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ABSTRACT

The concept of mobile access to information is present in all aspects of society today and it constitutes the
digital need of the individual. The aim of this paper is to provide a brief overview and systematization of
various easily accessible android applications for mobile phones and tablets that would promote proper
understanding of chemical concepts, as well as facilitate the acquisition of knowledge in chemistry by
students in both primary and secondary schools. Mobile learning has many advantages such as diversity,
entertainment, communication, interactivity, but also learning completely adjusted to the needs of the
individual regardless of place and time. The use of these tools has a great impact on a different approach in
teaching chemistry and contributes to improving of the final learning outcomes. That is why it is important
for every teacher to integrate technology into pedagogy and use it to promote student-centered learning.

Keywords: android applications, mobile learning, teaching tools, interactivity
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INTRODUCTION

Chemistry is largely an abstract science. Years back, this subject was not a favorite among students, and
there are numerous factors for that: abstractiveness, excessive curricula, inadequate textbooks, non-
existence or poor equipment of the chemistry cabinet, poor motivation and engagement of teachers and
disinterest of students (Risti¢ and Milosevi¢, 2019).

Previously, classes were traditionally realized through chalk, blackboard and oral lectures.

Science today follows the trends of modern information technologies. Therefore, it is necessary to keep
up trends in the field of teaching and knowledge transfer. In order for teaching to be more efficient, a
multidisciplinary approach is introduced in its realization. Multimedia teaching tools satisfy modern
didactic-methodical principles of teaching.

A form of learning that implies that part of the activities, in addition to the traditional classroom, also
takes place on the Internet, is called combined or hybrid teaching. If the teaching material is modified and
a learning tool or platform is chosen, students can receive exceptional support during learning. They can
access teaching materials and study them further, practice or check the degree of mastery of teaching
contents, progressing at their own pace and in accordance with their own abilities. With the help of the
Internet, communication and cooperation skills, creativity and knowledge exchange are developed
(Priru¢nik, 2014). This form of e-learning serves as a supplement to classical teaching, not as its substitute.

In the 21st century, the application of PPt in teaching has become widespread. Many studies show that
this method has significant advantages over traditional teaching, but also a number of disadvantages (Kostic
et al., 2018; Kostic et al., 2011; Zarubica et al., 2012; Nikolic et al., 2014).

In this paper, we will focus only on the application of mobile devices (mobile phones, tablets) in the
learning process, the so-called mobile learning (m-learning). This form of learning has advantages, because
it does not limit people who learn to sit, for example, in front of a computer, but it is possible to learn
anywhere and anytime. This approach was adopted as A3 (abbreviation for "Anywhere, Anytime,
Anyplace") (https://en.wikipedia.org/wiki/Android_(operating_system) Access: 20/3/2017).

How much the appearance of mobile devices has affected society positively or negatively in general
remains for each individual to conclude. Opinions of teachers and attitudes also differ (O’Bannon and
Thomas, 2014).

Itis inevitable that the younger generations are increasingly using mobile devices in their daily activities,
whether they are used for communication, entertainment or learning. This leads to a number of negative
phenomena such as physical inactivity, loss of concentration, non-acceptance in society if the mobile phone
is not of a newer generation, etc. However, there are also positive aspects of the proper use of mobile
devices, such as: adoption of new technologies, learning new contents or good information (Heflin et al.,
2017).
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At the moment, the most widespread phones in the world are with the Android operating system (Figure
1). With the appearance of the Android OS in 2010, the representation grew from 33.2% in 2011 to 86.8%
in 2016 (ilhan, 2016). iOS is the mobile operating system of Apple. It was originally developed for the
iPhone, and later for the iPod, iTouch, iPad and Apple TV. The market for Apple devices fluctuated between
15% and 12.5%. Apple does not allow the iOS operating system to be run on the third-party hardware.
From September 1, 2010, Apple’s App Store service contains more than 250,000 iOS applications, which
have been downloaded more than 6.5 billion times (https://prezi.com/p/ekhzkjtnuyg5/aplikacije-za-

iphone/).

3%

A

= android =10S = rest

Figure 1. The share of operating systems in mobile phones in the world

As the android operating system is more represented in this paper, we provide an overview of selected
applications that can be used as additional (interactive) tools in the teaching of inorganic chemistry. By
using omnipresent and easily accessible android applications as additional tools in teaching chemistry, the
acquisition of knowledge in chemistry by pupils in both primary and secondary schools can be facilitated
and improved.

As corresponding applications are not always available (free of charge), teachers experiences difficulties
to assess their characteristics solely on the basis of reviews. Therefore, there is a need to create specific
mobile learning applications, and in addition, empowering educators to create their own mobile applications
is likely to lead to the integration of mobile technology into teaching.

With the appearance of the Internet and the evolution of smartphones and tablets, pupils /students have
instant access to a wealth of information. Of course, adopting integrative technology-based technology
strategies is a major challenge for both teachers and students(Williams et al., 2011).

Hew and Brush (2007) pointed out that the lack of resources and knowledge and skills on how to make
the best use of these technologies are some of the main obstacles. However, continuous education in this

area, activity of educators and engagement of students can lead to significant results.
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Data collected during several semesters of using mobile applications in teaching showed that the interest
of students in chemistry has increased significantly which has led to better results in terms of knowledge
and its application (Naik et al., 2015).

Android applications as educational tool

Technology such as iOS and Android based mobile apps can be used as an interactive educational tool,
which allows a dynamic learning experience that directly benefits students. The mobile apps can be used in
a General Chemistry course to teach the subjects of atoms, elements and the periodic table. Because these
apps are interactive, they enhance student engagement and spark interesting learning of these fundamental
concepts (Libmanet and Huang, 2013).

Google play store offers many interesting apps in chemistry, but here it will be presented selected apps
that can be used in teaching of inorganic chemistry. They could be grouped into a dozen categories based
on the content they offer and they are: Periodic table of elements, complete applications, applications with
video content, chemical reactions, 3D display, minerals, electronic configuration, equalization of equations
of chemical reactions, solutions, notes. This is not a sharp division of applications, because they enable a
large number of functions, but there is one representative from each.

The described applications can be accessed easily via a mobile phone from the Google Play Store or
using the QR codes given at the end of the description of each application.

M Periodic table of elements: Merck PTE

PTE

The "Merck PTE" application enables the user to understand the complex science of chemistry and
provides quick access to all the necessary information. Whether it is a pupil or a teacher, a student or a
professor, an amateur or an expert, a hobbyist or a technician, "Merck PTE" provides broader information
about each element of the Periodic Table. The periodic table of elements is shown in a digital form, which
can be seen in Figure 2a, where information about each element can be found immediately, calculations
can be made, such as calculating the molar mass of any compound, comparing elements in terms of atomic
gradation, electronegativity and many other features. The app also contains historical facts and that is why

it can be very entertaining.



Chemia Naissensis, Vol 3, Issue 1, REVIEW, 1-27

. @ : ®
$.-N : I Im W v vivawv =  Elements : B
; " 54 a n
. = Classification L]
Atomic properties

State of aggregation

Property ranking

Discovery

& e

N SR

Figure 2. (a) The initial interface of the "Merck PTE" application and (b) the appearance of the

application menu

By clicking on any element of the Periodic Table, an image of that element appears with general

information about it. The application menu (Figure 2b) is quite simple, clear and provides a large number

of options:

1)

2)

3)

4)

5)
6)

the possibility of classification according to different criteria. With this application it is possible to
classify elements according to which group they belong to (metals, non-metals, ezc.) (Figure 3a),
according to radioactivity or percentage share in the Earth's crust;

displaying the properties of atoms. We can get information about the atomic radii of the elements
(Figure 3b), values for electronegativity (according to the Allred-Rochow and Pauling scale),
ionization energy and relative atomic mass;

state of aggregation of the elements. This application provides information about the state of
aggregation of the element at a certain temperature, which is adjusted by moving the cursor (with a
finger) on the temperature scale (Figure 3c);

historical data about the element. Merck PTE provides data on when an element was discovered as
well as which scientist discovered it (Figure 3d);

calculating the molar mass of the compound (Figure 3e);

explanation of chemical terms. This application also offers a list of terms in alphabetical order that

occur using the same, as well as an explanation for each of them (Figure 3f).

The internet is not required for this application to work; it works in offline mode, which can be an

advantage in some situations. It has dynamic design, economical handling access rights, an interactive

operating system, as well as smart controls and numerous choices.
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Electronegativity is a relative measure of
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electrons in a chemical compound to itself. It is
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422388 g/mol | of protons in the nucleus (nuclear charge) and
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Figure 3. Examples of user interface: (a) transitional metals, (b) relation of atomic radius of atoms, (c) state
of aggregation of elements at a temperature of 400 C, (d) elements discovered until 1850, (e) calculating
the molar mass of the compound, (f) explanation of the term electronegativity. The Merck PTE application
can be easily accessed by scanning the QR code from Figure 4.

Figure 4. QR code for Merck PTE app

( N
EAN
®)\) Complete apps: Chemical suite free

The initial interface of this application is the Periodic Table of the Elements (Figure 5).
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Figure 5. The initial interface of the app Chemical suite free

Each element is described with more than 30 characteristics, including general and physical properties
(Figure 6a), history, etc. This application also provides information on the isotopes (natural, radioactive)
that are characteristic of each element.

In an easy and simple way, this application allows the calculation of the molecular weight of the
compound (Figure 6b), then it has a list of chemical and physical constants that can be searched using the
search option (Figure 6¢) and they are divided by scientific fields. Each constant is defined by a numerical
value and the unit in which it is expressed, with the existence of a unit converter (Figure 6d). Through this
application chemical reactions can be equalized, the search of elements in a given range of values of relative
atomic mass can be performed (Figure 6€), you can apply the equation of state of an ideal gas with
conversion (pV = nRT) and the trend of changing a certain element property can be graphically displayed
(relative atomic mass, ionization energy density, atomic, ionic, covalent radius) (Figure 6f).
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Figure 6. Overview of application functions: (a) characteristics of phosphorus atoms, (b) calculating the
molecular weight of the compound P,Os, (¢) Planck's constant, (d) unit conversion, (e) elements of relative
atomic masses in the range from 5 to 10 and (f) graphical representation of the first ionization energy of the
elements of the Periodic Table

Chemical Suite free application can be easily accessed by scanning the QR code from Figure 7.

Figure 7. QR code for Chemical Suite free app

Video: MEL chemistry

"MEL Chemistry" provides an amazing experience of performing experiments. Namely, there is a large
number of experiments here the conduct of which was recorded by a camera.

The experiments are listed on the initial interface where each of them has an appropriate creative name.
By clicking on one of them, the application offers new possibilities such as information on safety, expected

result, waste disposal, as well as a scientific explanation of a given experiment.
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Each experiment was characterized by a certain degree of difficulty, danger and duration (Figure 8a).
The application can become a personal assistant to the user in performing experiments because it leads them
step by step towards the ultimate goal of the experiment and also provides help in solving problems. This
application can be used at home because children actually want real chemistry, not toys- "plastic
accessories" to play with. Real chemistry means real opportunity, real responsibility, but also real danger.
There is the possibility of ordering sets with utensils and dishes on the MEL Science website.

The Mel Science Kit is organized into several packages. The first package is a starter kit that contains all
the equipment needed for future experiments. The set includes a cardboard set with VR glasses, glass
instruments, telephone stand, goggles and much more. The second and third packages are systematized
according to the topics they deal with. Each package has enough material to do (and repeat) several
experiments on the same topic. The kits are marked with warning labels and safety instructions for security
reasons.

In addition, the application offers the ability to detect the real structure of substances found in the
environment and visualization of molecules in 3D (Figure 8b). What does kitchen salt actually look like at
the molecular level? "MEL Chemistry" will show the structure of these and hundreds of other molecules
including, for example, sulfuric acid, hydrochloric acid, sodium carbonate, sodium bisulfate, potassium
permanganate, calcium hydroxide, ezc. In addition, the molecules of new compounds are constantly updated
on this list.

(a) (b) (c)

\ \ \ Calcium sulfate News
o,

Stopping corrosion

Safety

Disposal

Scientific description

Figure 8. Overview of application functions: (a) properties of the corrosion inhibition experiment, (b) 3D

structure of CaSO4 molecules and (¢) interesting information about copper

This application also offers other options such as "news" with many interesting facts from the world of

chemistry (Figure 8c); MEL code reader by scanning the substance bottle, using the phone to detect the
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molecules it contains; VR experiences that gain a new level of understanding science. There are over 80
different VR classes and tests that cover the standard school chemistry curriculum. The only deficiency of
this application can be the lack of search option for experiments, which can make it a little difficult to use.
MEL application can be easily accessed by scanning the QR code from Figure 9.

Figure 9. QR code for MEL chemistry app

Beaker mix chemicals

The "Beaker" application has the role of a virtual chemical laboratory, where everyone can try
themselves in the role of a scientist. A mobile phone becomes a glass that can be held, shaken, heated,
covered, and it can contain various substances. You can do experiments with more than 150 chemicals. The
app offers acids, salts, bases as well as atoms and molecules of elements in the appropriate state of
aggregation, arranged in alphabetical order (Figure 10a).

This app offers interactive options during the experiments as well:

1) adding: clicking on any of the chemicals, they go to the beaker. If there are more, in addition to the
visual and sound experience, their reaction is accompanied by chemical equations, molecular
formulae of the product and the current temperature (° C) of the reaction in the beaker (Figure 10b);

2) heating (burner): dragging a finger from the lower right to the lower left corner of the screen turns
on the burner;

3) shaking: to speed up the reaction (Figure 10c);

4) covering the beaker (lid): dragging a finger from the upper right to the upper left corner of the screen
covers the beaker;

The application also provides information about the density, molar mass, mass concentration of all

offered substances represented by both the molecular formula and the name. The Air Mick option requires
internet connection and geolocation services, while other possible options (cooling, mixing, and separation)

need to be paid for, so unfortunately the application is not completely free.
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2AgNO, + NaCl -> AgCl + 2NaNO,

Figure 10. Examples of application user interface: (a) some of the substances to use,

(b) sedimentation of AgCl and (c) mobile phone manipulation

The dark background of the application makes it easier to monitor the course of reactions, as well as all
chemical and physical phenomena, but it can also be changed by the color of your choice. By using this
application, real work with toxic and dangerous substances is excluded, but the same or even better effect
of students’ acquiring new concepts and knowledge is achieved. There are no more worries about rough
reactions because they are happening on the screen. This app is a solution for schools which have no
laboratories or whose laboratories are not equipped well enough. As the safety and health of the participants
in the laboratory is a priority, this app can be an extremely useful teaching tool in schools and colleges.

Beakers Mix Chemicals application can be easily accessed by scanning the QR code from Figure 11.

Figure 11. QR code for Beakers Mix Chemicals app
1
x& 3D: Virtual orbitals 3D chemistry

It is very difficult to understand atomic orbitals drawn on the blackboard or a piece of paper (2D view).
The “Virtual Orbitals” app provides better orbital visualization in three-dimensional (3D) form and helps
to understand them (Figure 12a). This app provides interactive manipulation with selected atomic orbitals
“finger touch and move”’; the way the orbital can be seen from all aspects (3D view) enables students' visual

understanding of the concept and appearance of the orbital.

11



Chemia Naissensis, Vol 3, Issue 1, REVIEW, 1-27

Figure 12. Examples of user interface: (a) orbital d,> and (b) atomic orbitals of magnesium

This application includes the following atoms with their electronic configuration: hydrogen, helium,
lithium, boron, carbon, oxygen, neon, sodium, magnesium (Figure 12b), silicium, potassium, argon,
calcium, zinc, iron, etc. The Virtual orbitals 3D chemistry app can be easily accessed by scanning the QR

code from Figure 13.

Figure 13. QR code for Virtual orbitals 3D chemistry app

h g Minerals

As its name suggests, the app presents basic concepts about minerals. The application also offers
instructions for macroscopic and microscopic determination of some minerals.

This application provides a spreadsheet of the most important information about each mineral: group,
cristal system, the class of symmetry, the mode of appearance, firmness, solidity, colour, genesis, the use,

the deposits (Figure 14a).

12
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Figure 14. Examples of user interface: (a) characteristics of the diamond, (b) the appearance of a diamond

and (c) the list of offered minerals

The app is in Serbian which highly facilitates its use. The defect of the app is that there are not so many
images and their quality is not at high level (Figure 14b). There is no search option either but all the minerals
are listed in alphabetical order (Figure 14c). The Minerals app can be easily accessed by scanning the QR
code from Figure 15.

Figure 15. QR code for Minerals app

Electron configuration

Writing an electronic configuration of elements is often an unsolvable problem for students. However,
using this application can make it much easier.

"Electron configuration™ is an application designed for students, but it is also useful for enthusiasts in
chemistry, because it is very easy to use it, it provides help as well as checkout in learning. It is based on a
simple and nice user interface. The app can be used in two ways: selecting elements from a ready-made list
(Figure 16a) or selecting one specific element in the search (Figure 16b). Further information about the

element is available via the “Google” icon which leads to Google search engine (Figure 16c).

13
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Figure 16. Examples of user interface: (a) selecting elements from the list, (b) search for a specific element

and (c) user interface

The Electron configuration app can be easily accessed by scanning the QR code from Figure 17.

Figure 17. QR code for Electron configuration app

& Chemical balancer

The "Chemical Balancer" application enables the equalization of chemical reaction equations. The use
involves entering the molecular formulae of the reactants and products and then by clicking on "balance"
the equalization process is performed. The result is displayed in a very short time (Figure 18a). It is suitable
for any chemical equation, as long as it is not written in ionic form.

It is a very useful tool for chemistry students, as well as for teachers, researchers, analysts and
pharmacists. "Chemical Balancer" is a free and very easy to use application. This application can be used
to check the accuracy of the examples done during the exercise. The Electron configuration app can be

easily accessed by scanning the QR code from Figure 18b.

14



Chemia Naissensis, Vol 3, Issue 1, REVIEW, 1-27

Chemical Balanoer

R B T
chch Bl Poess (b berie Ex i

A e B . R

N, # 3H; - ZNH4

Figure 18. (a) User interface layout (b) QR code for Electron configuration app

—1

a Solution calculator lite

"Solution calculator lite" is a practical and very simple app for both chemistry students and researchers/

scientists working in the laboratory for chemistry, biochemistry or biology.

This application offers the following features:

1) suitable calculator for making chemical solutions. In the "Make" section, it is necessary to enter the
required concentration, volume of solution and molar mass of the compound. Clicking on the
"calculate" option, the result is obtained, i.e., the mass of the compound necessary for the required
concentration of a solution. The app remembers all previous calculations that are easily visible. Each
value can be expressed in a pair of offered units (Figure 19a). It is also possible to calculate the
dilution of the solution using the stock solution in the "dilute” section. The app helps to quickly
determine how much chemical / stock solution is needed (Figure 19b). This way there is no waste
of time and all attention is focused on working in the laboratory.

2) calculating the molecular weight (MW) of common chemicals in the laboratory. This is done by
entering the molecular formula of the compound (Figure 19c), while for some substances listed in
alphabetical order, molar masses (ATP, EDTA) have already been introduced.

