory concentraton, TAC = total alkaloid content, TPC = total

poliphenol content.

These findings suggest a connection between plant extracts' chemical constituents and their impact on both

Gram-positive and Gram-negative bacteria. As a result, alkaloids are powerful antibacterial agents against E. coli
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but do not prevent the growth of the S. aureus strain, whereas polyphenols are effective against the growth of S.
aureus and aid in the proliferation of E. coli. Similar findings were also reported in the specialized literature,
where isolated polyphenol or alkaloid fractions exhibited the effects seen in the study (Adamczak et al., 2020;
Deepika et al., 2019; Dubey et al., 2013; Ganeshpurkar et al., 2017).

The outcomes of morphological analysis on bacteria treated with Vinca and C. roseus plant extracts are in
agreement with those previously described. The V. major var. variegata and V. herbacea extract-treated E. coli
bacilli displayed the most pronounced extracellular matrix, and this characteristic is related to the proliferative
effect shown in the case of both extracts as it shows a stronger pathogenicity (Aruldass et al., 2013; Suwalak et
al., 2009). Additionally, the breakdown of S. aureus cocci produced by the plant extracts was comparable to the
outcomes seen in other studies (Gupta et al., 2015), although more research is required to fully comprehend how
the chemicals in the plant extracts interact with the bacterium (Jhanji et al., 2019).

344 Cytotoxicity determination

The cytotoxicity of Vinca minor, V. major, V. major var. variegata, V. herbacea, and Catharanthus roseus cv.
Pacifica plant extracts was determined against human normal keratinocytes (HaCaT) and human melanoma (A375)
cell lines, in vitro. C. roseus (also known as V. rosea) was chosen as means of comparison for its antitumor
activity, based on the literature data. According to I1ISO 10993-5:2009(E) (1ISO10993-5:2009(E), 2009), cell
viability can be interpreted as following: weak cytotoxicity at 80-60%, moderate cytotoxicity at 60-40%, and
highly cytotoxic at and under 40%.

MTT results showed that Vinca plant extracts have a proliferative effect against HaCaT cell lines at 48 h, for
concentrations up to 1% (including 2% for V. minor), while they inhibited the development of A375 cell lines at
72 h (Fig. 36). LDH release indicates the integrity of the outer plasmatic membrane and depending on the formula
used for concentration calculation, the inhibitory capacity or necrosis degrees could be determined (Macavei et
al., 2016). Therefore, for A375 cell lines, the plant extracts had a strong inhibitory capacity which could be
associated with apoptosis or necrosis, with values above (V. minor, V. herbacea, C. roseus cv. Pacifica) or very
close to (V. major and V. major var. variegata) those of the Tween 20 treated samples (Fig. 37). Positive values
of LDH release were observed only on HaCaT cells treated with C. roseus cv. Pacifica plant extract, while the
other plant extracts used indicate an obstruction of the plasmatic membrane, with values below those of the

untreated control (Fig. 37b).
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Figure 36. MTT cell viability assays of Vinca minor, V. major, V. major var. variegata, V. herbacea, and
Catharanthus roseus cv. Pacifica plant extracts, against (a) HaCaT keratinocytes, (b) A375 melanoma; *** p <
0.0001, ** p<0.001, * p <0.05.

The minimum value at which 50% of the cells (IC50) are negatively affected was determined using the MTT
assay. This value was different in the two types of cells treated with the same type of extract (Table 11). As a
result, a higher dose of V. minor (9% compared to 4.25% for HaCaT) and V. major (7.04% compared to 3.89%
for HaCaT) plant extract is required to inhibit A375 melanoma. However, the plant extracts of V. major var.
variegata (2.37%) and V. herbacea (2.3%) proved very effective in inhibiting the development of A375 cells,
the minimum values for this being below the minimum values reached by HaCaT cells (2.85% for V. major var.
variegata and 2.89 % for V. herbacea), and this aspect indicates that a lower dose of plant extract is required to
inhibit cancer cells and therefore normal cells will not be affected (Table 11). In Figure 38, you can see the effect
of the extracts used on the concentration of NO in the culture medium where the treated cells were.
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Table 11. The minimal concentration at which 50% of the cells (ICso) are affected by the Vinca and C. roseus

plant extracts
Cell line 1Cs0 (%)
V.minor V. major V. major var. variegata V. herbacea C. roseus cv. Pacifica
HaCaT 4.25 3.89 2.85 2.89 0.63
A375 9 7.04 2.37 2.3 <0.2

In comparison to HaCaT cells, the effects of the extracts were substantially more pronounced in A375 cells.
Intense oxidative stress and the production of reactive oxygen species can cause cellular damage (Suman et al.,
2013). Nitric oxide (NO) in the culture medium can, however, be a sign of both pro- and anti-apoptotic effects.
Low amounts can therefore prevent apoptosis from progressing while also preventing the growth of tumor cells
through apoptosis (Levytskyy et al., 2004). As a result, the analyses' findings must be compared to those of other
biochemical studies in order to be considered definitive (MTT and LDH in the present case).

On both of the tested cell types, the extract of C. roseus cv. Pacifica displayed the most adverse effects. Two of
the alkaloids generated by this plant, vinblastine and vincristine, are also utilized in chemotherapy in conjunction
with other cytostatics (Amos, 2011; Emara et al., 2000; Moudi et al., 2013). Although this plants HPLC
examination revealed a high concentration of alkaloids, it also included other natural substances in significant
amounts, which together with the alkaloids produced the effects that were observed. The remaining Vinca
extracts tested exhibited a proliferative effect on keratinocytes and a dose-dependent inhibitory effect on
melanoma. Vinca alkaloids interact with B-tubulin at the GDP+ end of microtubules, at a locus known as the
“vinca domain” (Khattak et al., 2016). The effects, however, are different depending on the
concentration (Jordan et al., 2007), and besides vincristine and vinblastine, there are other alkaloids
that can bind to this domain (Zhou et al., 2005). However, in the studied literature there is no evidence
to attest the mode of action between other alkaloids isolated from Vinca species and microtubules,

for which much more complex analyzes are needed.
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Figure 37. LDH release assay of the cells treated with Vinca minor, V. major, V. major var. variegata, V.

herbacea, and Catharanthus roseus cv. Pacifica plant extracts. (a) HaCaT keratinocytes, (b) A375 melanoma.
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Figure 38. NO concentration of cells treated with Vinca minor, V. major, V. major var. variegata, V. herbacea,
and Catharanthus roseus cv. Pacifica plant extracts. (a) HaCaT keratinocytes, (b) A375 melanoma; LPS =

lypopolyzaharides.

A375and HaCaT cell sections were analyzed by TEM to look for any potential ultrastructural alterations brought
on by the plant extracts employed. All five of the utilized extracts had various effects on human melanoma (Fig.
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39). The appearance of numerous vesicular structures in A375 cells treated with V. minor extract (Fig. 39b) set
these cells apart, while numerous mitochondria were observed in cells treated with the other extracts.

The number of mitochondria present in the cytoplasm of HaCaT keratinocytes treated with Vinca extracts was
high (Fig. 40), although the differences from untreated cells were negligible. Normal cells, on the other hand,
were significantly too damaged after being exposed to C. roseus extract to be fixed and analyzed by TEM.

The MTT assay's viability results, which showed proliferative effects on HaCaT cells, appear to be related to the
abundance of mitochondrial particles detected by TEM examination. The polyphenol concentration of plant
extracts may be related to this proliferation (Zhu et al., 2008). On the other hand, the V. minor extract had a
significant negative impact on the ultrastructural appearance of A375 cells. Lysosomes are a sign of necrosis
when they are present in significant numbers (Arunkumar et al., 2020), and other investigations have produced
comparable findings (Danciu et al., 2018).