3) provides detailed information about each of the 118 elements, such as: atomic and mass number,
position determined by a group and period, original name and the year of discovery, density, melting

point, electronic configuration, but also a suitable description of that element.
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Figure 19. Functions of the app: (a) making a solution, (b) dilution of the solution, (c) calculating the

molecular weight

The Solution calculator lite app can be easily accessed by scanning the QR code from Figure 20.

Figure 20. QR code for Solution calculator lite app

CHEMISTRY

NOTES Chemistry Notes
Offline

The “Chemistry Notes” application is specially designed for high school students and can be used for

practice and preparation of control tasks. This app contains notes that are grouped into 45 chapters and

some of them are: atoms and molecules, the structure of atoms, acids, bases and salts, metals, ezc. A graphic

representation of some of the chapters can be seen in Figure 21.

Irregular order of chapters as well as the lack of search option can be suggested as disadventages, but

this is compensated by very concise notes, accompanied by Figures and examples. The app is easy to use

and does not take up much memory space on a mobile phone and it can be used in an offline mode. This

application is a good IT tool and repetitorium.
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Figure 21. Chapter: (a) Iron, (b) Chemical laws and (c) Nobel Prizes

The Chemistry notes app can be easily accessed by scanning the QR code from Figure 22.

Figure 22. QR code for Chemistry notes app

The following applications are not free of charge and that is why the scope of reviews has been reduced.

However, they can make a significant contribution as additional tools in teaching inorganic chemistry.

Chemist virtual lab

The "Chemist virtual lab™ application is a virtual chemical laboratory. It is great for various experiments,
research, learning or just for playing.

Laboratory utensils and accessories are on a virtual shelf; 17 basic laboratory elements that are sufficient
for all manipulations in the laboratory: glasses, Erlenmeyer flasks, round bottom flasks, a test tube, a reagent
bottle, a ring stand, a tripod, an alcohol burner, a porcelain cup, a watch glass, a funnel, extensions and a
plug. Equipment also includes a paper indicator, a thermometer, a glass rod, a pipette and matches and they
can be selected from the drop-down menu. Clicking on a selected dish, it moves to the desktop where a
large number of dishes can be found at the same time with an arrangement that suits the user (Figure 23a).

The application offers more than 200 inorganic and about 60 organic chemical reagents. This way, the
needs of both primary and secondary school students, but also students at the faculty are included.

Chemicals are grouped into 4 categories: mixtures, solids, liquids, gases and all of them are on the virtual
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shelf in reagent bottles, displayed in the appropriate state of aggregation and color. The "search" option will
speed up finding the required reagent.

In order to see the physical and chemical properties: molecular weight, volume, temperature,
concentration, reactions with other substances, you can click on a chemical substance (Figure 23b). By
dragging the reagent bottle with the substance to the container, a window appears showing the mass and
amount of the substance poured into the container. This way you can see what is happening in the beaker,
not only visually, but also in the exact ratio of the reactants.

The course of the experiment is followed by the equation of the chemical reaction that appears in the
upper part of the screen (Figure 23c). 6 practical application options can be tried out with one touch and
dragging (change of laboratory temperature, adjustment of air composition, time acceleration ...). The
experiment can be saved with all the steps that have been done.

Experimenting with different substances is a fun, but sometimes not so safe. However, the application
provides the possibility of complete freedom, without fear of cracking the dishes due to some untested
reaction or possible injuries. It will make for all the necessary chemicals to be at your fingertips, without
previous purchasing; there will never be a mess and possible "explosions™ can be stopped at any time. This
application helps you gain real experience, like in a real laboratory, because it goes through the whole
experimental process, to which excellent visual and sound effects also make a contribution.

The application has passed the security test for viruses and other malicious attacks and contains no
threats, so the security of the mobile phone and personal data is ensured. It should be emphasized that the
application is not free of charge.

(@)

Figure 23. Examples of user interface: (a) working area with laboratory utensils, (b) solid-state
substances with characteristics and (c) chemical reaction process

The Chemist virtual lab app can be easily accessed by scanning the QR code from Figure 24.

"1 Figure 24. QR code for Chemist virtual lab app
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The following applications are made by "Ajax media tech" on the same principle. Each contains

learning, practice and quiz options.

Mole concept in chemistry

"Mole concept" is an interactive application with the help of which students can learn the meaning of
the term mole in chemistry in a simple and comprehensive way, as well as formulae for calculating
numerical values. It is intended for lower grade students.

The app “Mole concept” is simple to use and it offers three functions:

1) learning- mastering knowledge in an interesting way (Figure 25a),

2) exercising- checking learnt concepts (Figure 25b),

3) quiz- application of acquired knowledge (Figure 25c).

The application contains 3D simulations and videos to make learning the concept of the mole

more understandable and easier to learn with minimal effort and long-term memory.

Figure 25. Application functions overview: (a) learning, (b) practice and (c) quiz

The Mole concept in chemistry app can be easily accessed by scanning the QR code from Figure 26.

Figure 26. QR code for Mole concept in chemistry app
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L Reactivity series of metals

The "Reactivity Series of Metals" application helps students learn all about the reactivity of metals and
the various changes that occur during reactions. This application shows a series of reactivity of metals and
the most reactive metals, but also chemical reactivity trends in a simple way with interesting “do-it-
yourself” activities. Students can research and practice what they have learnt through interesting examples.
The application will make learning more interesting through interactive activities, 3D simulations and

videos for better understanding of the concepts (Figure 27).

Figure 27. Application functions overview: (a) learning, (b) practice and (c) quiz

The Reactivity series of metals app can be easily accessed by scanning the QR code from Figure 28.

2 Figure 28. QR code for Reactivity series of metals app

KI2

Acids and Bases in Chemistry

ACIDSAND
BASES

The application is based on the concept of acids and bases and their properties, especially chemical ones.
It describes in more details the reactions of metals with acids or bases. All differences are in the spreadsheet

in order to be better noticed and remembered (Figure 29).
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Figure 29. Application functions overview: (a) learning, (b) practice and (c) quiz

The Acid and Bases in Chemistry app can be easily accessed by scanning the QR code from Figure 30.

Figure 30. QR code for Acid and Bases in Chemistry app

AMMONIA

P Ammonia Structure & Properties
59

The application describes the structure of ammonia and its properties. The geometry of NH; molecules,
its physical and chemical properties, as well as the entire procedure of the Haber-Bosch process shown in
a Figuresque way are considered (Figure 31). The questions in the "quiz" section are not trivial, but they

encourage the user to think.
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Figure 31. Application functions overview: (a) learning, (b) practice and (c) quiz

The Ammonia structure & properties app can be easily accessed by scanning the QR code from Figure 32.
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Figure 32. QR code for Ammonia structure & properties app

© @  Salts in Chemistry

The application is excellent for the teaching unit "Salts". It describes the reaction of salt formation, types
of salts (acidic, basic) and NaCl is taken as an example. It is intended for lower grade students who
encounter this term for the first time. Spreadsheets, animations and creative illustrations of the structure of
salt contribute to better understanding of the new concept (Figure 33).
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[

Figure 33. Application functions overview: (a) learning, (b) practice and (c) quiz

The Salts in chemistry app can be easily accessed by scanning the QR code from Figure 34.

Figure 34. QR code for Salts in chemistry app

Redox Reaction — Chemistry

This application includes oxidation and reduction reactions. As they can be very problematic for
students, the application will help them master the reactions faster. With very simple but useful explanations
of the terms of reduction and oxidation, the app offers users the possibility to equalize redox reactions,
which is great for exercise (Figure 35).
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Figure 35. Application functions overview: (a) learning, (b) practice and (c) quiz

The Redox Reactions - Chemistry app can be easily accessed by scanning the QR code from Figure

Figure 36. QR code for Redox Reactions — Chemistry app

Water

'

Water Treatment Plant Process

Water, a compound that is irreplaceable for the functioning of the organism, is shown in this application
from the chemical side. Namely, the application, in addition to chemical and physical properties, also
describes water pollution, as well as the process of its purification. Very suitable content (Figure 37), in
addition to providing scientific knowledge, pays attention to raising users’ awareness of the importance of
water, which is now neglected. That is why it is necessary to show younger students what are the negative

actions that can endanger the survival of the human species, so as not to be repeated.

(2) b (S

A ] oUn
CONTAMINATION & POLLUTION e LA

AT CONTR MO
1 Dl o T

S Bt IO R Y

T e e b e S g e O S e P T

D e e e

BOMPT OF DRACLYED GRYGEN S AT N WIS

vy Nt ¢ St o wow & gl dmacid ey

gl

DO O

Figure 37. Application functions overview: (a) learning, (b) practice and (c) quiz

The Water treatment plant process app can be easily accessed by scanning the QR code from Figure
38.

23



Chemia Naissensis, Vol 3, Issue 1, REVIEW, 1-27

Figure 38. QR code for Water treatment plant process app

DISSCUSION

Visualization is a convenient method in teaching. In chemistry, visual representations have several
important functions: to make the connections visible, to present the dynamic and interactive nature of
chemistry, to provoke the transformation from two-dimensional to three-dimensional ways of thinking and
to determine how much time a student needs to remember that information (Vavraet al., 2011). Pedagogical
experiments implemented in primary and secondary schools have shown that a multidisciplinary approach
(visualization, ppt presentations with video and audio recordings, performing experiments in front of
students) in teaching inorganic chemistry significantly increases students' interest in chemistry and science
and better knowledge acquisition by students from processed teaching units (Nikolic et al., 2014; Nikolic
etal., 2018).

The student can actively participate in the lessons via their mobile phone or tablet. Practicing tasks
through online tests, reading books in electronic form, learning and research provide greater motivation for
the work of each child and create a desire for better results. The essence of multimedia is interactivity as
the main feature of the media.

Teachers are always there for all questions, advice and problems of their students, they can communicate
with them, consult them for everything that is not clear to them whenever they want. All this is the credit
of many important and tempting applications. With popular applications, learning on tablets becomes easier
and more interesting, students are more imaginative, more active in class and motivated to explore and
learn, they progress faster and become more successful.

Mobile learning, known as "m-learning", refers, as the name suggests, to learning on the go. What makes
m-learning special is the simple and fast access to the necessary information in different locations using
mobile devices that are adapted in size and shape to easy portability (Krmek, 2017). The most widespread
phones in the world are those with the Android operating system at the moment.

The advantages of m-learning are reflected in the following: introduction of new technologies in
teaching processes; mobile devices are easier to manipulate (transfer) than PCs and books; they are
important for students with special needs; they are cheaper than laptops or computers, and can also be used
as means of communication; multimedia content has a greater impact on perception and memory; reducing

costs of training; support for continuously learning in any situation.
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According to the literature, m-learning has also some disadvantages: limited power supply of mobile
devices; monitor and key size; different mobile devices have different screen sizes and different operating
systems; additional work is necessary to transfer existing electronic learning materials to mobile platforms;
limited memory; safety; high costs of buying the latest models of mobile devices (Risti¢ and Milosevic,
2017).

However, considering that the development of science and technology is going at a high speed, some of
these shortcomings can be overcome. For example, using a power bank as an additional power source for
mobile phones; using the "screen mirroring" option when the display of the phone or tablet is copied on a
monitor (TV, video beam, PC monitor, ezc.). Lack of memory can be compensated by using the cloud and
external memory which is now more affordable. And finally, the purchase of the latest phones as one of the

disadvantages makes no sense, because cheaper phones of the newer generation can also be used.

CONCLUSION

In a traditional school, the teacher was the mediator between the teaching content and the students. The
teacher was the exclusive organizer of the educational work, and the relations between the teacher and the
student were based on hierarchical principles. The student was in a subordinate position.

A modern school is also looking for a modern teacher who should be new, unrepeatable, up-to- date.
The modern approach to teaching chemistry is based on the strategy of learning by discovery. This enabled
the students to no longer be passive listeners sitting in the desks, but active participants in the learning
process. Students learn best when they are helped to discover the principles on which phenomena are based.
The teacher only becomes the moderator who guides the student.

Research shows that the use of information technology and educational software enables better control
and management of the teaching and learning process through constant feedback, which has a strong
stimulating and motivating role. Their use favors the development of abstract thinking and enables planned
progress in the process of acquiring knowledge. The concept of mobile access to information and social
networks that are present in all aspects of society today constitute the digital need of the individual. In
addition, the availability of mobile technology allows students today to use that technology in education
as well.

Recommendations for using the applications are as follows:

1) improving students' attention in class, increasing both motivation and engagement,

2) focusing on important learning goals,

3) showing movement or a better explanation of a concept by presenting it in three dimensions,

4) fulfilling the request of visualization,
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5) short, simple and clear representation of the teaching unit,

6) combining with other forms of teaching, and not as a substitute for good teaching,

7) adjusting the content with the level of knowledge that students possess as well as their abilities,

8) planning a suitable date for the use of application in teaching, because students, who are at the

beginning of learning, are not able to distinguish between important and less important segments,

9) explaining concepts that cannot be seen (such as atomic collisions).

The introduction of mobile phones and tablets in teaching represents a real revolution in education. It is
now necessary to enable digital education of teachers who will not avoid technology, but will use all its
advantages and provide students with exciting and modern teaching suitable for new, net- generations.
Present research provides evidence that visualization has an important place in teaching and learning
science. Nevertheless, chemistry teachers must be careful in choosing the facilities and activities that can
be realized via mobile phones, so that they justify the teaching purpose and are adapted to each student
individually.

This work represents a good basis for the realization of a new pedagogical experiment in primary and
secondary schools for monitoring the improvement of the teaching of inorganic chemistry, which will be
the subject of our future research.
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Sazetak

Koncept mobilnog prilaza informaciji prisutan je u svim aspektima drustva danas i €ini digitalnu potrebu
individue. Cilj ovog rada je pruzanje pregleda i sistematizacije razli¢itih lako dostupnih android-aplikacija
za mobilne telefone i tablete koje bi trebalo da promovisu potpuno razumevanje hemijskih koncepata i,
takode, da olakSaju sticanje znanja u hemiji od strane ucenika, kako u osnovnim tako i u srednjim Skolama.
Mobilno ucenje ima mnoge prednosti kao $to su raznolikost, zabava, komunikacija, interaktivnost, kao i
ucenje potpuno prilagodeno individui nezavisno od prostora i vremena. KoriS¢enje ovih alata ima veliki
uticaj na razlicite prilaze u predavanju hemije i doprinosi poboljSanju krajnjih ishoda u¢enja. Stoga je vazno
za svakog nastavnika da integriSe tehnologiju u pedagogiju i iskoristi ih za promociju ucenja zasnovanog

na potrebama i moguénostima studenta.

Kljucne reci: android-aplikacije, mobilno ucenje, nastavnicki alati, interaktivnost
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Des applications Android comme outil supplémentaire dans I’enseignement de
la chimie inorganique : une breve revue
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Vladimir D. Dimitrijevié¢!, Milica G. Nikoli¢!, Nenad S. Krsti¢!

1-Université de Nis, Faculté des sciences naturelles et des mathématiques, Département de chimie,
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Résumé

Aujourd’hui, le concept d’accés mobile a I’information est présent dans tous les aspects de la société et il
représente le besoin numérique de I’individu. L’objectif de cet article est de donner un bref apercu et une
systématisation de diverses applications Android facilement accessibles et destinées aux téléphones
portables et aux tablettes. Elles devraient favoriser la compréhension compléte des concepts chimiques et
faciliter I’acquisition des connaissances en chimie de la part des éléves, tant dans des écoles primaires que
dans des écoles secondaires. L apprentissage mobile posséde de nombreux avantages, tels que : la diversité,
le divertissement, la communication, I’interactivité, mais aussi un apprentissage entierement adapté aux
besoins de I’individu indépendamment de 1’espace et du temps. L’utilisation de ces outils a un grand impact
sur des différentes approches a I’enseignement de la chimie et contribue a I’amélioration des résultats finaux
de I’apprentissage. Pour chaque enseignant, il est important dés lors d’intégrer la technologie dans la

pédagogie et de 'utiliser pour promouvoir un apprentissage concentré sur 1’éléve.

Mots-clés: applications Android, apprentissage mobile, outils pédagogiques, interactivité
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AH)]pOI/I}] NPWIOKEHUA B Ka4veCTBEC JIOMOJHUTEJIbHOI0O HHCTPYMEHTA B

npenmoaxaBaHuu HeopraaneCKoﬁ XUMHUH: KpaTKI/Iﬁ 0630p

Mapuna B. Baaroesuu!, lanumena A. Kocruu', Maiis H. Cranxosuu', JIparan M.

Hxopaxesnu', Baagumup /1. Tumurpuesny’, Muauua I'. Hukouauy'!, Henan C. Kperuy!

1-Ynusepcumem 6 Huwe, Ecmecmeenno-mamemamuveckui ¢haxynomem, Kagpeopa xumuu,

Buweepaocka 33, 18000 Huw, Cepbus

AHHOTALIUA

Konuenmust MoOuinpHOr0 AocTyna K WHGOpPMANUW MPUCYTCTBYET CETrogHS BO BceX cepax KH3HU
o0IIIecTBa U MPEACTABIACT cO00l U(POBYIO MOTPEOHOCTh YelioBeka. Llenb MaHHOW CTaThU — MPOBECTH
KpaTKuii 0030p U CHCTEMAaTH3ALUIO Pa3THYHBIX JIETKOAOCTYITHBIX MPHI0OKEHNH MIaTdhopMbl AHAPOU IS
MO6I/IJII)HI)IX TCHC(bOHOB 1 IUIAHIOETOB, KOTOPLIC MOIYT CHOCO6CTBOBaTL MMpaBUJIBHOMY ITOHUMAHUIO
XUMHYECKAX KOHIICTIIHIA, & TAKKE MOTYT 00JIErdUTh y4e0y B 001aCTH XUMHH YUaIIUMCS KaK Ha4adbHBIX,
TaK ¥ CPEJHUX IIKOJ. MOOWIbHOE 00ydYeHHE MMEET MHOTO MPEUMYIIECTB, TaKMX KakK pasHooOpaswe,
pasBicucHue, OOICHWE, WHTEPAKTHBHOCTh, a TaKK€ M BO3MOKHOCTH MPHCIOCOOUTh OOydYeHHE
MOTPEOHOCTSIM YeJIOBEKA HE3aBUCHMO OT MeCTa M BpeMeHH. VICIoib30BaHHE A3THX HHCTPYMEHTOB
OKa3bIBaeT OOJIBIIIOE BIMSHHE HA PA3JIMYHBIC MOIXOJbl K MPEIMOJABAHUI0 XUMHH M CIIOCOOCTBYET
YIYYIICHAIO HUTOTOBBIX PE3yJIbTaTOB OO0ydeHMs. BOT mouemy isi KakIOro MpErojaBaTelis BaXKHO
HHTErPUPOBATh TEXHOJOIMH B MEIArorvKy M KCIONb30BaTh MX B KAa4YeCTBE IMOJIEPKKH OOydYCHHS,

OPHUCHTUPOBAHHOT'O HAa yYallluXcCs.

Knrouesvie cnosa: npunosicenus niamgpopmoer AHOpouod, mobunvHoe obyueHue, YueOHO-

Memoouyeckue cpedcmea, UHMeEPAKmMueHOCnb
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Android-Anwendungen als zusidtzliches Werkzeug im Unterricht in der

anorganischen Chemie: Ein kurzer Uberblick

Marina V. Blagojevi¢!, Danijela A. Kosti¢!, Maja N. Stankovi¢!, Dragan M. Dordevi¢,
Vladimir D. Dimitrijevi¢!, Milica G. Nikoli¢!, Nenad S. Krsti¢!

1-Universitdt Nis, Fakultdt fiir Naturwissenschaften und Mathematik, Department fiir Chemie,
Visegradska 33, 18000 Nis, Serbien

ABSTRAKT

Das Konzept des mobilen Zugangs zu Informationen ist heute in allen Bereichen der Gesellschaft prasent
und stellt das digitale Bedirfnis des Einzelnen dar. Das Ziel dieses Beitrags ist es, einen kurzen Uberblick
und eine Systematisierung verschiedener leicht zuganglicher Android-Anwendungsprogramme fur
Mobiltelefone und Tablets zu geben, die das vollstandige Verstandnis chemischer Konzepte férdern und
den Erwerb chemischer Kenntnisse von Schilern der Grund- und Mittelschulen erleichtern sollten. Mobiles
Lernen bietet viele Vorteile wie Vielfalt, Spa, Kommunikation, Interaktivitat, aber auch Lernen, das
unabhéngig von Ort und Zeit vollstandig an die Bedirfnisse des Einzelnen angepasst ist. Die Verwendung
dieser Tools hat einen groBen Einfluss auf unterschiedliche Ansétze im Chemieunterricht und tragt zur
Verbesserung der endguiltigen Lernergebnisse bei. Deshalb ist es fur jeden Lehrer wichtig, Technologie in

die Padagogik zu integrieren und sie zur Férderung des schillerzentrierten Lernens zu nutzen.

Schliisselworter:. Android-Anwendungen, mobiles Lernen, Lehrmittel, Interaktivitdt
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Betalains-natural pigments for healthy food
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ABSTRACT
The application of artificial colors in practice has shown many negative effects on food safety and

human health. Allergic reactions to artificial colors are very common, especially in children. Some
research suggests that prolonged use of artificial colors can be the cause of cancer. Betaine is one of
the most widespread groups of plant pigments, which is increasingly being researched in recent times.
Therefore, the use of cheap plant pigments such as betaine is important. They are safe for use in food
and have good biological and pharmacological properties. Some of them have an antioxidant,
antimicrobial, antilipidemic, anticancer role. They can be used in food instead of anthocyanins. Some
properties are beneficial to our health due to which they can be used to enhance the flavor and color of

ice-cream, jellies, jams, desserts, sauces, sweets, tomato paste, breakfast cereals.

Keywords: betalains, isolation, identification, stability, application, health benefit
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Introduction
The development of synthetic chemistry has led to the production of numerous artificial

colors, which were widely used in the food industry after the Second World War. The prolonged use
of artificial colors has caused numerous adverse effects on human health. Allergic reactions in
children to artificial colors were particularly pronounced. Some colors have been found to have a
carcinogenic effect. All this has directed scientists to research natural colors, which provide bright
coloration to fruits, flowers, and roots of plants, and do not have negative effects on health; on the
contrary, they have many beneficial effects.

So far, betalains have been much less studied than other natural plant pigments: chlorophylls,
carotenoids and anthocyanins. Betalains are water-soluble and nitrogen-containing pigments, divided
into betacyanins and betaxanthins. Red and violet tonalities result from different substitution patterns
in betacyanins, while different amino acid or amine side chains determine the color of betaxanthins
(Figure 1).

HO

O OH

(@ (b)

Figure 1. Structures of (a) betacyanins and (b) betaxanthins.

Glycosylation and acylation result in a diversity of betacyanin structures. The betanidin
aglycone is usually linked with glucose, occasionally with glucuronic acid, sophorose, rhamnose, and
apiose, at the C-5 or C-6 position. Further modification occurs by aliphatic or aromatic acid
esterificationof the sugar moiety. Malonic, 3-hydroxy-3-methyl-glutaric, caffeic, p-coumaric,
cinnamic, and ferulic acids are typical acid substituents (Strack et al., 2003).

Betalains are found in numerous sources (flowers, fruits, roots, leaves, stalks, seeds, grains) in
the plant kingdom. In food, however, their occurrence is limited, the red beet is being regarded for a
long time as practically the sole source of betacyanin. Betalaines are found in various plant organs and

accumulate in cellular vacuoles, mainly in the epidermal and subepidermal tissues. However, they are

33


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/glycosylation
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/glucuronic-acid
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/rhamnose
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/esterification
https://paperpile.com/c/eaBAfN/W641

Chemia Naissensis, Vol 3, Issue 1, REVIEW, 32-45

sometimes accumulated in plant stems, such as subterranean parts, seeds, flowers and leaves
(Delgado-Vargaset al., 2000).

About 75 betalains have been structurally identified from plants of about 17 families out of 34
families under the order Caryophyllales, such as Aizoaceae, Amaranthaceae, Basellaceae, Cactaceae,
Chenopodiaceae, Didiereaceae, Holophytaceae, Nyctaginaceae, Phytolaccaceae, and Portulacaceae
families, to name a few. Betalains have also been found in mushrooms in the genera Amanita,
Hygrocybe, and Hygrophorus. Only a few fruits and vegetables contain betalains and the best known
is beet roots (Beta vulgaris) that produces betanin (C2sH27N2O13), an important natural food colorant
(Slimen et al., 2017).

The other edible sources known to contain betalains are fruits of Opuntia spp. (e.g., O. ficus-
indica, commonly known as prickly pear), Swiss chard (Beta vulgaris subsp. vulgaris, Cicla-Group
and Flavescens-Group), grains or leaves of amaranth (4dmaranthus spp.), pitahaya (Hylocereus spp.),
also known as dragonfruit, ulluco (Ullucus tuberosus), djulis (Chenopodium fromosanum, a native
cereal in Taiwan), and bilberry cactus (Myrtillocactus geometrizans), an endemic plant locally
consumed in Mexico, which contains 233 mg/kg of total betalains in its fruit pulp (Delgado-Vargas et
al., 2000).

Betanin was discovered around 1920, while the crystalline form of betanin was produced in
the 1960s (Nottingham, 2004).

At the root of beetroot, betanin is normally found in a much higher amount than other
betacyanin pigments. Like all betacyanins, betanin is metabolically derived from a molecule known as
3,4-dihydroxyphenylalanine (L-DOPA) (Gandia-Herrero and Garcia-Carmona, 2012).

—OH
—C0 @)
OH
O HO
OH

Figure 2. Structure of betanin
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The biosynthesis of betalains is discussed in detail in a review article (Khan and Giridhar,
2015). Betanin is formed from two L-DOPA molecules. One molecule undergoes a change to the
form of betalamic acid. Another molecule of L-DOPA is changed to cyclo-DOPA glucoside (CDG),
which condenses with betalamic acid and builds betanin (Hussain et al., 2018b).

A small change in structure translates betanidin into betanin. Other small biochemical
modifications yield other betacyanin pigment. The most important factors affecting the synthesis of
beetroot pigments are temperature, soil fertility, soil moisture, irrigation and harvesting time (Jackman
and Smith, 1996).

After betanin, yellow betaxanthins, vulgaxanthin-1 and vulgaxanthin-1l are the most
significant beetroot pigments. These pigments were first described by Mario Piattelli with
collaborators in the 1960s in Naples (Piattelli and Minale, 1964).

In the cultures under study (Piatta d'Egitto), they found at least six betaxanthins, all of which
were in small quantities. In total, they listed sixteen different betalains, including indicaxanthin,
isobetanin, neobetanin, and prebetanin. The characteristic color of the beetroot is due to variations in
the betalain pigments, especially the relative concentrations of betanin and yellow betaxanthin.
Species with a dark purple-red color have a high ratio of betanin to betaxanthin, while yellow and
gold species such as Burpee's Golden have relatively large amounts of betaxanthin and have very little
or no betanin at all. Species with white carrots, including Albina Verduna and Blankoma, have
extremely low amounts of both betacyanin and betaxanthin (Nottingham, 2004).

Extremely dark and light rings are usually visible when the beetroot is crossed. This is due to
the different amounts of pigments in the vascular system and the storage tissue of the root. The
vascular system is seen as dark rings due to the large amount of pigments, while the storage tissue
looks like brighter rings. In some dark red species such as Boltardy and Red Ace, these color
differences are barely noticeable. The color difference is most evident in the Chioggia species, with
concentric patterns (as targets) pinkish-red (vascular system) and white (storage tissue).

The content of betacyanin in beets is 75-95% and yellow betaxanthin vulgaxanthin | is the
most abundant. In the other parts of the beet (shell), the highest concentration of betanin is present.
Betacyanins are more stable than betaxanthin at 25°C (Kujala et al., 2002).

Beetroot contains about 130 mg of betanin/100g of raw material. New selections can contain
up to 450-500 mg betanin/100g. Betanin is the most prevalent among the betacyanins and the most
significant. In addition to betanin, there are isobetanin, betanidin and isobetanidin (Kujala et al.,
2002).

The betalains are generally arranged according to the outer parts of the beet root. However,
they are not limited to the root, but give a red color that can be observed on leaves, stems and flowers.

Of the yellow betaxanthins, vulgaxanthin I is the most abundant.
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Isolation and identification of betalains

Betalains are generally extracted from ground plant material by maceration with water, at
differents temperatures or Soxhlet extraction. For a complete extraction, it is preferable to use
methanol or ethanol solutions (20-50%, v/v). Before extraction, a short heat treatment (70 °C, 20
min) can be made for inactivating degradative enzymes, despite the possible destruction of some
pigments. A slight acidification with HCI or citric acid or acidified ethanol can be used for the
precipitation of betacyanins. The addition of aqueous ethanol (95%) will give betaxanthins (Celli and
Brooks, 2017). However, other techniques have been assayed to extract betalains, particularly from
red beet: diffusion extraction, ultrafiltration and reverse osmosis and loose reverse osmosis (LRO),
cryogenic freezing, aqueous two-phase extraction, pulsed electric fields and gamma irradiation,
microwave(Bastos and Gongalves, 2017) and ultrasound-assisted extractions (Cardoso-Ugarte et al.,
2014).

Purification and isolation of betalains is needed before their qualitative and quantitative analysis
for eliminating possible interfering compounds. Chromatographic and electrophoretic procedures
have been used to separate and/or purify betalains. For the separation of these pigments, ion
chromatography on cation exchange resins followed by adsorption chromatography on polyamide
column or a sequential chromatography on a series of Sephadex ion exchangers can be used (Piattelli
etal., 1964).

There are several chemical tests for the characterisation of betalains and distinguishing

(recognizing) anthocyanins from betalains. In order to characterize betalains, some other important
determinations can be made. Betalains, as pigments, have a maximum absorbance in the visible part
of the spectrum, which characterizes them; it is clear that structural modifications can be monitored
using UV-VIS spectroscopy.
Red betacyanins absorb at Amax = 540 nm, and yellow betaxanthins at Amax = 480 nm. Acetylated
betalains show a second (secondary) absorbance maximum in the UV spectrum of 260 to 320 nm and
the ratio of the maximum in the visible spectrum to the maximum in the UV spectrum is used as a
measure of the number of acyl groups in the structure (Hussain et al., 2018a).

Separation, identification and quantification of betalains have been carried through high
performance liquid chromatography (HPLC) coupled to ultraviolet-visible (UV-Vis) (Faridah et al.,
2015), photodiode array (PDA), mass spectrometry (MS) and nuclear magnetic resonance detection
(NMR) by using reversed phase columns and binary gradient dilutions (acidified water with formic
acid 2-5%, v/v) and acetonitrile or methanol (Stintzing and Carle, 2004; Stintzing et al., 2004). As
betaxanthins are fluorescent pigments, the detection of these pigments may be done using

fluorescence methods (Gandia-Herrero et al., 2005).

36


https://paperpile.com/c/eaBAfN/AZAS
https://paperpile.com/c/eaBAfN/AZAS
https://paperpile.com/c/eaBAfN/uyPE
https://paperpile.com/c/eaBAfN/tLqn
https://paperpile.com/c/eaBAfN/tLqn
https://paperpile.com/c/eaBAfN/8t3N
https://paperpile.com/c/eaBAfN/8t3N
https://paperpile.com/c/eaBAfN/bR2G
https://paperpile.com/c/eaBAfN/9Q65
https://paperpile.com/c/eaBAfN/9Q65
https://paperpile.com/c/eaBAfN/F0Lb+79dw

Chemia Naissensis, Vol 3, Issue 1, REVIEW, 32-45

By refining the methodological approach, the HPLC method can be coupled to DAD, MS and
NMR (Castellanos-Santiago and Yahia, 2008). In this way, separation and identification can be
performed simultaneously. In addition, several chemical tests have been introduced to characterize
betalains, and many of them are based on the changes in pH (Delgado-Vargas, 2002).

Stability of betalains

Betalains are an alternative to synthetic colorants, having stability over a wide pH range and a
high molar extinction coefficient and being neither toxic nor allergens. Degradation after processing
or storage includes reactions such as isomerization, deglycosylation, hydrolysis, decarboxylation, and
dehydrogenation, involving color alterations and absorption changes. Factors affecting the stability of
betalains include chemical structure, pigment content, matrix, additives, enzymes, pH, thermal
treatment, water activity, exposure to oxygen and light during storage, and storage temperatures
(Herbach et al, 2006).

In order to retain the coloring strength and chromatic characteristics of betalains, reduced
thermal exposure is recommended during processing, together with the inactivation of deleterious
enzymes, avoidance of light and oxygen, and the addition of antioxidants and/or chelating additives.

In the food industry, betalaines represent an important natural color. The basic source of
betalains is beetroot. During commercial extraction, the beetroot is first ground, the colored juice is
collected and concentrated. Betalaine is sold to the food industry as a juice concentrate or powder.
The juice is concentrated in vacuum until 60-65% of the total dry matter is reached. In the
manufacture of powder (which usually contains 0.3-1.0% of pigments), lyophilization is applied
(Chikara et al., 2019).

In juices and powdered products, a high concentration of pigments is achieved by

fermentation. Beet juice soluble fermenters can be removed in the biofermenter, using yeasts such as
Candida utilis and Saccharomyces cerevisiae, t0 remain a more concentrated (relative to pigments)
product. Powders obtained after fermentation of beet juice contain 5-7 times the amount of betacyanin
than powders obtained from unfermented juice (Hadipour et al., 2020).
Betalaine extracts can have a wide variety of colors, depending on the relative ratio of betacyanin to
betaxanthin present. Dye products are usually odorless and tasteless, but can affect the aroma and
flavor of foods. The most important coloring agent is pure betanin, E-162 (beet red), which is used to
color a wide range of processed foods (Khan, 2016).

The biggest problem with the use of betalains in foods is stability, which limits their use.
Betalains extracts must be carefully manipulated as they are sensitive to environmental influences,
especially pH, heat, light, moisture and oxygen. Environmental influences have an interactive effect

and pigments can quickly discolor under adverse conditions. Red pigment betanin degrades to a light
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brown color when exposed to air, bright light, and high temperatures. This discoloration is partly
reversible, if the adverse conditions are only temporary (Azeredo, 2009).

Betalains remain unchanged in the pH range of 3.5 to 7.0. Beetroot extracts in most foods will
therefore not discolour as a direct consequence of pH. The optimal pH for the color of betacyanin and
betaxanthin is in a poorly acidic medium, in the range of 5.0-6.0. The color of beetroot extract
changes from red to blue with a pH change over 7.0. The beet tissue exposed to high or alkaline pH
(7.5-8.5) becomes discolored. Chopped beetroot retains its purple-red color well in acidic solutions
such as acetic acid (Azeredo, 2009).

Betalain heating can cause discoloration. Red pigment betanin, for example, can turn light
brown if gradually heated, especially if elevated temperatures are associated with an alkaline pH
(Pedrefio and Escribano, 2001).

According to the current legisalation in Republic of Serbia (Official Gazette SCG 56/2003 as
amended 4/2004, 5/2004, 16/2005), the use of betanin, as the main pigment of beetroot, as a natural
food color E162, is allowed. The FAO and WHO expert team recommends the application of beetroot
products in dairy products, fresh fruits and vegetables, pastas, fresh meat, fresh eggs, baby food, fruit
juices, nectars and wines, etc. They are best suited for use in food products that undergo minimal heat
treatment, short durability, packaged in dried form with reduced oxygen, light and moisture.

As a result, red beet is well accepted as red food colourant, specially betanin, denoted as E-
162 in the European Union (Downham and Collins, 2000) and 73.40 in the chapter 21 of the Code of
Federal Regulations (CFR) section of the Food and Drug Administration (FDA) in the USA.

The stability of betalain is the greatest in low-moisture foods. High humidity increases the
rate of degradation of pigments. Over time, oxygen exposure accelerates the darkening or
discoloration of pigments in food products. Betalains react with air oxygen, but discoloration is
partially reversible if oxygen levels decrease immediately (Martins et al., 2017).

Despite the relative lack of stability when compared to synthetic food colors, betalains are
widely used in the food industry (Peschel et al., 2006).

Exposure of a solution of betanin to light at 25°C significantly affects its stability, while
degradation due to heat is so pronounced at 55°C. Also, the degradation of betanin in solution is a
partially reversible process (Pedrefio and Escribano, 2001).

In general, high betalains content, high degree of glucosylation and acylation, antioxidant,
chelation agents, low T, elimination of light, N> increases stability of betalains. The presence of metal
ions, enzymes, light, high T and O decreases the stability of betalains (Esatbeyoglu et al., 2015).

The betalain pigment is usually extracted from fruit pulp or pieces of other raw material (e.g.,
red beet) with a solvent (water, ethanol, or methanol), with or without heat treatment or acidification,
to improve the pigment yield. The stability of betanin can be affected by pH, water activity, exposure
to light, oxygen, enzymatic activities, metal, and temperature. Temperature is the most important

factor in pigment degradation during the separation and concentration processes (Vergara et al.,
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2015). Despite their coloring capacity and superior antiradical activity, betalains have not been
considered by the food industry as potential additives. This is in part due to their instability, which
prevents long-term storage (Gokhale and Lele, 2014). The susceptibility of betalains restricts their use
as food colorants (Ravichandran et al., 2014). Thus, the stability of betalains could be improved by
using microencapsulation technologies such as spray drying (Janiszewska, 2014).

Potential health benefit of betalains
Beetroot pigments exhibit antioxidant properties. In various model systems, betacyanins have

been shown to be potent antioxidants. Their positive electrostatic charge increases their affinity for
biological membranes, which are major targets of oxidation. The antioxidant activity of betalains can
be verified through different chemical and biological methods; anti-cancer, antiviral, and anti-oxidant
activity has been attributed to betalain pigments. Due to their powerful anti-oxidant ability and their
capacity to absorb free radicals, betalains can be used in the treatment of inflammatory and
cardiovascular diseases, cancer, asthma, arthritis, oxidative stress, intestinal inflammation, diabetes,
and other diseases associated with aging (Khan, 2016). The anti-oxidant properties of betalains can be
related to structural features. In betaxanthins, an increasing number of hydroxy and imino residues
improves free radical scavenging. In betacyanins, glycosylation reduces activity, while acylation
generally raises the anti-oxidant potential (Stintzing and Carle, 2004).