Although the findings of this study indicate that Vinca leaf extracts have pharmacological efficacy that is as
promising as that obtained from C. roseus, additional research will be required to ascertain the mode of action at

the subcellular level, but this aspect presents a potential area of future study.
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Figure 39. TEM micrographs of A375 cells treated with Vinca and C. roseus plant extracts at 1Cso values; (a)
untreated control, (b) V. minor, (c) V. major, (d) V. major var. variegata, (€) V. herbacea, (f) C. roseus; white
triangles = mitochondria, black rhombs = vesicular bodies; N = nucleus, n = nucleolus.
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Figure 40. TEM micrographs of HaCaT cells treated with Vinca plant extracts at 1Cso value; (a) untreated
control, (b) V. minor, () V. major, (d) V. major var. variegata, () V. herbacea; white triangles = mitochondria,

black rhombs = vesicular bodies; N = nucleus, n = nucleolus.

35 Green synthesis of Ag-MnO2 nanoparticles using Chelidonium majus or Vinca minor plant

extracts

Based on the findings of the cytotoxicity and antibacterial activity tests, the plant extract of V. minor was chosen

for this study, and the extract of C. majus was used as a reference because the literature claimed that it was

successful in producing metal nanoparticles. In a prior work (Parvu et al., 2013), phytochemical analysis of C.
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majus extract was conducted. Three different types of nanoparticles (NPs) with varying shapes and sizes between

9 and 30 nm were produced using the extracts alone and in a 1:1 combination.

351 Ag-MnO2nanoparticle characterization
Ag-MnO2 nanoparticles were obtained with Chelidonium majus or Vinca minor and were physically
characterized and tested for antimicrobial potential and effect on normal human cell lines (HaCaT) and human

cancer cell lines (A375).

3.5.1.1 Physical characterization of Ag-MnO_ nanoparticles

C. majus nanoparticles (CmNPs) were the largest, with an average size of 32.47 nm £0.73 nm, and those obtained
with V. minor extract (VmNPs) with an average size of 10.09 nm £0.14 nm. The NPs obtained with a mix of C.
majus and V. minor (MNPs) had an average size of 9.36 nm £0.19 (Fig. 41).

EDX analysis revealed a ,,core-shell” type of NPs with MnO; in the inside and Ag on the outside. Moreover, the
outer layer was covered with a thin hallow that is most probably from the natural compounds of the plant extracts
(Fig. 42).

NPs’ crystallinity was assessed through XRD (Fig. 43). Four distinct diffraction peaks were seen at 26
corresponding to (111), (200), (220), and (311) refraction planes, characteristic of the face centered cubic of
silver; and (110), (101), and (211) characteristic of MnO,. These results demonstrate that all three types of

nanoparticles had crystalline structure and the Ag-MnO. complex was successfully formed.
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Figure 41. STEM micrographs of Ag-MnO. nanoparticles synthesized with C. majus and V. minor plant
extracts and their size distribution. (&) CmNPs, (b) VmNPs, (c) MNPs.

91



=1 Wt% o 20 Wt% o

Ag 455 1.1 1 Ag 223 16
C 309 08 18] cl 163 04

c 722 08

15 Ag 15.7 09
Cl 64 01

N 26 02

3] 0 23 01
& Mn 08 01

Figure 42. EDX spectra of the obtained Ag-MnO; nanoparticles; (a) CmNPs, (b) VmNPs, (c) MNPs; Wt% =
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Figure 43. X-ray diffraction spectra of the obtained Ag-MnO> nanoparticles and compared to P.D.F. data base
(,,powder diffraction file””) of the X SmartLab diffractometer.

Similar results were also reported in the specialized literature, where plant extracts were used to obtain Ag, MnO>
or Ag-MnO; nanoparticles (Alavi et al., 2018; AlSalhi et al., 2019; Anandan et al., 2019; Dehghanizadea et al.,
2018; Kunkalekar et al., 2012; Ramalingam et al., 2017).