° Free radical scavenging of reactive oxygen species (Escribano et al., 1998; Esatbeyoglu et al.,
2014; Kanner, et al., 2001; Livrea and Tesoriere, 2004; Tesoriere et al., 2004; );

o Protection of LDL against oxidation (Neelwarne, 2012; Reddy et al., 2005; Siriwardhana et
al., 2006; Tesoriere et al., 2003; Tesoriere et al., 2004);

° Prevention of DNA-damage (Zielifska-Przyjemska et al., 2012);

. Induction of antioxidant: paraoxonase 1 (Schrader et al., 2011), heme oxygenase 1 (Kikuchi et

al., 2005) and phase Il detoxifying enzymes (Krajka-Kuzniak et al., 2013; Saw and Kong, 2011);

. Gene regulatory activity (e.g. Nrf2-dependent signal transduction pathway) (Na and Surh,
2014; Schrader and Rimbach, 2011);
. Anti-inflammatory activity (e.g. inhibition of cyclooxygenase-2) (Reddy et al., 2005; Ruiz et

al., 2013; Zielinska-Przyjemska et al., 2016; ;
o Anticancer activity (Govind et al., 2011; Kapadia et al., 1996).

Application of betalains as a natural pigment in food

Stability of betalains goes over a broad pH range from 3 to 7, which makes them particularly
suitable for use in a broad array of low-acid and neutral foods. Their exploitation started in the
1970s, when B. vulgaris was proposed for use in low-acid foods such as meat and dairy products
(Elbe and Maing, 1973).

39


https://paperpile.com/c/eaBAfN/19sq
https://paperpile.com/c/eaBAfN/oxzu
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/microencapsulation
https://paperpile.com/c/eaBAfN/ErLs
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/antioxidant-activity
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/antioxidant-activity
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oxidative-stress
https://paperpile.com/c/eaBAfN/Qb0QS
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/glycosylation
https://paperpile.com/c/eaBAfN/F0Lb
https://paperpile.com/c/eaBAfN/BHJZk
https://paperpile.com/c/eaBAfN/vDfPS
https://paperpile.com/c/eaBAfN/qrIT
https://paperpile.com/c/eaBAfN/3vN6
https://paperpile.com/c/eaBAfN/R2D0
https://paperpile.com/c/eaBAfN/R2D0
https://paperpile.com/c/eaBAfN/R2D0
https://paperpile.com/c/eaBAfN/TnNz
https://paperpile.com/c/eaBAfN/DQpW
https://paperpile.com/c/eaBAfN/tpil
https://paperpile.com/c/eaBAfN/J3Qi
https://paperpile.com/c/eaBAfN/lIYp
https://paperpile.com/c/eaBAfN/lIYp
https://paperpile.com/c/eaBAfN/xvA5+Wo7E
https://paperpile.com/c/eaBAfN/Drh5
https://paperpile.com/c/eaBAfN/Drh5
https://paperpile.com/c/eaBAfN/J2bl
https://paperpile.com/c/eaBAfN/92Nv
https://paperpile.com/c/eaBAfN/92Nv
https://paperpile.com/c/eaBAfN/92Nv
https://paperpile.com/c/eaBAfN/92Nv

Chemia Naissensis, Vol 3, Issue 1, REVIEW, 32-45

The colourant is commercialized as a liquid concentrate and spray-dried powder with a colour
strength or tinctorial power (at 535 nm/1 % solution) ranging between 2 and 5. It is mainly used in
dairy products, yogurt, puddings, ice creams, frozen fruit desserts, gelatins, beverages,
confectioneries, candies and baked foods (Obon et al., 2009).

In different geographical regions, other plants may be used to provide colourants, such as
Amaranthus pigments, which are added to beverages, bread, and other foods in the southwestern
United States, Mexico, Bolivia, Ecuador, Argentina and China (Cai and Corke, 1999). Recently, a
successful industrial process for juice production from Opuntia ficus-indica (L.) Mill. has been
established, opening up the possibility of commercial use of this plant species from semi-arid areas
(Mosshammer et al., 2006; Mosshammer et al., 2007).

Conclusion

The color of food is a significant factor in industry. However, to ensure the food safety, it is important
to add up safe and healthy ingredients into the food products. The artificial colors may cause some
allergic reactions; their long-term use is considered to be a cause of carcinogenesis. Therefore, the
possibility of using inexpensive, natural plant pigments of betalains is significant. Betalain stability is
affected by long term exposure to oxygen/air, light in the presence of oxygen, high temperature and
water activity (wa) but it is highly stable in the presence of low moisture. Its pigments show more
stability towards pH and temperature and are suitable for those foods in which anthocyanin cannot be
used as a coloring agent. Betalains can enhance the flavor and color of icecream, jellies, jams,
desserts, sauces, sweets, tomato paste and breakfast cereals. They have some properties which are
beneficial to our health. Betalains exibit antioxidant, antimicrobial, antilipidemic and anticancer

activity.
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Betalaini-prirodni pigmenti za zdravu hranu

Dusan Paunovic!, Branka Stojanovic!, Danica Dimitrijevic!, Jovana Krstic', Danijela Kostic?

1-Union Nikola Tesla Univerzitet u Beogradu, Fakultet primenjenih nauka, Srbija
2-Univerzitet u Nisu, Prirodno-matematicki fakultet, Departman za hemiju, Visegradska 33, 18000
Nis, Serbia

Sazetak

Primena vestackih boja u praksi pokazala je mnoge negativne efekte na bezbednost hrane i zdravlje ljudi.
Vestacke boje vrlo Cesto izazivaju alergijske reakcije, posebno kod dece. Neka istrazivanja ukazuju da
dugotrajna upotreba vestackih boja moze biti uzrok kancera. Betalaini su jedna od najrasprostranjenijih
grupa biljnih pigmenata, koja se u poslednje vreme sve vise istrazuje zbog ¢ega je upotreba jeftinih biljnih
pigmenata kao §to su betalaini vazna. Bezbedni su za upotrebu u hrani i imaju dobra bioloska i farmakoloska
svojstva. Neki od njih imaju antioksidativna, antimikrobna, antlipidemijska, antikancerogena svojstva.
Mogu se Kkoristiti u hrani umesto antocijanina. Zahvaljujuéi tome se mogu Koristiti za poboljSanje ukusa i

boje sladoleda, zelea, dZema, deserta, soseva, slatkiSa, paste od paradajza, zitarica za dorucak.

Kljucne reci: betalaini, izolovanje, identifikacija, stabilnost, zdravstvena korist, primena
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Pigments naturels a la base de bétalaines pour une alimentation saine
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Résumé

L’application des colorants artificiels dans la pratique a montré de nombreux effets négatifs concernant la
sécurité alimentaire et la santé humaine. Des réactions allergiques aux colorants artificiels sont trés
fréquentes, en particulier chez les enfants. Certaines recherches démontrent que 1’utilisation prolongée de
couleurs artificielles peut étre la cause du cancer. Des bétalaines représentent 1’un des groupes de pigments
végétaux les plus répandus, qui fait de plus en plus I’objet de recherches ces derniers temps. C’est pourquoi
I’utilisation des pigments végétaux colitant moins cher, tels que les bétalaines, est importante. Ils sont siirs
a utiliser dans les aliments et ont de bonnes propriétés biologiques et pharmacologiques. Certains d’entre
eux ont des qualités antioxidantes, antimicrobiennes, antiépidémiques et anticancéreuses. lls peuvent étre
employés dans les aliments au lieu des anthocyanes. Grace a cela, ils peuvent étre utilisés pour rehausser la
saveur et la couleur des glaces, gelées, confitures, desserts, sauces, sucreries, pate de tomates, céréales pour

le petit déjeuner.

Mots-clés: bétalaines, isolement, identification, stabilité, bénéfice sanitaire, application
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beranaunbl - HATypaJbHbIC IMITMEHTDLI AJHA 3J0POBOI0 IMNUTAHUA
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AHHOTALIUA

[IpumeHeHne HCKYCCTBEHHBIX KpacuTelell Ha WpaKkTHKE I[0Ka3alo MHOXECTBO OTPHULATENIbHBIX
MOCIEICTBUHN TSI 0€30IaCHOCTH MUILIEBBIX MPOIYKTOB U 3/I0POBbsI YeJIOBEKa. AJJIEpTUYeCKUe Peakiuy Ha
HCKYCCTBCHHBIE KpPACHTENW OYeHb pPACIpOCTPaHEHbI, 0COOCHHO y aereil. Hekoropeie wuccriemoBanus
MTOKA3bIBAIOT, YTO JUIUTEIHHOE HCIIOIb30BaHNE UCKYCCTBEHHBIX KpacUTee MOXKET cTaTh MPUYUHON paka.
Beranaunel siBnsiercss ogHON M3 Hauboliee pPACMpPOCTPaHEHHBIX TPYII PACTUTEIBHBIX MHUTMEHTOB,
HCCIEAOBAHUSI KOTOPBIX BEAYTCS B IOCIeAHEe BpeMsa Bce akTuBHee. [103TOMy BaXHO HCIOJIB30BATh
JIeIIeBbIe PacTUTENbHbIC IINTMEHTHI, Takue Kak OetananH. OHU 0e30IacHbI sl YIOTPEOIeHNS B TUIY U
00J1a1al0T XOPOIIUMH OWOJIOTUYECKMMH M (PapMaKOIOTUYECKUMH CBOMcTBaMU. Hekoropeie w3 HHUX
00J1a1al0T aHTHOKCHIAHTHBIM, TIPOTUBOMUKPOOHBIM, aHTHITUAEMHYECKUM, IPOTHBOPAKOBBIM JIEHCTBHEM.
HNx MOXHO ynoTpeOisTh B NHILY BMECTO aHTOIMAHOB. HeKOTOphle CBOWCTBA ITOJIE3HBI ISl HAIIETO
3II0pOBBS, OJIarogaps YeMy MX MOXKHO UCTIONB30BATh ISl YIYUIIIEHUS BKycCa U I[BETa MOPOXKEHOTO0, JKeTe,

HKEMOB, I€CEPTOB, COYCOB, CHa,I[OCTeﬁ, TOMaTHOH acThl, CyXuX 3aBTPAKOB.

Knroueswie crosa: 6877’161/16[qu1, U30JIAuUA, LlaeHl/nMd)MKClT/ﬂlﬂ, CI’I’lCl6MJZbHOCI71b, NpUMeHeHUe, noJjib3d

07151 300P0BbS

48



Chemia Naissensis, vol 3, Issue 1, REVIEW, 49

Betalaine - natiirliche Pigmente fiir gesunde Ernidhrung

Dusan Paunovi¢!, Branka Stojanovi¢!, Danica Dimitrijevi¢!, Jovana Krsti¢!, Danijela Kosti¢?
9 9 9 9

1-Union Nikola Tesla Universitdt Belgrad, Fakultdt fiir Angewandte Wissenschaften, Serbien
2-Universitdt Nis, Fakultdt fiir Naturwissenschaften und Mathematik, Department fiir Chemie,
Visegradska 33, 18000 Nis, Serbien

ABSTRAKT

Die Anwendung Kkunstlicher Farbstoffe in der Praxis hat viele negative Auswirkungen auf die
Lebensmittelsicherheit und die menschliche Gesundheit gezeigt. Allergische Reaktionen auf kinstliche
Farbstoffe sind sehr haufig, insbesondere bei Kindern. Einige Untersuchungen weisen darauf hin, dass eine
langere Verwendung kinstlicher Farbstoffe die Ursache fiir Krebs sein kann. Betalaine sind eine der am
weitesten verbreiteten Gruppen von Pflanzenpigmenten, die in jlingster Zeit zunehmend erforscht wird.
Daher ist die Verwendung billiger Pflanzenpigmente wie Betalaine wichtig. Sie sind sicher fur die
Verwendung in Lebensmitteln und haben gute biologische und pharmakologische Eigenschaften. Einige
von ihnen haben antioxidative, antimikrobielle, antlipidemische und krebsbekampfende Eigenschaften. Sie
kénnen in Lebensmitteln anstelle von Anthocyanen verwendet werden. Einige Eigenschaften sind fur
unsere Gesundheit von Vorteil, dank dessen sie dafiir verwendet werden konnen, um den Geschmack und
die Farbe von Eis, Gelees, Marmeladen, Desserts, Saucen, SiBigkeiten, Tomatenmark und

Fruhstiickszerealien zu verbessern.

Schliisselworter:. Betalaine, Isolation, Identifizierung, Stabilitit, Anwendung, Nutzen fiir die

Gesundheit
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ABSTRACT

A facile green method is used to synthesize silver nanoparticles (Ag Nps) in one minute. The colloidal
stability of two types of Ag Nps (namely, hydroxypropylcellulose-succinate (HPC-Suc) capped silver
nanoparticles (Ag Nps@suc) and citrate-capped silver nanoparticles (Ag Nps@scit)) is investigated using
UV-Vis spectrometry and electrochemical particle impacts “nano-impacts” measurements. Ag Nps@suc
were newly synthesized by simply mixing aqueous solutions of HPC-Suc and silver nitrate and exposure
to sunlight. The growth of Ag Nps was controlled by adjusting the exposure time to sun light. Local
surface plasmon resonance (LSPR) study was conducted using UV-Vis spectrophotometer. The surface
morphology, size, elemental analysis and composition of Ag NPs@suc was determined by SEM-EDX,
while ATR-FTIR was used to assess any type of chemical reactions between the precursors. For stability
and size distribution measurements zeta-potential (ZP), dynamic light scattering (DSL) and anodic
particle coulometry (APC) were performed. The as-prepared Ag Nps@suc exhibited a narrow size
distribution with an average diameter of 20 nm. Nps sizing using particles electrochemical impacts
method is consistent with SEM and DLS techniques. The results show that Ag Nps@cit are prone to
relatively rapid clustering upon addition of electrolyte (100 mM K,SQ.). On the other hand, Ag Nps@suc
exhibit excellent stability with only ~ 9% decay in absorbance over 24 h even at high electrolyte
concentration. Using KCI, KBr and NaCl electrolytes, the stability of the synthesized Ag Nps@suc also
compares favorably to Ag Nps@cit.

Keywords: Silver nanoparticles, Succinate capping agent, Nanoparticle stability, UV-Vis

spectrometry, Nanoparticle-electrode impact
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Introduction

There are numerous nano-enabled products of silver in the market, e.g., sportswear, medical
implants, bioimaging, biosensors ezc., which make use of increased catalytic activity (Amin et al., 2015;
Amin et al., 2017), electrical conductivity (Hayward et al., 2000; Shipway et al., 2000; Shamaila et al.,
2016), anticancer (Mfouo-Tynga et al., 2014; Zhao et al., 2014) and antibacterial characteristics of Ag
Nps (Khan et al., 2014) as compared with bulk silver.

Ag Nps undergo several changes such as aggregation, agglomeration, dissolution or surface
adsorption. The occurrence of the reaction depends on nanoparticles properties and their local
environment (Baalousha, 2017; Peijnenburg et al., 2015). These changes in structure and chemical
properties will influence the particle transport, diffusion, reactivity and toxicity (Afshinnia et al., 2017).
Clustering (agglomeration and/or aggregation) of Nps reduces their opportunity of uptake into biological
systems (Jang et al., 2014). Conversely, increased stability of aqueous dispersions of the Ag Nps may
increase environmental persistence (Stuart et al., 2013). For instance, the stability of Ag Nps has been
shown to be a crucial factor for their long-term antimicrobial durability (Korshed et al., 2018). Laser
generated Ag Nps show 10 days longer activity as compared to chemically modified Ag Nps when tested
for an air exposure of 45-days (Korshed et al., 2018).

Different capping agents including natural compounds are used to stabilize Ag Nps (Banach and
Pulit-Prociak, 2017). The nature of capping agent affects the size and appearance of the NPs and their
interaction with solvent (Raveendran et al., 2003). Therefore, capping agent plays a vital role in the
nanoparticle synthesis process.

Carboxylic acid based capping agents are widely used for the capping of Nps because carboxyl
groups are recognized as active functional groups for reducing Ag® (Bastls et al., 2014). Moreover,
carboxylic acids are known to coordinate effectively to Ag Nps (Xie et al., 2007). Among all carboxylic
acid capping agents, citrate reduction of silver ions remains the overwhelmingly most popular method to
quickly form citrate capped silver nanoparticles (Ag Nps@cit) (Bastus et al., 2014). However, a
significant drawback of the Ag Nps@cit is their low stability in electrolyte solutions (Huynh and Chen,
2011).

Nanoparticles stabilized by polymers carrying functional groups are relatively stable (Richard et al.,
1991). Coordination of the hydroxyl group of polyethylene glycol (PEG) and polyvinyl alcohol (PVA) to
Ag Nps is relatively less effective as compared to carboxylic acids and this limits their use as stabilizing
and capping agent (Luo et al., 2005). Polymers carrying carboxylic acid functional groups may be

employed to synthesize stable Ag Nps with enhanced stability. The carboxylic acid functional group has
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been widely exploited for surface modification of cellulose based polymers (Abbas et al., 2015).
Recently, AgNps were developed from a soy protein that contains a large number of hydroxyl groups and
has been used as capping and reducing agent, employing one-pot solid state method (Abdelgawad et al.,
2017). The hydroxy!l groups can help the co-ordination of Ag* to the molecular matrix. COOH groups can
easily be built on to polysaccharides such as hydroxypropy! cellulose (HPC) by esterification using cyclic
anhydrides (e.g., succinic anhydride) (Abbas et al., 2015). These carboxylated polymers are expected to
have high attachment of succinate groups which might be exploited for the reduction of Ag* to form
stable metal Nps. Moreover, if COOH carrying polysaccharides are used to prepare and to cap
nanoparticles, their resulting surfaces will also be capped with polysaccharide chains via succinate linkers
which may further stabilize the formed nanoparticles via surface adsorption.

In this study, we evaluate the stability of novelly-synthesized hydroxypropyl cellulose succinate
(HPC-Suc) capped Ag Nps using UV-Vis and nano-impacts against agglomeration/aggregation. Herein,
nano-impacts is based on anodic particle coulometry (APC) approach which is used to size metal
nanoparticles by oxidizing them upon collision with a micro electrode. The as-synthesized Ag Nps@suc
were characterized using different spectroscopic and electrochemical techniques. UV-Vis and nano-
impacts results revealed significant and useful enhancement in stability of Ag Nps@suc compared to that
of Ag Nps@cit. Based on the natural origin of the used cellulose-containing reducing and capping agent,

our method can be described as eco-friendly and could have further emerging applications.