The specific metal-oxygen vibrations for the NPs as well as the absorption bands corresponding to the functional
groups of the organic compounds in the natural extracts could be found using Fourier Transform IF spectroscopy
(FTIR) analysis (Fig. 44). The findings of the phytochemical analyses conducted on the two extracts support the
fact that the wide vibration bands are the cause of the complicated chemical makeup of the used extracts (section
3.4 and (Parvu et al., 2013)). The important FTIR spectral range is between 1750-500 cm™2. 1750-1580 cm™?
spectral range where aldehydes, ketones (C=0), C=C and N-H (amino acids) groups all exhibited extinction
vibrations. Another significant finding was that the extinction vibrations in the region where the alkaloids respond
were extremely powerful in the case of VmNP:1742, 1458, 1074, and 745 cm',
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Figure 44. FTIR spectra of the obtained Ag-MnO> nanoparticles synthesized with C. majus and V. minor plant
extracts (a) and of the plant extracts alone (b) (Ciorita et al., 2020).

The morphological results revealed the production of an outer layer as well, and the FTIR analysis verified its
presence. This organic shell had the same structure as the extracts that had been independently studied. Despite
being found, the distinctive vibrational bands for the O-H (3400 cm™) and C-H (2846 cm™), bonds are not
important because they are unique to a variety of bioactive chemicals (Baciu et al., 2013; Zavoi et al., 2011).
The significant vibration domains for the nanoparticles produced in this investigation were those that
were recorded between 175 and 500 cm™. Aldehydes, ketones, and amino acids all exhibited the extinction
vibrations of C=0 groups in the range of 1750-1580 cm* as well as C=C and N-H (Baciu et al., 2013;
Dobrucka et al., 2017; Farahanikia et al., 2011).

In the case of CmNPs and VmNPs, the distinct vibrational bands of C-O and C-H bonds were found
around 1450-1300 cm®, and for MNPs, the results were similar to those of prior studies at 1380 cm-
Land 1365 cm™ (Dobrucka et al., 2017). Specific vibrational bands for C-O, N-H, and O-H bonds are
observed around 1270-1150 cm™ (Poojary et al., 2015). Between 600 and 450 cm?, the typical
vibrations for Mn-O are widely distributed. (Gharibshahi et al., 2017; Huang et al., 2013; Jaganyi et
al., 2013). Ag-Ag metallic bonds could not be seen because they resonate below the wavelength of
400 cm™ (Gharibshahi et al., 2017). Instead, the vincamine-specific spectra at wavelengths of 1742,
1458, 1074, and 745 cm™* were found (S.D.B.S.). These bands were found in the extract of V. minor
and the VmNPs (at 1742 cm™ and 1459 cm™ and shouldered at 1071 cm™ and 766 cm™).

The berbamine in C. majus extract exhibits significant aromatic vibrations at 1609 cm™, C-H bonds
at 385 cm™, a particular band for ring deformation at 1080 cm™, and a shoulder-shaped OCO
extinction of the dioxolane ring at 1040 cm™ (Leona et al., 2007). The spectrum of CmNPs also
contained all of these bands, but significantly displaced or in the shape of shoulders. So, it is also

possible to state that the generated nanoparticles had a covering consisting of plant extracts.
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3.5.1.2 Antimicrobial activity of Ag-MnO. nanoparticles
The antimicrobial activity of the nanoparticles was tested by the diffusimetric method on two bacterial strains of
E. coli and S. aureus and on a fungal strain of C. albicans (Fig. 45)
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Figure 45. Antimicrobial effect of the obtained NPs assayed through the diffusimetric method against E. coli,
S. aureus, and C. albicans (Ciorita et al., 2021a).

The results showed that nanoparticles obtained with V. minor extract were the most effective antimicrobial,
followed by those prepared with a mixture of extracts, and those prepared only with C. majus extract had the
weakest effect. The antimicrobial effects of silver are very well documented (Ahmed et al., 2016; Kunkalekar et
al., 2014; L et al., 2017; Naraginti et al., 2017; Senthil et al., 2017), and the Mn nanoparticles obtained in other
studies they have been found to be equally effective in this regard (Hoseinpour et al., 2018a; Hoseinpour et al.,
2018b). Therefore, it is possible that these two metals (Ag and Mn) as well as the extract, which remained as a
coating layer on the surface of the nanoparticles and was effective against both bacterial strains when tested

independently, are to blame for the inhibitory effect seen in the research (section 3.4.3).