Experimental

Materials

Hydroxypropyl cellulose (HPC) (3.46 moles of hydroxypropyl per mole of glucose unit) was
provided by a Chinese company, Nanjing Yeshun Industry and International Trading Co. Ltd. Before use
it was vacuum dried at 110°C for 5 h. Succinic anhydride was acquired from Fluka. All solvents used
were of analytical grade. Silver nitrate, potassium chloride, sodium chloride, potassium sulphate and
potassium bromide having maximum reported purity were purchased from Sigma Aldrich. All solutions
were prepared with deionized water (18.2 MQ cm resistivity at 25°C). Spherical citrate capped Ag Nps
(Ag Nps@cit) of about 20 nm diameter were synthesized and characterized as previously reported (Lees
etal., 2013).
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Synthesis of hydroxypropyl cellulose-succinate-capped silver nanoparticles (Ag Nps@suc)

Hydroxypropy! cellulose succinate (HPC-Suc) was synthesized as reported (Abbas et al., 2015).
HPC-Suc (100 mg) was dissolved in 10 mL of deionized water (10 mL) and added to 50 mM AgNOs
aqueous solution (10 mL) in the dark. The resultant mixture was then kept in sunlight and progress of the
reaction was checked periodically using UV-Vis spectrophotometer. Over a period of 25 min of exposure
to sunlight the color of the solution was turned from colorless to light yellow and then to dark brown
(Figure 1). This color change is attributed to the formation of Ag Nps@suc of different sizes. The
solution was centrifuged for 30 min at 4400 rpm after exposure to sunlight for 60 s and the supernatant
containing some unreacted material was removed, leaving solid Ag Nps@suc at the bottom of a falcon
tube. Deionized water was added to the tube and centrifuged further for 30 min at 4400 rpm in order to
remove any unreacted material. This washing was carried out twice. After washing, solid sample of Ag
Nps@suc was isolated and 15 mL of deionized water was added to solid Ag Nps@suc and sonicated for
15 min. This gave a suspension of Ag Nps@suc which was used as a stock for additional studies. This
suspension was analysed for quantitation using UV-Vis spectrophotometer (Ngamchuea et al., 2017). The
synthesized Ag Nps@suc were also characterized using ATR-FTIR, SEM-EDX, DLS, ZP measurements

and impact electrochemistry.
Characterization of Ag Nps@suc
UV-Vis spectrophotometry

UV-Vis experiments were carried out with a Shimadzu UV-1800 spectrophotometer in high
precision quartz cells (Hellma Analytics, Germany) having an optical path length of 10 mm. A baseline
correction was made with empty cells inside the instrument prior to each experiment. The absorbance was
recorded from 300-800 nm. 12 pM solution of Ag Nps@suc and Ag Nps@cit were used to record the
UV-Vis spectra.

Stabilities of the Ag Nps@suc and Ag Nps@cit in different electrolytes solutions

UV-Vis experiments (300-800 nm) were also carried out to study the stabilities of 4 pM and 12
pM of Ag Nps@suc and Ag Nps@cit, respectively each in 2 mM, 20 mM and 100 mM of KCI, KBr,

NaCl or K;SO4 electrolyte solutions over a period of 24 h.
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SEM-EDX characterization

High-resolution SEM equipped with EDX (Zeiss Merlin Field Emission Gun (FEG)-SEM) was
used to probe the morphology, size, elemental analysis and composition of Ag Nps@suc. The SEM-EDX
images were recorded at 5 kV acceleration voltage. As a substrate for the SEM sample, a glassy carbon
(GC) plate was used. Previously, the GC plate was immersed in aqua-regia and then was rinsed with
nanopure water followed by mechanical polishing with successively smaller diameter alumina powder
(2.0 um, 0.3 pum and 0.05 um; Buehler, USA) slurries with nanopure water on lapping pads (Buehler,

USA). Area calculations and particle size analysis were carried out by ImageJ software.
ATR-FTIR characterization

FTIR spectra of HPC, HPC-Suc and Ag Nps@suc were recorded using a FTIR spectrometer
(IRAffinity-1S, SHIMADZU, Japan) equipped with a diamond ATR device (SHIMADZU). FTIR
measurements were performed in the range of 4004000 cm ™. Each spectrum represents an average of 20

scans with 2 cm™ resolution to increase the signal to noise ratio.
DLS and ZP measurements

In order to determine the hydrodynamic diameter, ZP and the stability of the nanoparticles (Ag
Nps@suc and Ag Nps@cit), a Malvern Zetasizer Nano ZS was used. The measurements were done using
a 633 nm He-Ne laser. To remove any solid contaminants the sample suspension was filtered using
Whatman 0.2 um filter. The filtered sample was hold in a solvent-resistant micro cuvette with a path
length of 10 mm. Every sample was equilibrated at 25°C for 2 min in instrument before analysis. Three
sets of 12 light scattering measurements were recorded and results were presented as mean + SD. To
measure ZP, AgNPs suspension was placed in disposable folded capillary cells. The Zetasizer software

from Malvern was used to analyze the data.
Nano-impacts

A three-electrode arrangement was used in all electrochemical experiments. The cell and the
electrodes were placed in a thermally controlled Faraday cage at 25°C. A home-built low noise
potentiostat was used to carry out nano-impact experiments. The analog signal was filtered and digitized
at a rate of 50 kHz by applying two cascaded RC filters of 100 Hz. This was followed by digital filtering
using a four pole Bessel filter (100 Hz). The equipment was validated for the total charge transferred in an
impact event (Batchelor-McAuley et al., 2015; Katelhon et al., 2016). These experiments were performed

using a carbon microdisc of 33 pm diameter (IJ Cambria Scientific Ltd, UK) serving as the working
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electrode and a leakless Ag/AgCI (in 3.4 M KCI, eDAQ) as a reference electrode while a platinum wire
was used as a counter electrode. For sizing the Ag Nps@suc, current-time measurements were performed
using a 12 pM solution of Ag Nps@suc in 20 mM KCI by holding the working electrode at 0.8 V against
leakless Ag/AgCl for 50 s per scan. In addition to the chronoamperometry experiments, cyclic
voltammetry was also carried out to calculate diameter of Ag Nps@suc using the same concentration of
Ag Nps@suc (12 pM solution of Ag Nps@suc in 20 mM KCI) at a scanning rate of 50 mV per second.
Nano-impact spikes collected from both chronoamperometric and cyclic voltammetric experiments were
identified and analyzed to calculate the charge using SignalCounter software developed by Dario
Omanovic (Croatia). In order to have an insight into agglomeration state of AgNps, nano-impact
experiments were carried out with 12 pM solution of Ag Nps@suc or Ag Nps@cit each in 100 mM
K>S0. by holding the working electrode at 0.8 V against leakless Ag/AgCI for 50 s per scan over a time

of solution for 3 h.

Results and Discussion
This section reports the synthesis and characterization of Ag Nps@suc. The synthesized Ag

Nps@suc were evaluated using the techniques including UV-Vis, SEM-EDX, DLS and ZP, ATR-FTIR
and nano-impacts. The clustering of Ag Nps@suc and Ag Nps@cit was investigated using UV-Vis
spectrophotometry and nano-impacts in K;SO4. This section also reports the stabilities of both types of

Nps studied in different concentrations of the electrolytes KCI, KBr and NaCl.
Synthesis of Ag Nps@suc

The aqueous solution of HPC-Suc was mixed with AgNO; aqueous solution and exposed to
sunlight. The color of solution started changing immediately after exposure to sunlight indicating
formation of Ag Nps@suc. The synthesized Ag Nps@suc suspensions exhibited different colors at
different sunlight exposure times. A photograph showing the color change upon exposure of the mixture

to sunlight is presented in Figure 1.
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Figure 1. Photographs of mixture of HPC-Suc and Ag" solutions showing a change in color due to
reduction of Ag” upon different time of exposure to sunlight

The change in color of these Ag Nps@suc suspensions upon exposure to sunlight is likely due to
reduction of Ag* to Ag® forming hydroxypropyl cellulose succinate capped silver nanoparticles (Ag
NPs@suc). Figure 2B shows the proposed scheme of synthesis of Ag Nps@suc by light induced
reduction of Ag*. The carboxylate groups of HPC-Suc are thought to reduce Ag* to Ag® (upon exposure
to light) to form Ag Nps accompanied by decarboxylation of the reducing agent (Stankus et al., 2010).
These succinate groups of HPC-Suc are thought to act as capping agents in addition to their role as a

reducing agent.
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Figure 2. (A) Structure of HPC-Suc and (B) likely structure of Ag Nps-capped with HPC-Suc
Characterization of Ag Nps@suc

The UV-Vis, SEM-EDX, DLS and ZP, ATR-FTIR and nano-impacts were used for
characterization of synthesized Ag Nps@suc. UV-Vis spectrometry showed that the collective oscillation
of conduction electrons in Ag NPs@suc results in LSPR with a single and broad LSPR peak was
observed in the range 411-452 nm confirming the synthesis of Ag Nps (Section S1, Figure S1)

(Mulvaney, 1996). The size and morphological characterizations of Ag Nps@suc were determined by
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SEM-EDX (Table 1). SEM images are provided in Section S2 in the Supplementary Information. Figure
3C shows the histogram for the distribution of AgNps@suc sizes determined by SEM. The Ag Nps were
mostly spheroid shaped and a mean diameter value of 19.6 + 6.8 nm was calculated (Figure S2A-D).
Elemental EDX mapping (Figure S2 E-G) of Ag Nps@suc shows that Ag Nps are randomly dispersed
throughout the Ag Nps@suc sample. The EDX elemental analysis also showed the presence of the
elements (Ag, C and O) expected to be present in the Ag Nps@suc (Figure S3). To find out various
functional groups present in HPC-Suc and Ag Nps@suc ATR-FTIR spectra of HPC, HPC-Suc and Ag
Nps@suc were recorded as shown in Section S3 (Figure S4). The ATR-FTIR spectrum of HPC shows
absorption bands at 3433, 2902 and 1160-1057 cm™ indicating the presence of —OH, -CH,- and C-O-H
and C-O-C bonds, respectively. The appearance of absorption peaks in the FTIR spectrum of HPC-Suc at
1726, 1618, 1399, 1260 and 1140-1007 cm™ due to C=0, COOH, C-O, C-O-H and C-O-C bonds,
respectively is attributed to the successful esterification of of HPC to form HPC-Suc. The FTIR spectrum
of Ag Nps@suc showed bands closely similar to those in FTIR spectrum of HPC-Suc. Retention of all
these signals with the expected slight shift of frequency, in the ATR-FTIR spectrum of Ag Nps@suc is a
strong evidence that HPC-Suc is present as capping agent of Ag in this study.The shifting of the C=0
signal to 1724 cm™, -COOH signal to 1602 cm™, C-O signal to 1293 cm™, C-O-H, C-O-C signal to 1020-
1057 cm™ and the appearance of a 527-569 cm™ signal due to Ag---O weak interactions in FTIR spectrum
of Ag Nps@suc shows a success of reduction and capping of Ag* to form Ag Nps by HPC-Suc (Gupta et
al., 2010; Shameli et al., 2012).

The ZP value measured for Ag Nps@suc (in water) was -31.8 £ 2.4 mV (Figure S5A). The higher and
longer stability of nanoparticles is due to relatively high values of negative ZP. The size of Ag Nps@suc
was also measured by DLS and the z-average was found to be 19.7 = 1.7 nm (Section S4, Table 1, Figure
S5 B).

In addition to SEM and the DLS measurements, the size of Ag Nps@suc was also investigated using
nano-impacts experiments. Nanoparticle-electrode impacts embraces APC and record single events
through the generation of electrochemical signal by a redox reaction taking place on a nanoparticle. The
oxidation of silver nanoparticles is a model of the well characterized system and the electrode reaction in
this case can be described as (Allerston and Rees 2018; Sokolov et al., 2017; Stevenson and Tschulik,
2017):

Agy - N Ag* + Ne~ (@)

In the present study, a 12 pM solution of Ag Nps@suc in 20 mM KCI was subjected to APC
measurement. Ag Nps@suc diffuse through the solution under Brownian movement and collide with the
carbon microelectrode of 33 um diameter held at a suitable oxidising potential (in this case +0.8V).

Oxidation of Ag Np takes place from Ag®to Ag* (likely resulting in the formation of AgCI) (Ngamchuea
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et al., 2017b) generating a current ‘spike’. These spikes can be recorded as current-time transients or
through a cyclic voltammogram. The later type of measurement is helpful for knowing the potential at
which the potential oxidation onset. The area under a single nano-impact spike corresponds to the total
charge required for the oxidation of the colliding Ag Nps. The size of the later can be estimated by Eq. 2
which assumes that silver nanoparticle is spherical and is fully oxidized (Little et al., 2018):

3MQ

r=3——
drFzp

)

where 7 is the radius of Ag Nps@suc, M is the atomic mass of silver (107.9 g mol™), Q is the charge
calculated from area under each ‘spike’, z is the number of electrons transferred per oxidised silver atom,
F is the Faraday constant (96485 C mol™), and p is the density of bulk silver (10.5x10° g m®). Figure 3A
displays a typical current-time transient.

In addition to nano-impact studies carried out using chronoamperometry at a fixed potential, cyclic
voltametry is also be employed to calculate the diameter of Ag Nps@suc. In the present case, 12 pM
solution of Ag Nps@suc in 20 mM KCI was used and voltammograms were recorded as soon as the
solution was prepared using a three electrode system containing carbon micro-electrode of 33 pm
diameter at a scan rate of 50 mV s. These voltammograms were analysed and the area under each spike
was calculated again. Figure 3B shows a typical voltammogram. The area under each spike is related to
charge transferred during a single nanoparticle oxidation event. This area is divided by scan rate to get
charge, Q. The charge calculated from chronoamperometric and cyclic voltametric spikes is combined.
Eq. 2 is used to get the radius and hence diameter or size of the Ag Np. In the present study total of 1036
spikes from 8 scans were analysed and a mean diameter of Ag Nps@suc was calculated to be 16.7 + 3.3
nm. This value is in a good agreement with results obtained from SEM and DLS as shown in Table 1.
Figure 3C shows the distribution of AgNps@suc sizes obtained independently from nano-impacts and
SEM; good agreement is apparent. SEM and impacts assume particles as spheres. Table 1 shows the

characteristics parameters for the as synthesized silver nanoparticles.
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Figure 3. (A) Chronoamperogram at E= +0.8 V vs leakless Ag/AgCl (inset depicts the enlarged
chronoamperogram) (B) Cyclic voltammogram at scan rate 50 mVs™ (inset depicts the enlarged
voltammogram) showing nano-impact spikes of 12 pM Ag Nps@suc in 20 mM KCI using 33um carbon
microdisc electrode, leakless Ag/AgCI reference electrode and platinum counter electrode and (C) The
histograms show the distribution of AgNps@suc sizes calculated from the charge of nano-impact spikes
of 12 pM Ag Nps@suc oxidation events in 20 mM KCI electrolyte solutions compared with sizes
determined by SEM

Table 1. Sizing results of the as-synthesized Ag Nps@suc

Method Diameter (nm)
Nano-impacts 16.7£3.3
SEM 19.8+6.8
DLS (z-ave) 19.7+£1.7

Determination of the concentration of Ag Nps@suc in a suspension

On the basis of the diameter (ca. 20 nm) of Ag Nps@suc determined by SEM, the concentration
of a Ag Nps suspension was estimated by UV-Vis and was found to be 189 + 6.5 pM using the procedure
of Ngamchuea and co-workers (Ngamchuea et al., 2017). Details are available in Section S5 of the

Supplementary Information.
Stability study of Ag Nps in K2SOj4 (citrate vs succinate capping)

The stability of the Ag Nps@suc was studied in K;SO, electrolyte using UV-Vis and nano-
impacts measurements and compared with the stability of Ag Nps@cit. Two different concentrations of

the synthesized Ag Nps@suc (4 pM and 12 pM) were examined in three different concentrations (2 mM,
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20 mM and 100 mM) of K,SO4 using UV-Vis and the results were compared with those from Ag
Nps@cit in order to provide insights into the relative clustering rates of the Ag Nps@suc and Ag
Nps@cit at different concentrations of K,SOs. Besides UV-Vis, the clustering state of the Ag Nps was
also investigated using the nano-impact technique in 100 mm K;SOs where the term ‘clustering’ covers

both agglomeration and aggregation.
Stability study of Ag Nps using UV-Vis

A comparison of the stability of succinate and citrate capped silver nanoparticles in different
concentrations of K;SO4 was made to show that colloidal suspensions of Ag Nps@suc are significantly
more stable than those of Ag Nps@cit. Figure 4 shows representative UV-Vis spectra of 12 pM silver
nanoparticles (Ag Nps@suc and Ag Nps@cit) in 100 mM K>SO, recorded at different time intervals after
making solutions. There is a negligible decrease in absorbance (Figure 4A) with a slight shift in Ama from
428.5 nm to 419.5 nm for Ag Nps@suc after 24 h. No change in peak shape is observed even after 24 h
for Ag Nps@suc. On the other hand, for the Ag Nps@cit, a relatively broader peak appeared with a
decrease in Amax from 397.5 nm to 390 nm immediately after adding the salt (100 mM K3,SO,) and
importantly a shoulder at around 570 nm was observed in the peak. For the Ag Nps@scit, there was a
significant change in the LSPR peak shape and peak height between 1 h and 24 h. The reason behind
these losses might be a rapid clustering of Ag Nps@cit. Figure 5A shows a plot of absorbance against
time of Ag Nps@suc and Ag Nps@cit (12 pM) in 100 mM K,SO.. It is clear from Figure 4B that the
absorbance for Ag Nps@cit in 100 mM K:SO. decreased markedly after 24 h, suggesting complete
clustering of the Nps. About half of the peak decay was observed within seconds immediately after
adding the electrolyte. On the contrary, Ag Nps@suc showed a little clustering as can be evidenced from
only a slight decrease in absorbance over 24 h. Similar results were obtained at lower concentration of Ag
Nps (4 pM of Ag Nps@suc and Ag Nps@cit in 100 mM K,SO4) where Ag Nps@cit lost almost one-third
of the peak absorbance only within 1 h while there was only a small absorbance loss in case of Ag
Nps@suc after 24 h (Figure S6 B, Table S1). This negligible decrease in absorbance in case of succinate
capped silver nano-particles at high ionic strength shows that Ag Nps@suc are usefully more stable than
Ag Nps@cit. The decrease in absorbance of the Ag Nps in the electrolyte is attributed to clustering of the

nanoparticles.
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Figure 4. Representative UV-Vis spectra of (A) 12 pM Ag Nps@suc (B) 12 pM Ag Nps@cit in 100 mM
K>SO. over a period of 24 h.

electrolyte

Orange lines in both spectra represent 12 pM Ag Nps without the

At lower ionic strengths of the electrolyte (20 mM K3SOa) there was only a negligible loss of peak
absorbance for 12 pM Ag Nps@suc. On the other hand, for 12 pM Ag Nps@cit, about half of the Ag Nps
were clustered which can be seen from half of the decay in absorbance to half (Figure S6 B). For 4 pM
concentration of Ag Nps in 20 mM K;SOuthere was almost a complete loss in absorbance for Ag
Nps@cit after 24 h while for Ag Nps@suc, there was a slight decay in absorbance after the same time
(Figure S6 A). All these results show that Ag Nps@suc are more stable than Ag Nps@cit. Ag Nps@suc
showed a mean Amax Value of 425.5 = 6.0 nm for all the concentration of Ag Nps@suc in all the studied
concentrations of electrolytes. The wavelength of maximum absorbance (Amax) in case of Ag Nps@cit in
all concentrations of K,SO4 was 395.5 + 2.0 nm.

The analyses of the absorbance data in the other concentrations of electrolyte K.SO, are presented in
Figure S6 and Table S1.

Stability study of Ag Nps using electrochemical Nano-impacts

The clustering of Nps in a specific liquid environment can also be investigated using the nano-impact
method (Ellison et al., 2013; Jiao et al., 2017; Kételhon et al., 2017; Rees et al., 2011; Shimizu et al.,
2017). The clustering of silver nanoparticles (12 pM) in a solution containing 100 mM K,SO,was studied
via impact-based APC over a period of 3 h. Figure S7 displays representative chronoamperograms
showing nano-impact spikes of 12 pM Ag Nps@suc and Ag Nps@cit in 100 mM K,SO, for a fresh

solution of silver nanoparticles and a solution aged for 1 h and 3 h. The charge needed for quantitative
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oxidation of Ag Nps@suc and Ag Nps@cit is measured by integrating the area of nano-impact spike
which is obtained when a nanoparticle collides with a micro-electrode (Suherman et al., 2018; Zampardi
et al., 2018; Zhou et al.,, 2012). This charge is then related to the number of atoms present in the
nanoparticle or nanoparticle clusters. This number of atoms is related to the number of nanoparticle
monomers which in turn gives the size of each impacting clusters. Figure 5 B shows the mean size of 12
pM each of Ag Nps@suc and Ag Nps@cit in 100 mM K:SO, plotted against time. It is clear from the plot
that the mean size in case of Ag Nps@cit increases from 26.7 £ 8.9 nm to 35.8 £ 7.5 nm over a period of
3 h while in case of Ag Nps@suc, the size almost remains constant (17.4 £ 3.2 nm to 18.3 £ 5.1 nm).
Although, both types of the Ag Nps have almost the same size (~20 nm) in stock solution, Ag Nps@cit
shows a larger size (26.7 £ 8.9 nm) after the very few seconds of making the solution due to the rapid
clustering of Ag Nps@cit immediately after adding the K>SO, salt. This confirms the higher stability of
Ag Nps@suc over Ag Nps@cit. This sudden clustering in case of Ag Nps@cit is also supported by the
sudden decrease in peak absorbance in UV-Vis immediately after adding electrolyte (Figure 4 B). These
clusters on colliding with the micro-electrode cause a greater oxidative charge, as they are larger. This can
also be evidenced by a significant increase in duration of spike in the case of Ag Nps@tcit (Figure S7 A).
While in case of Ag Nps@suc no appreciable increase in size is observed showing negligible clustering in
these nanoparticles.

Figure S8 B shows the frequency of spikes of 12 pM Ag Nps@suc and Ag Nps@cit in 100 mM
K>S0 as a function of time. The clustering in case of Ag Nps@cit can also be evidenced by a prominent
reduction in frequency of spikes with time over a period of 3 h (Figure S8 B). According to the Stokes-
Einstein equation (Einstein, 1905), the clustered nanoparticles will have a decreased diffusion coefficient
which results in a decreased number of observable impacts at microelectrode and hence less frequency.
The decrease in frequency of spikes in case of Ag Nps@cit can also be attributed to the fact that number
of observed impacts decrease due to the decrease in number of the diffusing species due to clustering of

Nps.
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Figure 5. Absorbance (A) and mean size by nano-impact (B) as a function of time of Ag Nps@suc and
Ag Nps@cit (12 pM) in 100 mM K>SO4

Effect of different electrolytes on clustering

The stability of the Ag Nps@suc was also studied in three other different electrolytes (KCI, KBr
and NaCl) using UV-Vis and results are compared with those from Ag Nps@cit. Two different
concentrations of Ag Nps solutions (4 pM and 12 pM) are studied in three different concentrations (2
mM, 20 mM and 100 mM) of all the three electrolytes.

UV-Vis spectra in different electrolytes

In order to have an insight into the stabilities of Ag Nps@suc and Ag Nps@cit, clustering of Ag Nps
was also investigated in three more electrolytes (KCI, KBr and NaCl). UV-Vis spectra of different
concentrations of both types of Ag Nps in different concentrations of electrolytes were recorded over a
period of 24 h. Figure 6 shows representative UV-Vis spectra of fresh solutions of 12 pM silver
nanoparticles (Ag Nps@suc and Ag Nps@cit) in 20 mM KCI at different time. The Amax is shifted from
408.5 nm to 398.5 nm for Ag Nps@suc and from 395 nm to 391 nm for the Ag Nps@tcit after 24 h
(Figure 5). The Amax for Ag Nps@cit in all electrolytes was 394.5 = 4 nm. For Ag Nps@suc, the value of
Amax in KCI, KBr and NaCl was found to be 406 + 6 nm. It is clear from the spectra (Figure 6), that the
absorbance for Ag Nps@cit in KCI significantly decreases over time. The reason of the decrease in
absorbance in Ag Nps@cit may be attributed to clustering of particles in the presence of electrolyte.
Clustering of Nps is normally evidenced by a decrease in absorbance in UV spectra. On the contrary, Ag

Nps@suc shows a small increase in absorbance over 24 h. Increase in absorbance of the Ag Nps in the
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presence of electrolyte might be due to two reasons (i) formation of more Ag Nps due to reduction of any
interested silver ions in suspension (ii) a relatively big agglomerate of silver nanoparticles disintegrate to
yield more isolated particles. The first possibility can be excluded because we do not expect any silver
ions after centrifugation and washing. So, the second reason could be the most probable. This hypothesis
is also supported by the fact that a decrease in Amax (~10 nm in all electrolytes) is observed for Ag
Nps@suc solution in KCI after 24 h.

Results of analysis of the absorbance data for different concentrations of Ag Nps in different
concentrations of different electrolytes are displayed in Table S2 and Figure S9. In case of 12 pM and 4
pM concentrations of Ag Nps in 20 mM and 2 mM concentrations of all the three electrolytes, the
absorbance in case of Ag Nps@suc does not show any significant decrease over the period of 24 h
(except in 20 mm KBr where a greater decrease in absorbance was observed as can be seen from Figure
S9 D). For instance, in 20 mM NacCl, the Ag Nps@suc showed no decrease in peak absorbance after 24 h
which suggested negligible clustering in these Nps and thus excellent stability. However, for the Ag
Nps@cit, a greater decrease in peak absorbance in 20 mM of NaCl was found after 24 h showing higher
clustering of these Nps. A complete decay in peak absorbance for Ag Nps@cit was observed in 20 mM
KBr after 24 h (Figure S9 C), which could be due to significant clustering in suspension. A higher
decrease in absorbance for Ag Nps@suc was observed in KBr electrolyte after 24 h but it was still less
than in the case of Ag Nps@cit showing their higher stability. In case of higher ionic strength of
electrolytes (100 mM), both types of Ag Nps (Ag Nps@suc and Ag Nps@cit) were almost completely
clustered after 24 h but the clustering rate in both types of Ag Nps was found to be different. For instance,
a very rapid loss in peak absorbance was observed for Ag Nps@cit after 1 h while in case of Ag Np@suc,
there was only one-third loss in peak absorbance within the same time (Figure S9 A). This rapid decrease
in absorbance after 1 h in case of Ag Nps@cit may be due to the fact that these Nps are charge stabilized
while steric stabilization of Ag Nps@suc might be a reason for comparatively slow rates of clustering in
these Nps. The observed significant differences in the decrease in absorbance at different ionic strengths
of different electrolytes are due to preferential absorption of a specific ion which causes clustering and

alters surface chemistry.
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Figure 6. Representative UV-Vis spectra of (A) 12 pM Ag Nps@suc (B) 12 pM Ag Nps@cit of diameter
20 nm in 20 mM KCI over a period of 24 h

From the above results we conclude that Ag Nps@suc are more stable than Ag Nps@cit. This
enhanced stability might be attributed to the inclusion of HPC polymer in the capping agent which acts as
a substrate for linking carboxylic acid to the Ag Nps. Additionally, the polymer chain might help in
forming uniformly capped Ag Nps thus improving the stability.

Conclusions

Stable Ag Nps@suc of diameter ~20 nm were successfully fabricated using a simplified and green
strategy. LSPR peak of synthesized Ag Nps@suc was observed in the range 411-452 nm. SEM-EDX
images showed that the Ag Nps were mostly randomly dispersed spheroid containing elements Ag, C and
0. Sizing of NPs using nanoparticle collision method was consistent with SEM and DLS results. UV-Vis
spectrometry and nano-impact studies in high concentration of K,SO, showed excellent stability of
developed Ag Nps@suc as compared with the widely employed Ag Nps@cit. The high stability of Ag
Nps@suc is consistent with a high negative value of ZP (-31.8 £ 2.4 mV) for these nanoparticles. The
high stability of such Ag Nps@suc, which are synthesized via a simple method, could encourage their use

as a potential stable catalysts and as possible carriers in drug delivery.
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S1 UV-Vis spectrophotometry
A solution of AgNO; and HPC-Suc was exposed to sunlight and the synthesis of the Ag

NPs@suc in aqueous solution was monitored periodically (after an exposure time of 15, 30's, 60°s, 90 s,
105 s, 120 s and 25 min) by recording the absorption spectra over a wavelength range of 300-800 nm.
Upon exposure to sunlight during an initial period of 15 s to 25 min, the Ag* was reduced to Ag Nps@suc
and color of solution changed from light yellow to reddish brown. A single and broad LSPR peak was
observed in the range 411-452 nm, confirming the synthesis of Ag Nps (Figure S1) (Mulvaney, 1996).
This LSPR absorption peak showed a red shift in Amax and an increase in the intensity of absorption upon
the increase of exposure time to sunlight, which suggests that the size of the Ag Nps@suc increases with

an increase in exposure or reaction time (Abbas et al., 2015; Ding et al., 2017).
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Figure S1. UV-Vis spectra of Ag Nps@suc showing a red shift and increase in absorption with exposure

time to sunlight

S2 SEM-EDX measurement

The success of the synthesis of Ag Nps@suc was supported by the appearance of a signal in the

silver region in the EDX spectrum (around 3 keV) (Kaviya et al., 2017) as shown by Figure S3. The

EDX profile of Ag Nps@su
HPC-Suc capping agent or

¢ also shows signals for oxygen and carbon, which likely originates from the

reduction product or from glassy carbon substrate. Elemental EDX mapping

(Figure S2 E-G) of Ag Nps@suc shows that Ag Nps are randomly dispersed throughout the Ag Nps@suc

sample. The EDX elemental

analysis also showed the presence of the elements (Ag, C and O) expected to

be present in the Ag Nps@suc.
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T lpm "

Figure S2. (A-D) SEM images of Ag Nps@suc synthesized by mixing aqueous solutions of HPC-Suc
(1% wi/v) and 50 mM Ag NO; followed by exposure to sunlight and (E-G) elemental mapping of Ag
Nps@suc from EDX.
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CPsleV

Figure S3. Representative EDX profile of corresponding area shown in Figure 3 of synthesized silver
nanoparticles showing signals for C, O and Ag

S3 ATR-FTIR spectroscopic characterization

In order to identify various functional groups present in HPC-Suc and Ag Nps@suc ATR-FTIR
spectra of HPC, HPC-Suc and Ag Nps@suc were recorded (Figure 4S). The ATR-FTIR spectrum of HPC
shows absorption bands at 3433, 2902 and 1160-1057 cm™ indicating the presence of —OH, -CH,- and C-
O-H and C-O-C bonds, respectively. The appearance of absorption peaks in the FTIR spectrum of HPC-
Suc at 1726, 1618, 1399, 1260 and 1140-1007 cm™ due to C=0, COOH, C-O, C-O-H and C-O-C honds,
respectively is attributed to the successful esterification of of HPC to form HPC-Suc. The FTIR spectrum
of Ag Nps@suc showed bands closely similar to those in FTIR spectrum of HPC-Suc. Retention of all
these signals with the expected slight shift of frequency, in the FTIR spectrum of Ag Nps@suc is a strong
evidence that HPC-Suc is present as capping agent of Ag in this study.
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Figure S4. Overlay ATR-FTIR spectra of HPC (red), HPC-Suc (green) and Ag Nps@suc (black)

The shifting of the C=0 signal to 1724 cm™, -COOH signal to 1602 cm™, C-O signal to 1293 cm™, C-O-
H, C-O-C signal to 1020-1057 cm™ and the appearance of a 527-569 cm™ signal due to Ag---O weak
interactions in FTIR spectrum of Ag Nps@suc shows successful capping of Ag Nps by HPC-Suc (Gupta
et al., 2010; Shameli et al., 2012)

S4 DLS and ZP

The ZP value and the z-averag for Ag Nps@suc were also measured as shown in Figure S5 A and

S5 B, respectively.

75



Chemia Naissensis, Vol 3, Issue 1, RESEARCH ARTICLE, 71-83

500000 -
e ]
td. dev= 2.4 m record 2
400000 - recard 3
15 -
300000 § Z-ave= 19.7 nm based on only frst peak analysis
E ‘; Z-awp= 156.5 nm based on all peaks
@
g T 40
200000 ]
B
——record 1
100000 - —record 2 51
(A) ——record 3 (B)
0 o //\\
T T T T T T T T r ¥
450 100 50 0 50 100 150 H . e e
Zeta Potential (mV) Diameter (nm)

Figure S5. (A) Zeta-potential and (B) Z-averager of synthesized Ag Nps@suc

S5 Determination of the concentration of Ag Nps@suc in a suspension

The concentration of a Ag Nps suspension was estimated by UV-Vis using the procedure of
Ngamchuea and co-workers (Ngamchuea et al., 2017a). Accordingly, first, the absorbance (A) of the
suspension of Ag Nps@suc was determined and the molar extinction co-efficient (¢) for “one Ag atom”
measured for citrate capped Ag Nps of size 20 nm was assumed to apply for Ag Nps@suc (15500 + 200
M cm™). The concentration of suspension in terms of silver atoms was determined by C=Alel, where / is
the optical path length of the quartz cell used for UV-Vis measurement (10 mm). This concentration is
divided by the number of silver atoms in one nanoparticle to convert it into concentration in terms of Ag
Nps. The number of silver atoms in one silver nanoparticle can be determined by:

Number of silver atoms in one nanoparticle = (VnpXNaxp)/M )

where ¥y, is the volume of one nanoparticle, N, is the Avogadro constant, p is the density of silver, M is
the atomic mass of silver. The number of silver atoms in one average nanoparticle of Ag Nps@suc was
calculated to be (2.45 + 2.5)x10°. The concentration of Ag Nps was found to be 189 + 6.5 pM.
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Figure S6. Absorbance as a function of time of Ag Nps@suc and Ag Nps@cit (A) 12 pM Ag Nps in 2
and 20 mM KSO;and (B) 4 pM Ag Nps in 2, 20 and 100 mM K>SO,
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Figure S7. Chronoamperogram showing representative nano-impact spikes of 12 pM Ag Nps@suc and
Ag Nps@cit in 100 mM K;SO,4 using 33 pum carbon microdisc electrode, leakless Ag/AgCl reference
electrode and platinum counter electrode in a fresh solution of silver nanoparticles and a solution kept in

electrolyte for 1 h and 3 h (the inset depicts the enlarged chronoamperogram)
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Figure S8. Duration (A) and frequency (B) of spikes of 12 pM Ag Nps@suc and Ag Nps@cit in 100 mM
K2SO; as a function of time
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Table S1. Change in the relative absorbance for fresh solution 4 pM and 12 pM of Ag Nps in 2 mM, 20

mM and 100 mM of electrolyte K2SO4 with time as calculated from UV-Vis

Conc. of Time (h) AgNps@cit AgNps@suc
Ag Nps (relative absorbance %) (relative absorbance %)
100 mM 20 mM 2mM  100mM 20 mM 2mM
K2SOq4 K2S04 K2SO4 K2SO4 K2SO4 K2SO,4
0 100 100 100 100 100 100
0.02 47.3 87.8 87 99.8 99.8 98.8
12 pM
1 14.8 95.9 81 97.5 96.7 98.7
3 11.4 94 63 94.5 94.2 97
24 0.20 86 48 90.5 94.1 97
0 100 100 100 100 100 100
0.02 47.2 92.9 93.3 96.5 96.4 95.7
4 pM
1 10.3 82.2 17.8 87.8 92.3 86.2
3 6.0 74 15 82.8 91.5 85
24 0.1 66.1 10 82.8 91.4 84.5
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Table S2. Change in relative absorbance for fresh solution of 4 pM and 12 pM Ag Nps in 2 mM, 20 mM
and 100 mM of electrolyte (KCI, KBr and NaCl) with time as calculated from UV-Vis

Conc. of Ag Nps | Time AgNps@cit AgNps@suc
/ Conc. of (h) (relative absorbance %) (relative absorbance %)

electrolyte KCI KBr NaCl KCI KBr NaCl
12 pM/100 mM 0 100 100 100 100 100 100

1 21.2 9.9 15.9 64.6 87.8 50

3 9.9 3.2 5 40.1 71.4 41

24 0.9 0.01 0.001 10.1 16 5

4 pM/100 mM 0 100 100 100 100 100 100
1 28.9 23.4 8 93.3 52.9 60.9

3 15 0.001 0.001 42.9 14.8 29

24 0.001 0.001 0.001 11.7 7.0 2.4

12 pM/20 mM 0 100 100 100 100 100 100
1 94.3 91 81.1 111.5 99.9 114.4

3 88.5 88.2 75 120 99.79 127
24 38 5.8 58.5 127 34.3 108.3

4 pM/20 mM 0 100 100 100 100 100 100
1 84.7 747 82.9 105.8 75 103.8

3 74.4 54.9 64.3 101.9 64.1 91.3

24 37.8 11.9 14.5 81.7 45.3 58.6

12 pM/2 mM 0 100 100 100 100 100 100
1 98.4 95 99.1 106 111 105

3 97.8 88.1 96.9 108 115 107

24 96.7 42 81.6 107 40 99.6

4 pM/2 mM 0 100 100 100 100 100 100
1 96.9 95.1 96.4 107.8 71.7 103.7

3 95.1 95 92.6 115.4 76 109

24 81.8 64 73 112.7 45.7 95.0
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Figure S9. Absorbance as a function of time of Ag Nps@suc and Ag Nps@cit (A) 12 pM Ag Nps in 20
mM electrolyte, (B) 4 pM Ag Nps in 20 mM electrolyte, (C) 12 pM Ag Nps in 100 mM electrolyte, (D) 4
pM Ag Nps in 100 mM electrolyte, (E) 12 pM Ag Nps in 2 mM electrolyte and (F) 4 pM Ag Nps in 20

mM electrolyte
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Ekoloski prihvatljiv sukcinatni polimer koji obavija nanocestice srebra za
poboljsanu stabilnost: UV-Vis i elektrohemijsko proucavanje udara cestica
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Sazetak

Jednostavna zelena metoda Koristi se za sintezu srebrnih nanocestica (Ag Nps) u jednom minutu. Koloidna
stabilnost dva tipa Ag Nps (naime, hidroksipropilceluloz-sukcinatno (HPC-Suc) obavijene srebrne
nanocestice (Ag Nps@suc) i citratno obavijene srebrne nanocestice (Ag Nps@cit)) ispitivana je
koris¢enjem UV-Vis spektrometrije i “nano-impakt” merenjima uticaja elektrohemijskih Cestica. Ag
Nps@suc su polako sintetisane jednostavnim meSanjem vodenih rastvora HPC-Suc i srebro-nitrata i
izlaganjem suncevoj svetlosti. Rast Ag Nps kontrolisan je podeSavanjem vremena izlaganja suncevoj
svetlosti. Prouc¢avanje plazmonskom rezonancom lokalne povrsine (engl. LSPR) izvrSeno je koriséenjem
UV-Vis spektrofotometra. Morfologija povrSine, veliina, elementna analiza i sastav Ag NPs@suc
odredena je koris¢enjem SEM-EDX, dok je ATR-FTIR koris¢en da bi se ispitala bilo koja vrsta hemijskih
reakcija izmedu prekursora. Za odredivanje stabilnosti i distribuciju veli¢ine, izvrSena su merenja zeta
potencijala (engl. ZP), rasipanje dinamicke svetlosti (engl. DSL) i kulometrija anodne Cestice (engl. APC).