3.5.1.3 Cytotoxicity of Ag-MnO; nanoparticles

Using the MTT, LDH, and NO methods, the cytotoxicity of NPs was examined on human normal cells (HaCaT)
and human cancer cells (A375). Despite having the same basic component (Ag-MnQ), the two types of cells
responded differently to NP treatment, and their varied responses were either brought on by the extract employed
or the physical characteristics of the NPs.

Accordingly, CmNPs had a proliferative effect on HaCaT cells (viability over 100%) at concentrations between
1 pg/mL and 250 pg/mL. Thereafter, the viability dropped as a function of concentration up to 89.07% at 1000
ug/mL. Nine out of the ten concentrations utilized in the case of A375 cells showed a proliferative effect (Fig.
46).
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At concentrations above 250 pg/mL, VmNPs had a moderate cytotoxic effect on HaCaT cells. At the same
concentrations, the effect on A375 cells was moderate (viability 47.25%) or high (viability 35.87%) (Fig. 46b).
A375 cells were consequently noticeably more impacted than HaCaT cells (p 0.0001). At concentrations more
than 500 pg/mL, MNPs had an adverse effect on both cell types (Fig. 46¢).
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Figure 46. Cytotoxic effect of the obtained Ag-MnO- nanoparticles, on HaCaT keratinocytes and A375
melanoma. ****: p<0.0001, ***: p<0.005, **: p<0.05, *: p<0.1 (Ciorita et al., 2020).

Additionally, the two cell lines responded differentially to the NPs utilized in the LDH test. In contrast to untreated
cells, CmNPs-treated HaCaT cells continuously released LDH (p = 1, SD = 0.03 according to y?test). Contrarily,
A375 cells showed a dose-dependent response, with LDH concentrations rising up to 16.43% between 1 and
100 pg/mL NP concentration in the culture medium and steadily falling down to -30% at high concentrations
(Fig. 47).

When cells were exposed to VMNPs, a dose-dependent response was seen (Fig. 47b), with A375 cells being
substantially more impacted than HaCaT cells (p 0.0001). The same results were seen with MNPs (Fig. 47¢).
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Figure 47. LDH release assay of the HaCaT and A375 cell lines treated with Ag-MnO; nanoparticles (Ciorita
etal., 2020).

When compared to untreated cells, the NO concentration in the media of A375 cells treated with CmNPs was
consistently low at all concentrations examined (p = 1, SD = 0.0008). At doses ranging from 1 to 250 pg/mL,
HaCaT cells responded in a dose-dependent way, recording NO levels that were significantly higher than those
of the untreated control (Fig. 48a).

A375 cells were substantially more impacted by VmNPs than HaCaT, with results that were much better as
compared to untreated cells at doses above 100 pg/mL (Fig. 48b). MNPs treatment also produced a dose-

dependent response, but the effects were not as good as the untreated controls for both cell types (Fig. 48c).
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Figure 48. NO concentration of the HaCaT and A375 cell lines treated with Ag-MnO. nanoparticles (Ciorita et
al., 2020).

Intense mitochondrial activity was observed in HaCaT cells treated with CmNPs at low doses, and these findings
were consistent with those of the NO study of the media. We can infer that the nanoparticles had a proliferative
effect on the keratinocytes because the release of LDH was consistent for the treated cells compared to the
untreated ones. The inhibitory effect of CmNPs on cancer cells did not result in cytotoxicity (>80% viability),
but melanoma was more sensitive to this treatment than normal cells, according to the results of LDH analyses.
The cells responded to VmNPs treatment in a dose-dependent manner, but the adverse effects were more
pronounced in melanoma. MNPs inhibited both cell lines and were associated with cell necrosis as a result.

The ability of the studied cells to uptake Ag-MnO, nanoparticles produced with C. majus and V. minor was
examined by TEM. For this kind of analysis, MNPs and CmNPs were chosen since they represented the
extremes of the mean size distribution.