Pripremljene Ag Nps@suc pokazuju usku raspodelu sa prosecnim pre¢nikom od 20 nm. Odredivanje
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veli¢ine nanoCestica kori§¢enjem metode elektrohemijskog uticaja Cestica je u skladu sa SEM i DLS
tehnikama. Rezultati pokazuju da su Ag Nps@cit podlozne relativno brzom klasterovanju po dodatku
elektrolita (100 mM K3SO4). Na drugoj strani, Ag Nps@suc pokazuju odli¢nu stabilnost sa samo ~ 9%
opadanja absorbance u toku 24 h ¢ak i pri visokim koncentracijama elektrolita. Kori§¢enjem elektrolita
KCI, KBr i NaCl stabilnost sintetisanih Ag Nps@suc takode se moze uporediti pozitivno sa Ag Nps@cit.

Kljucne reci: srebrne nanocestice, sukcinatni keping agens, stabilnost nanocestica, UV-Vis

spektrometrija, udar nanocestica-elektroda
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Capsule de succinate de polymére écologique sur nanoparticules d’argent pour

une stabilité accrue : étude d’impact UV-Vis et électrochimique des particules
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Résumé

Une méthode simple verte s’emploie pour synthétiser des nanoparticules d’argent (Ag Nps) en une minute.
La stabilité colloidale de deux types d’Ag Nps (en effet, les nanoparticules d’argent coiffées
d’hydroxypropylcellulose succinate (HPC-Suc) (Ag Nps@suc) et les nanoparticules d’argent coiffées de
citrate (Ag Nps@cit)) est examinée a 1’aide de la spectrométrie UV-Vis et des mesures d’impacts de
particules électrochimiques « nano-impacts ». Les Ag Nps@suc ont été doucement synthétisées par un
simple mélange des solutions aqueuses de HPC-Suc et du nitrate d’argent et par 1’exposition a la lumiére
du soleil. La croissance de I’Ag Nps a été controlée en ajustant le temps d’exposition a la lumiére du soleil.
L’étude de la surface locale (angl. LSPR) par la résonance plasmonique a ét¢ effectuée a I’aide d’un
spectrophotométre UV-Vis. La morphologie de la surface, la taille, I’analyse d’éléments et la composition
de I’Ag Nps@suc ont été déterminées moyennant le SEM-EDX, tandis que ’ATR-FTIR a été utilisé pour
examiner le type de réactions chimiques entre les précurseurs. Pour la détermination de la stabilité et la
distribution de la taille, ont été réalisés les mesures du potentiel zéta (angl. ZP), la diffusion dynamique de
la lumiére (angl. DSL) et la coulométrie des particules anodiques (angl. APC). Les Ag Nps@suc faites
démontrent une distribution étroite d’un diameétre moyen de 20 nm. Le dimensionnement du Nps a 1’aide

de la méthode des impacts électrochimiques des particules est cohérent avec les techniques SEM et DLS.
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D’une part, les résultats montrent que les Ag Nps(@cit sont sujets a un regroupement relativement rapide
apres I’ajout des électrolytes (100 mM K>SO4). D’autre part, les Ag Nps@suc démontrent une excellente
stabilité¢ n’ayant qu’une décroissance de ~ 9% de ’absorbance sur 24 h, et ceci méme lors des hautes
concentrations d’électrolytes. Au moyen des ¢€lectrolytes KCl, KBr et NaCl, la stabilité des Ag Nps@suc
synthétisés peut étre également comparée favorablement avec les Ag Nps@cit.

Mots-clés: nanoparticules d’argent, agent de coiffage succinate, stabilité des nanoparticules,

spectrométrie UV-Vis, impact nanoparticule-électrode
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IKOJIOTMYECKH YHCTOE MOJUMEPHOE MOKPHITHE CYKIIMHATA HA HAHOYACTHIIAX
cepeOpa IJs NOBBIIIEHUS CTAOMJIBHOCTH: HCCJIeJ0BAHME BO3JAeHCTBUA
YJAbTPA(PUOJIETOBBIX U BUAMMBIX YACTHUIl U JJIEKTPOXMMHUYECKOT0 BO3/1eliCTBUS

Ha 9aCTHUIbI
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Ecunem

AHHOTALINSA

[Ipocroii 3emeHpIid METOI MCIIONB3YETCA ISl CHHTE3a HaHodacTHll cepedpa (Ag Nps) 3a omHy MHHYTY.
Kommonmnas crabunpHOCTH AByX THIOB Ag Nps (a MMEHHO, HaHOYACTHIl cepedpa ¢ OJIOKHpPOBKOU
ruapokcurnponinenono3sl (HPC-Suc) (Ag Nps @ suc) m HaHowacThil cepeOpa C OIIOKHPOBKOU
uutparoM (Ag Nps @ cit)) ucciemyercss ¢ UCIIOIB30BaHUEM crieKTpoMeTprun B Y D-BumuMoi o0nacti u
3JIEKTPOXUMHYECKHE CTOJKHOBEHMS C YacTULAMHU H3MEpEeHHs «HaHoyaapoB». Ag Nps @ suc Obuiu
CHHTE3MPOBAHBl TPOCTBIM CMEIIMBaHWEM BOJHBIX pacTtBopoB HPC-Suc u HuTpara cepebpa u
BO3ACHCTBHEM COJIHEUHOTO cBeTa. Poct Ag Nps KOHTpPOIMpOBaIM, PErylIHpys BpeMsl BO3IEHCTBUS
COJIHEYHOTO cBeTa. lccnenoBaHue JIOKAIBHOTO IOBEPXHOCTHOTO IuTa3MOHHOro pesoHanca (LSPR)
MPOBOIMIIM C HCHonb30BaHueM crnekrpodoromerpa UV-Vis. Mopdonorusi moBepxHOCTH, pa3Mep,
areMeHTHBIN aHau3 u coctaB Ag NPs @ Succ onpezaensimu ¢ nomomsio SEM-EDX, B To Bpems kak ATR-

FTIR wucnonb30Banu s OLIEHKH JIFOOOTO THITA XUMUYECKUX PEaKIUK MEXIy MpeniecTBeHHuKamMu. Jlis
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W3MEpeHNH cTaOMIBHOCTH M paclpelelieHus Mo pa3MepaM ObUIM BBIMOJIHEHBI A3eTa-noteHnmai (ZP),
ouHamuueckoe — paccessuue csera  (DSL) wu kynoHomerpuss  aHoaHbix  yactun  (APC).
CeexenpurotoBieHHbld Ag Nps (@ Succ mokaszan y3Ko€ paclpeiesieHHe MO pa3MepaMm CO CpeTHHM
muamerpoM 20 HM. KamubpoBka NPS ¢ ncnonb3oBaHHeM METOAa 3JEKTPOXMMUYECKUX YIapOB YaCTHIL
cootBercTByeT Meromukam SEM m DLS. PesynbraTel mokassiBaioT, uro Ag Nps (@ cit CKIOHHBI K
OTHOCUTENILHO OBICTpOH Kiactepusanuu Tpu AoOasieHuu snextponuta (100 MM KoSO4). C apyroit
ctopoHbl, Ag Nps @ Succ IEMOHCTPUPYET MPEBOCXOAHYIO CTa0MJIBHOCTh CO CHMIKCHHEM ONTHYECKOU
IUIOTHOCTU TOJNBKO ~ 9% B TeueHue 24 4acoB Jlake MPH BHICOKOH KOHIEHTpAIUH AJeKkTponuTa. [lpu
ucnoiib3oBanuu ekTpoiauToB KCl, KBr u NaCl crabunbHOCTh cuHTe3upoBaHHOrO Ag Nps (@ su Takke

BBITOJIHO oTiiYaercs ot Ag Nps @ cit.

Knwouesuvie cuoea. Haxnodacmuuyvl cepe6pa, CyKL[LlHaIﬂHblZZ yKyI’lOpMG‘CUOU/;LllZ acenm,

CMaodUuIbHOCMb HaHodacmuuy, Y®D-6uoumas CNEeKmMpomempusl, y()ap Hanovacmuy u 3,7el<mp00a
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ABSTRAKT
Muit einer einfachen griinen Methode werden Silbernanopartikel (Ag Nps) in einer Minute synthetisiert. Die

kolloidale Stabilitat von zwei Arten von Ag-Nps (ndmlich Hydroxypropylcellulose-Succinat (HPC-Suc) -
verkappte Silbernanopartikel (Ag Nps @ suc) und Citrat-verkappte Silbernanopartikel (Ag Nps @ cit))
wird unter Verwendung der UV-Vis-Spektrometrie und ,.Nano-Impact“ —Messungen des Einflusses
elektrochemischer Partikel untersucht. Ag Nps@suc wurden neu synthetisiert, indem einfach wassrige
Ldsungen von HPC-Suc und Silbernitrat gemischt und der Sonnenlicht ausgesetzt wurden. Das Wachstum
von Ag Nps wurde durch das Einstellen der Expositionszeit gegenliber dem Sonnenlicht gesteuert. Eine
lokale Oberflachen-Plasmon-Resonanz (LSPR) - Untersuchung wurde unter Verwendung eines UV-Vis-
Spektrophotometers durchgefiihrt. Die Oberflaichenmorphologie, GroRe,  Elementaranalyse und
Zusammensetzung von Ag-NPs@suc wurde durch SEM-EDX bestimmt, wahrend ATR-FTIR dazu
verwendet wurde, um jede Art von chemischen Reaktionen zwischen Prakursoren zu untersuchen. Zur
Bestimmung der Stabilitats- und GroRenverteilung wurden die Messungen des Zeta-Potential (ZP), der

dynamischen Lichtstreuung (DSL) und der Anoden-Partikel-Coulometrie (APC) durchgefiihrt. Das so
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hergestellte Ag Nps@suc zeigte eine enge Grolienverteilung mit einem durchschnittlichen Durchmesser
von 20 nm. Die Bestimmung der Nanopartikelgréfie unter Verwendung der Methode des elektrochemischen
Einflusses von Partikeln erfolgt gema SEM- und DLS-Techniken. Die Ergebnisse zeigen, dass Ag
Nps@cit bei Zugabe von Elektrolyt (100 mM KSO.) zu einer relativ schnellen Clusterbildung neigt.
Andererseits zeigt Ag Nps@suc sogar bei hoher Elektrolytkonzentration eine ausgezeichnete Stabilitat mit
nur ~ 9% Absorptionsabfall wahrend 24 Stunden. Unter Verwendung von KCI-, KBr- und NaCl-
Elektrolyten kann die Stabilitat des synthetisierten Ag Nps@suc auch positiv mit Ag Nps@cit verglichen

werden.

Schliisselworter: Silbernanopartikel, Succinat-Verkappungsmittel, Nanopartikelstabilitdt, UV-
Vis-Spektrometrie, Einfluss von Nanopartikel-Elektroden
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ABSTRACT
The objective of this research is to assess the ability of using Carum carvi L. seeds essential oil as a

biological substance for controlling spoilage germs growth in potatoes during storage. The chemical
composition of caraway seeds essential oil, analyzed by GC-MS and by gas chromatography with flame
ionization detector (GC-FID), led to the identification of twelve compounds, where carvone was the main
one with a percentage of 75.64 % of the total oil. The comparison of the microbial profiles of different
potatoes samples showed the presence of the genus Citrobacter and three distinct fungi genera: Aspergillus,
Phytophthora and Fusarium only for contaminated potato tubers with internal pink pigmentation. Thus, the
antimicrobial activity of caraway seeds essential oil was studied against these strains. The antimicrobial
activity of the oil against the isolated strains was evaluated through the agar diffusion method using different

volumes (10, 20, 50 and 100 ul). All tested strains were inhibited by caraway seeds essential oil in a dose-

* Ahmed Snoussi
e-mail address: ahmedsnoussi.esiat@yahoo.fr
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dependent manner. The obtained results suggest the use of Carum carvi L. as a promising natural substance

for the preservation of potatoes by contact vapor method.

Keywords: potato, Essential oil, Carum carvi L. seeds, antimicrobial activity, Enterobacteria,

fungi
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Introduction
Solanum tuberosum, commonly known as potato, is a tuberous herbaceous plant native to Latin

America, belongs to the family of Solanaceae (Sharma et al., 2014). The potato is a globally important
crop, with an estimated 377 million tons harvested in 2016, only falling short of the other starch staples,
maize, wheat, and rice (FAO, 2016).

In addition to this high starch content, potatoes are an important source of micronutrients, such as
vitamin C, vitamin B6, potassium, folate, and iron and contribute a significant amount of fiber to the diet
(Robertson et al., 2018).

However, the cultivation of harvested potatoes and tubers is subject to numerous bacterial, fungal,
or viral attacks causing several diseases which are responsible for significant economic losses (Abd El-
Azeim, 2020). Resorting to conservation is therefore essential to preserve the organoleptic and nutritional
qualities of potatoes while strongly inhibiting the development of spoilage flora. The pesticides used in the
past to improve the quality and productivity of agricultural products often remain as residues in agricultural
soils, a portion of which may be taken up by plant crops. This may pose a major concern with respect to
the safety of these products for animal and human consumption (Hwang et al., 2018).

Currently, consumers are increasingly concerned about the harmful effects of pesticides and are
more demanding on the treatment used on fruits and vegetables. Hence the use of biotechnology, based on
biological substances and biocontrol formulation is gaining more attention among the scientific community
in order to avoid most of the negative impact of chemical compounds on food systems and therefore on
human health (Larkin, 2016).

Some essential oils extracted from aromatic and medicinal plants are candidates for exploiting their
full preservation potential. In fact, studies have shown that these essential oils are effective in controlling
the growth of a wide variety of microorganisms, including filamentous fungi, yeasts, and bacteria (Essaidi
et al., 2014; Lasrem et al., 2019). Such antimicrobial activities make the use of these oils recommended in
food industries (Karamese and Ozgiir, 2020).

Caraway (Carum carvi L.) is a condiment species belonging to the Apiaceae family and it is mainly
cultivated for its aromatic seeds. It is one of the common well-known herbs, naturally found in Northern
and Central Europe, Siberia, Turkey, Iran, India and North Africa (Saghir et al., 2012; Kazemipoor et al.,
2016). In Tunisia, it is the most cultivated condiment species after coriander. It is widely used as a culinary,
aromatic, and medicinal plant (Agrahari and Singh, 2014). Additionally, C. carvi seeds have antispasmodic,
antiflatulence, antibacterial, anticancer, lactiferous, expectorant, and energizing effects; also, they can

improve menstruation and appetite (Agrahari and Singh, 2014; Al-Snafi, 2015).
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The aim of this research was to extract and determine the chemical composition of caraway seed
essential oil in addition to examine the antibacterial and antifungal activity towards isolated strains of
contaminated potato tubers with internal pink pigmentation.

Experimental

Biological Material
The potato tubers and caraway seeds used in this research were purchased from a local market in

Tunis. Two types of potato samples were used: unpigmented potatoes (sound) and potatoes with internal
pink pigmentation (infected) for the microbiological characterization.

Essential oil extraction and chemical composition analysis
The caraway essential oil (EO) was obtained by hydrodistillation using a Dean-Stark apparatus.

The extraction was carried on until there was no significant increase in the volume of oil collection. The
obtained essential oil was dried over anhydrous sodium sulfate and preserved in a sealed vial at 4°C until
further analysis.

The chemical composition was analyzed by gas chromatography coupled with mass spectrometry
using a GC system apparatus type HP 6890N, connected to a mass spectrometer (MS) with a selective
detector HP 59758 N and equipped with a flame-ionization detector (FID). A capillary column type HP5-
MS (30m x 0.25mm x 0.25um) was used for the purpose of separation. The temperature of the column was
set from 40 to 280 °C at a rate of 2 °C.min™. Helium was used as carrier gas at a flow rate of 0.9 mL/min
and the sample was injected in the split mode (1:10).

The compounds identification was performed according to their GC retention indices, by
comparison of their MS spectra by computer matching with the Wiley 238.L mass spectra library, and when

possible, co-injection with standard available in our laboratory.

Microbial analysis of potato samples
Enumeration of the microflora of the studied potatoes was carried out on grounded samples which

were diluted (10 to 107) and then cultured in selective agar culture media: PCA (total plate count of
bacteria), VRBG (total enterobacteria and coliforms), Sabouraud agar (yeasts and molds). The isolated
strains were identified by morphological, physiological, and biochemical tests (Gram stain, glucose
fermentation test, lactose, gas production and H.S, oxidative/fermentation test, and IMVIC test). The
metabolic study of the microorganisms was achieved via APl E 20 system (bioMérieux, France) for
enterobacteria and APl 20C AUX (bioMérieux, France) for yeasts. These tests were read after 24 and 72

hours for enterobacteria and for yeasts, respectively. The analysis results were obtained using Apilab®
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identification software. The identification of isolated molds was carried out in the Nabeul health hygiene
laboratory (Cape Bon region, Tunisia) through microscopic readings.

Antimicrobial activity
Caraway essential oil was screened for its antimicrobial activity against five strains isolated from

the infected potato by agar disk diffusion method defined by Cushine and Lamb (2005). A soft agar,
previously sterilized, was inoculated with 50 pl of a fresh culture sample of the isolated microorganisms
(10° CFU / ml) and poured into petri dishes. After the medium has solidified, sterile disks (6 mm) soaked
in essential oil (10, 20, 50 and 100 ul) were placed on the surfaces of the plates. The effectiveness of
essential oil was determined after 24-48 hours at 37°C of incubation by the measurement of the inhibition
zone diameters (1ZDs) around the disk, including the diameter of the disk (in millimeters).

Results and Discussion

Chemical composition of the essential oil of Carum carvi L. seed
The analysis of the essential oil of Carum carvi L. seeds using the GC-MS and GC-FID approach

led to the identification of 12 terpene compounds (Figure 1) which constitute 99.74% of the total oil
including 78.44% oxygenated monoterpene derivatives, 21.01% monoterpene hydrocarbons, and 0.29%

sesquiterpenes.
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Figure 1. Chromatographic profile of the essential oil of Carum carvi L. seed

The two major components of this oil were carvone (75.64%) and limonene (20.70%), representing
96.34% of the essential oil (Table 1). The other compounds were present in smaller percentages.