MNPs and CmNPs both found electron-dense particles inside both types of cells (Fig. 49).
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Figure 49. TEM micrographs of the cells treated with the obtained Ag-MnO; nanoparticles. The electron
dense accumulations are most probably internalized nanoparticles. (a) A375 treated with MNPs, (b) A375
treated with CmNPs, (c) HaCaT treated with MINPs, (d) HaCaT treated with CmNPs (Ciorita et al., 2020).

An EDX study of the cells in the regions with such deposits was carried out to see if the observed electron-dense
particles are in fact nanoparticles. Ag was therefore discovered to be a component of the electron-dense deposits
in both types of cells (Fig. 50). MnO. cannot be detected by the EDX detector in the complex environment of
human cells since it is present inside the NP in minute levels. Therefore, while the element Mn could be detected
through physical analysis of nanoparticles suspended in water or an organic solvent, it could not be detected
through physical analysis of nanoparticles that had been ingested by cells, where the element that surrounded the

nanoparticles, specifically Ag, was visible.

99



M Spectrum 53
M Fitted Spectrum

Wt% o
Cu 98.1 06
Ag 1.7 05

Spectrum 53 Mn 0.2 04

E I Spectrum 23
_Spectrum 23 M Fitted Spectrum

Wit% o
Cu 979 15
5

Spectrum 24 § Ag 21 1
@)

W Spectrum 83
M Fitted Spectrum

Wit% o
Cu 748 1.0
Ag 216 1.0

M Spectrum 74
M Fitted Spectrum

Wt% o
Cu 654 0.7
C 291 07
Ag 03 02
Mn 0.1 0.2

Spectrum 74

Spectrum 75§

Figure 50. EDX analysis of the HaCaT and A375 cells treated with Ag-MnO:2 nanoparticles; (a) HaCaT
treated with MINPs, (b) HaCaT treated with CmNPs, (c) A375 treated with MNPs, (d) A375 treated with
CmNPs. The purple fitting line is the ideal EDX spectra for Ag; Wt% — percentual weight units (Ciorita et al.,
2020).

Small nanoparticles can be internalized by cells, according to the results of the TEM analyses, but the precise
process by which this happens has not yet been thoroughly elucidated in the literature. The experimental
paradigm that states that the same cells can react differently to the same type of nanoparticles is a factor in this
study’'s analysis of in vitro experiments, which examine interactions between cells and nanoparticles (Jiang et al.,
2019). All these observed effects may have several explanations. Several theories claim that: (1) usually below
10 nm nanoparticles are toxic (Andersson et al., 2011), but the electrical charge of their surface has an impact on
the minimum size threshold at which a cell can have a toxic response; (2) endocytosis is dependent on
nanoparticle size; and (3) passive assimilation is preferred over active internalization (Akter et al., 2018; Frohlich,
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2012; Shang et al., 2014). The mechanical resistance to cell deformation is a key goal in in vitro nanoparticle
research (Hui etal., 2019). As a result, cancer cells are often less rigid than the tumor tissues they form or normal
cells (Coughlin et al., 2013; Guo et al., 2014). Strain resistance for HaCaT cells is 100 kPa (Graf et al., 2018),
while for A375 it ranges from 0.76 kPa to 3.9 kPa (Clark et al., 2015; Lekka et al., 2012; Pogoda et al., 2012;
Sobiepanek et al., 2017). This factor has the potential to affect how quickly nanoparticles are assimilated. ilver
nanoparticles have also been shown to negatively impact human cell lines (Arora et al., 2015; Carrola et al.,
2016), yet the cytotoxicity of Ag ions is decreased when combined with MnO. (Krishnaraj et al., 2016). The
MNPs had an Ag-MnO: ratio that was skewed towards Ag, and when combined with the smaller dimensions

and intricate chemical makeup of the extracts employed, the observed effects are concise.
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4 Conclusions

This doctoral dissertation contrasts the pharmacological potential of hydroalcoholic leaf extracts from
Catharanthus roseus and Vinca species. Different research techniques (electron microscopy, HPLC,
computational analyses, X-ray diffraction, REAC, DPPH, etc.) were used through activities carried out in several
specialized laboratories to study some morphological aspects of the leaves of the chosen species, the chemical
composition of the leaf extracts, and their pharmacological effects. In addition, the extract of V. minor was chosen
based on the results and combined with the extract of Chelidonium majus to create Ag-MnO- nanoparticles. Tests
on bacteria, fungi, and human cell cultures were then used to evaluate the physical and biological properties of
these nanoparticles. Consequently, based on information from the literature and the findings of the study, plant
extracts (tinctures) of Vinca minor, V. major, V. major var. variegata, V. herbacea, and Catharanthus roseus,
the following conclusions were drawn:

The anatomy and morphology of leaves from Vinca species and C. roseus species, the chemical composition of
the obtained plant extracts, the in vitro antioxidant activity, the antibacterial activity and the cytotoxicity on
normal and cancerous human cells were analyzed. Thus:

1. Leaf morphology and anatomy showed that there is a direct relationship between stomatal
index, trichome density, epicuticular waxes, mesophyll intercellular spaces, cell walls and plant
chemical composition, and this result constitutes a first element of novelty in the study carried out.
2. Chemical composition of extracts from representative species of Vinca and C. roseus cv.
Pacifica was correlated with leaf morphology and the total contents of alkaloids, polyphenols and
flavonoids were comparatively highlighted.

3. The antioxidant effect of the leaf extracts analyzed was studied in relation to the species and
was correlated with their chemical composition, but the strong effect observed in the extract of V.
herbacea could be associated with the rich content of rutin.

4. V. herbacea has a proliferative effect on E. coli, but inhibits the development of S. aureus.
Similar effects were also observed for V. major var. variegata and V. major. The extract of V. minor
inhibited both bacterial strains, and the extract of C. roseus cv. Pacifica had a proliferative effect on
Gram-positive bacteria and an inhibitory effect on Gram-negative ones. Therefore, the high content
of alkaloids/flavonoids influenced the action on different types of bacteria.

5. The morphology of the tested bacteria was affected by the extracts used, and the effect induced
on the E. coli strain by the V. minor extract is dose-dependent.

6. When compared to healthy human cells (HaCaT), human cancer cells (A375) had decreased
mitochondrial activity. C. roseus cv. Pacifica had a significant cytotoxic effect on both cell lines,
while the other examined extracts suppressed proliferation in a dose-dependent way. The study of the

cells' ultrastructure also supported these findings.
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7. Although the cytotoxic effects on melanoma were moderate overall, the V. minor extract was
considered for the next study, as the effects on keratinocytes were less harmful than the rest of the
extracts used.

Therefore, three different types of Ag-MnO. nanoparticles were made using the extract of V. minor as well as a
hydroalcoholic extract of C. majus. The elemental ratio and type of the chemical bonds produced were measured
by EDX and FTIR, and the shape of these nanoparticles was examined by electron microscopy and X-ray
diffraction. The nanoparticles are polygonal in shape and range in size from 9 to 30 nm on average. According
to the results, we can conclude that:

1. Nanoparticles obtained with V. minor extract have a uniform (narrow) size distribution with
an average of 10 nm and the best results against the bacteria E. coli and S. aureus and C. albicans
fungus. The effects were also negative on human melanoma (A375), without affecting normal cells
(HaCaT).

2. The nanoparticles obtained with C. majus extract had an average size of 30 nm, with the
weakest results against the microorganisms tested, and on human cells the effects were proliferative.
3. The nanoparticles obtained with a 1:1 mixture of the two extracts had the smallest dimensions,
with an average of 9 nm. Antimicrobial effects were moderate, but in the case of cells, negative effects
were observed in both lines.

Through the published works, this study contributes significantly to the specialized literature. Based
on the findings, it was decided that the extract of V. minor was the most effective due to its chemically
rich composition and inhibitory/proliferative effects in vitro. As a result, it was further chosen to be
tested for its ability to reduce the formation of nanoparticles. The doctoral thesis's bibliographic
support was based on 352 titles, many of which were scientific papers from national and, especially,
international literature. Various research techniques used to examine Vinca and Catharanthus plants

provide valuable insights for multidisciplinary approaches involving various specialists.
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