These results are in agreement with those of Assami et al. (2012) and Laribi et al. (2013) who
reported that caraway seeds essential oil consists mainly of carvone and limonene. In addition to their
fragrance, these compounds are also known for their antibacterial and antifungal properties (Zhang et al.,
2014), antioxidant effects (Afify et al., 2012; De Almeida et al., 2014) as well as ability to inhibit the
sprouting of potatoes (Hartmans et al., 1995).
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Table 1. Chemical composition of the essential oil of Carum carvi L. seed

N  Compound® RI" RI Identification® Percentage
1 B-Myrcene 991 991 RI, MS, Col 0.22
2 D-Limonene 1012 1014 RI, MS, Col 20.70
3 B-Ocimene 1101 1097 RI, MS, Col 0.09
4 Oxyde de limonene 1132 1133 RI, MS 0.34
5 Cis-dihydrocarvone 1169 1172 RI, MS 0.75
6 Neodihydrocarveol 1170 1177 RI, MS 0.63
7 Trans-dihydrocarvone 1178 1175 RI, MS 0.15
8 Carveol 1203 1197 RI, MS 0.38
9 Carvone 1252 1240 RI, MS, Col 75.64
10  Perillal 1287 1294 RI, MS 0.55
11 Caryophyllene 1411 1419 RI, MS, Col 0.09
12 Germacrene D 1508 1477 RI, MS, Col 0.20
Monoterpene hydrocarbons 21.01
Oxygenated monoterpene 78.44
Sesquiterpenes 0.29
Total 99.74

? Compounds listed in order of elution from HP-5MS column.

PRetention indices relative to C8 — C22 n-alkanes on HP-5MS column.

¢ Retention indices according to Adams (1995)

4 Percentage (mean of three analyses) based on FID peak area

¢ RI: Retention indices relative to C8 — C22 n-alkanes on HP-5MS column, MS: mass spectrum, Col: co-

injection with authentic compounds (Fluka Chemika).

Identification of the spoilage microflora of potato
The identification of microorganisms from different samples of the healthy potatoes and those

pigmented in pink allowed us to highlight two categories of microorganisms: bacteria and fungi. The
characterization of this microflora made it possible to detect a difference between the samples of tested
potatoes (Table 2). Among the isolated bacteria, Enterobacter cloacae was identified in the two types of
potato but with different percentages: 100% (sound potato), 10% (infected potato). The genus Citrobacter
was present only in the pigmented potato tubers with 80% relating to the species Citrobacter freundii and

10% to the species Citrobacter braakii.
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Table 2. Sprouts isolated from samples of sound and pink pigmented potatoes.

Families Sound potato Pink pigmented potato

Enterobacter cloacae (10%)
Enterobacteria  Enterobacter cloacae (100 %)  Citrobacter braakii (10%)
Citrobacter freundii (80%)

Aspergillus clavatus
Yeasts and molds Rhodotorula minuta Phytophthora infestans

Fusarium oxysporium

With regard to yeasts and molds, Rhodotorula minuta species was identified only in sound potato tubers
and three genera of molds were identified in pigmented potatoes: Aspergillus, Phytophthora and Fusarium.
Microscopic analysis of the molds allowed us to identify mold species that corresponds to Aspergillus
clavatus, Phytophthora infestans and Fusarium oxysporum. The presence of these pathogens in infected
tubers during storage may be linked to the contamination of potato seeds and soil (Powelson and Rowe,
2008).

Antimicrobial activity of the essential oil of Carum carvi L. seed
The antimicrobial activity of the caraway essential oil was tested against two Gram-negative bacteria

strains: Citrobacter Freundii, Citrobacter braakii, and three fungal species: Aspergillus clavatus,
Phytophthora infestans and Fusarium oxysporum, isolated from the infected potatoes. The caraway
essential oil shows notable inhibitory effects against all the studied microorganisms (Table 3). We note that
this effect depends on the strain and the dose of used essential oil. According to Hassan et al. (2006) an

inhibition zone diameter more than 10 mm means that an antimicrobial effect is proved.

Table 3. Diameters of inhibition zones (mm) for the different tested strains

Volume of essential oil (ul)

10 20 50 100
Citrobacter freundii 12.0 14.0 18.0 22.0
Citrobacter braakii 6.0 6.0 10.0 14.0
Aspergillus clavatus 15.0 16.0 20.0 22.0
Phytophthora infestans 10.0 12.0 14.0 18.0
Fusarium oxysporium 6.0 8.0 9.0 13.0

The Citrobacter freundii strain shows the important inhibition zone diameters than those of

Citrobacter braakii. In fact, C. braakii resisted to caraway essential oil action up to a dose of 50 pl (D =10
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mm), dissimilar to C. freundii which was inhibited from the lowest dose of EO which was 10 pl (D = 12
mm). The founded results are consistent with those of Roy et al. (2010) who showed that caraway EO has
antibacterial activity against Gram- and Gram+ bacteria and more particularly against enterobacteria.

Among fungal species, Aspergillus clavatus was the most sensitive strain, followed by
Phytophthora infestans and Fusarium oxysporium (Table 3). At a maximum dose of 100 ul caraway EO,
the samples show inhibition zone diameters of 22, 18 and 13 mm, respectively.

This results confirm those obtained by Gémez-Castillo et al. (2013), who founded that the treatment
of potato tubers with essential oils, including Carum carvi L. oil, reduce the proliferation of pathogenic
microorganisms during storage, particularly molds. Moreover, this oil has been selected as a potent inhibitor
of potatoes sprouts (Afify et al., 2012; Gémez-Castillo et al., 2013; Sanli and Karadogan, 2019).

The antimicrobial activity of caraway seed essential oil may be attributed to carvone and other
monoterpenes, mainly limonene, which act as antiseptics, anti-inflammatories, antivirals, and
antimicrobials. Many previous papers have shown that these two compounds have excellent antibacterial
and antifungal properties (Roy et al. 2010 ; Esfandyari-Manesh et al., 2013). Notably, a degree of synergy

between the majority and minority constituents of the caraway seed essential oil is possible.

Conclusion
The chemical composition analysis of caraway seeds essential oil, obtained with hydrodistillation, reveals

that 99.74% of the constituents were identified. The main compound in this oil was carvone (75.64%),
followed by limonene (20.70%). Due to its chemical composition, which is rich in monoterpene
compounds, Carum carvi L. essential oil is effective against all strains of bacteria and molds isolated from
infected potato (pink-pigmented), notably against Citrobacter freundii and Aspergillus clavatus. Thus,
Caraway seeds essential oil can be used as a preservative to prevent contamination of potatoes due to the

presence of enterobacteria and mold.

References
Abd El-Azeim, M. M., Sherif, M. A., Hussien, M. S., Tantawy, I. A. A., & Bashandy, S. O. (2020). Impacts

of nano- and non-nanofertilizers on potato quality and productivity. Acta Ecologica Sinica, In press.

Afify AEMR, El-Beltagi HS, Aly AA, El-Ansary AE (2012) Antioxidant enzyme activities and lipid
peroxidation as biomarker for potato tuber stored by two essential oils from caraway and clove and its main
component carvone and eugenol. Asian Pacific Journal of Tropical Biomedicine, S772-S780.

Agrahari, P., & Singh, D. (2014). A review on the pharmacological aspects of Carum carvi L. Journal of
Biology and Earth Sciences, 4(1), 1-13.

100



Chemia Naissensis, Vol 3, Issue 1, RESEARCH ARTICLE, 92-102

Al-Snafi, A. (2015). The chemical constituents and pharmacological effects of Capparis spinosa— an
overview. Indian Journal of Pharmaceutical Sciences, 5(2)(7), 2-82.

Assami, K., Pingret, D., Chemat, S., Meklati, B. Y., & Chemat, F. (2012). Ultrasound induced
intensification and selective extraction of essential oil from Carum carvi L. seeds. Chemical Engineering
and Processing: Process Intensification, 62, 99—-105.

Cushine, T.P.T, & Lamb, A J., (2005). Antimicrobial activity of flavonoids. International Journal of
Antimicrobial Agents, 26, 343 — 356.

Esfandyari-Manesh, M., Ghaedi, Z., Asemi, M., Khanavi, M., Manayi, A., Jamalifar, H., Atyabi, F., &
Dinarvand, R. (2013). Study of antimicrobial activity of anethole and carvone loaded PLGA nanoparticles.
Journal of Pharmacy Research, 7(4), 290-295.

Essaidi, ., Ben Haj Koubaier, H., Snoussi, A., Casabianca, H., Chaabouni, M.M., & Bouzouita N. (2014).
Chemical Composition of Cyperus rotundus L. Tubers essential oil from the South of Tunisia, antioxidant
potentiality and antibacterial activity against foodborne pathogens. Journal of Essential Oil Bearing Plants,
17 (3), 522 — 532.

FAO (2016). Food and Agriculture Organization of the United Nations FAOSTAT. 2016.
http://www.fao.org/faostat/en/#home.

Gbmez-Castillo, D., Cruz, E., Iguaz, A., Arroqui, C., & Virseda, P. (2013). Effects of essential oils on
sprout suppression and quality of potato cultivars. Postharvest Biology and Technology, 82, 15-21.
Hartmans, K.J., Diepenhorst, P., Bakker, W., & Gorris, L. G. (1995). The use of carvone in agriculture:
sprout suppression of potatoes and antifungal activity against potato tuber and other plant diseases.
Industrial Crops and Products, 4(1), 3-13.

Hassan, S.W., Umar, R.A, Lawal, M., Biblis L.M., Muhammed, B.Y., Dabai, Y.U. (2006). Evaluation of
antibacterial activity and phytochemical analysis of root extracts of Boxia angustifolia. African Journal of
Biotechnology, 5 (18), 1602-1607.

Hwang, J.I., Zimmerman, A. R., & Kim, J.-E. (2018). Bioconcentration factor-based management of soil
pesticide residues: Endosulfan uptake by carrot and potato plants. Science of the Total Environment, 627,
514-522.

Karamese, M., & Ozgiir, D. (2020). The antibacterial and antifungal activities of commonly used herbal
oils. International Journal of Clinical and Experimental Medicine, 37(2), 47-51

Kazemipoor, M., Hamzah, S., Hajifaraji M, Radzi, C., & Cordell, G. (2016). Slimming and Appetite-
Suppressing Effects of Caraway Aqueous Extract as a Natural Therapy in Physically Active Women.
Phytotherapy Research, 30(6), 981-987.

Larkin, R.P. (2016). Impacts of biocontrol products on Rhizoctonia disease of potato and soil microbial

communities, and their persistence in soil. Crop Protection, 90, 96 — 105.

101



Chemia Naissensis, Vol 3, Issue 1, RESEARCH ARTICLE, 92-102

Laribi, B., Kouki, K., Bettaieb, T., Mougou, A., & Marzouk, B. (2013). Essential oils and fatty acids
composition of Tunisian, German and Egyptian caraway (Carum carvi L.) seed ecotypes: A comparative
study. Industrial Crops and Products, 41, 312-318

Lasram, S., Zemnia, H., Hamdia, Z,. Chenenaoui, S., Houissa, H., Tounsi, M. S., & Ghorbel, A. (2019).
Antifungal and anti aflatoxinogenic activities of Carum carvi L., Coriandrum sativum L. seed essential oils
and their major terpene component against Aspergillus flavus. Industrial Crops and Products, 134, 11-18.

Powelson, M. L., & Rowe, R. C. (2008). Managing diseases caused by seedborne and soilborne fungi and
fungus-like pathogens. Potato Health Management, 2183-2195.

Robertson, T. M., Alzaabi, A. Z., Robertson, M. D., & Fielding, B. A. (2018). Starchy carbohydrates in a
healthy diet: the role of the humble potato. Nutrients, 10(11), 1764.

Roy, S.D., Tharkur, S., Negi, A., Kumari, M., Sutar, N., & Jana, G.K. (2010). In vitro antibiotic activity of
volatile oils of Carum carvi L. and Coriandrum stavium. International Journal of Chemical and Analytical
Science, 1(7), 149-150

Saghir, M., Sadiq, S., Nayak, S., & Tahir, M. (2012). Hypolipidemic effect of aqueous extract of Carum
carvi (black Zeera) seeds in diet induced hyperlipidemic rats. Pakistan Journal of Pharmaceutical Sciences,
25(2), 333-337.

Sanli, A., & Karadogan, T. (2019). Carvone containing essential oils as sprout suppressants in potato
(Solanum tuberosum L.) tubers at different storage temperatures. Potato Research.

Sharma, N., Tiwari, D., & Singh, S. (2014). The efficiency appraisal for removal of malachite green by
potato peel and neem bark: isotherm and kinetic studies. International Journal of Chemical and
Environmental Engineering, 5(2), 83-88.

Zhang, Z., Vriesekoop, F., Yuan, Q., & Liang, H. (2014). Effects of nisin on the antimicrobial activity of

d-limonene and its nanoemulsion. Food Chemistry, 150, 307-312.

102



Chemia Naissensis, Vol 3, Issue 1, RESEARCH ARTICLE, 103

In vitro anti-mikrobna aktivnost etarskog ulja semena Carum carvi L. protiv

kvarenja ruzi¢astog krompira

Ahmed Snusi'?, Hajet Ben Haj Kubajer 2, Susen Bikida'?, Ismahen Esaidi’, Faten KaSuri!

and Nabiha Buzuita !

1- Univerzitet u Kartagini, Visa skola industrije hrane Tunisa, 58 Alain Savary Avenue,
Kartagina 1003, Tunis

2- Tunis El Manar Univerzitet, Fakultet prirodnih nauka u Tunisu, Laboratorija za strukturnu
organsku hemiju: hemijska sinteza i fizicko-hemijska analiza, Tunis 2092, Tunis

3- Univerzitet u Susu, Visi agronomski Institut Cot Merijem, Sus 4042, Tunis

Sazetak

Tema naSeg istrazivanja je ispitivanje mogucnosti primene etarskog ulja iz semena Carum carvi L. kao
bioloske supstance za kontrolisanje rasta mikroba koji izazivaju kvarenje krompira u toku skladiStenja.
Hemijski sastav etarskog ulja semena kima, analiziranog GC-MS i gasnom hromatografijom kori$¢enjem
FID detektora (engl. GC-MS), sadrzi dvanaest jedinjenja, gde je karvon glavno jedinjenje (75.64% od
ukupnog ulja). Uporedivanje mikrobnog profila razli¢itih uzoraka krompira pokazalo je prisustvo roda
Citrobacter i tri razliCita roda gljiva: Aspergillus, Phytophthora i Fusarium samo za kontaminirane
krompirove krtole sa unutrasnjom roze pigmentacijom. Dakle antimikrobna aktivnost etarskog ulja semena
kima ispitivana je na ove sojeve. Antimikrobna aktivnost ulja na izolovane sojeve procenjena je
kori$¢enjem agar difuzne metode koris¢enjem razli¢itih zapremina (10, 20, 50 and 100 pl). Svi testirani
sojevi inhibirani su etarskim uljem semena kima na naéin koji je zavisan od doze. Dobijeni rezultati sugerisu
koris¢enje Carum carvi L. kao obecavajuce prirodne supstance za ocuvanje krompira metodom kontaktne

pare.

Kljucne reci: krompir, etarsko ulje, Carum carvi L., semenke, antimikrobna aktivnost,
enterobakterije, gljive
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Résumé

Cette étude consiste a évaluer la capacité I'huile essentielle de graines de Carum carvi L. a étre utilisée
comme substance biologique pour contréler la croissance des germes d'altération dans les pommes de terre
pendant le stockage. La composition chimique de I'huile essentielle de graines de carvi, analyseée par GC-
MS et par chromatographie en phase gazeuse avec détecteur a ionisation de flamme (GC-FID), a conduit a
I'identification de 12 composés, représentée essentiellement par le carvone avec un pourcentage de 75.64%
de la composition totale. La comparaison des profils microbiens de différents échantillons de pommes de
terre a montré la présence du genre Citrobacter et de trois genres de champignons distincts: Aspergillus,
Phytophthora et Fusarium uniquement pour les échantillons de pomme de terre pigmentés en rose. Ainsi,
I'activité antimicrobienne de I'huile essentielle de graines de carvi a été étudiée contre ces souches. L'activité
antimicrobienne de I'huile contre les souches isolées a été évaluée par la méthode de diffusion sur gélose
en utilisant différents volumes (10, 20, 50 et 100 ul). Toutes les souches testées ont été inhibées par I'huile
essentielle de graines de carvi d'une maniére dose-dépendante. Les résultats obtenus suggerent I'utilisation
de Carum carvi L. comme substance naturelle prometteuse pour la conservation des pommes de terre par
la méthode de la vapeur de contact.

Mots clés : Pomme de terre, Huile essentielle, Graines Carum carvi L., Activité antimicrobienne,

Enterobactéries, Champignons
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AHHOTAIMA

[enpro TaHHOTO UCCIIEIOBAHUS SBISIETCS] OIIEHKA BO3MOXKHOCTH HCIOJIB30BaHUs d(DUPHOTO Macia CeMSH
Carum carvi L. B kauecTBe OMOJIOIMMYECKOr0 BEIECTBA ISl KOHTPOJISA POCTa MUKPOOOB Iopun KapTodes
BO BpeMsl XpaHCHUs. XUMHUYECKHH COCTaB 3(HUPHOTO Maciia CeMsH TMHHA, MPOAHAJIM3HPOBAHHBIA C
romompio I'X-MC u razoBoit xpomarorpaduu ¢ IiaMeHHO-HOHM3AMUOHHEIM jaerekropoM (I'X-TTJT),
MpHBeEN K WACHTH(GUKAINY JBEHAAATH COSMHEHI, U3 KOTOPBIX KapBOH OBUT OCHOBHBIM, C TIPOIEHTHBIM
conepxanueM 75.64% ot obmiero coxepkanus. CpaBHeHHEe MUKPOOHBIX POQHIIe pa3TMIHbIX 00pa3ioB
kapTodens mokaszano mpucytcrBue pona Citrobacter m Tpex pa3muyHbIX pojoB TpuboB: Aspergillus,
Phytophthora m Fusarium Tompko amsi 3arpsi3HEHHBIX KiyOHEH KapTodens ¢ BHYTpeHHEH pO30BOH
nurMenTaneit. Takum oOpazom, Oblla M3ydeHa aHTUMUKPOOHAsi aKTUBHOCTH 3(pUPHOTO Maciia TMHHA B
OTHOIICHUH 3THX MITAMMOB. AHTHMHUKPOOHYIO aKTHBHOCTh MAclia B OTHOIICHUH BBIICICHHBIX IITAMMOB
OIIEHHUBAIH METOAOM MU((dy3UH B arap ¢ MCIOJIb30BaHUEM pa3InIHbIX 00peMoB (10, 20, 50 u 100 mxur).
Bce ncnpITaHHBIC MITAMMBI JJO303aBUCHMO TIOJABIISUTM dPUPHOE Maclio TMUHA. [loydeHHbIe pe3yIbTaThl
MpearnoNaraloT ucrnonb3oBanue Carum carvi L. Kak MepCreKTUBHOTO MPUPOJHOTO BEIIECTBA JUIS

KOHCCPBUPOBAHUA KapTO(i)eJ'IH KOHTAKTHBIM IIapOBBIM MCTOJOM.

Knrouesvie cnosa: xapmoghens, sgpupnoe macno, cemena Carum carvi L., anmumukpooOHas

AKMueHocCcm»s, 3Hmepo6al<mepuu, Zpu6bl
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ABSTRAKT
Das Ziel dieser Forschung ist es, die Moglichkeit zu untersuchen, das atherische Ol aus den Samen von

Carum carvi L als biologische Substanz dafur zu werwenden, das Wachstum von Verderbniskeimen in
Kartoffeln wahrend der Lagerung zu kontrollieren. Die chemische Zusammensetzung des &therischen Ols
aus  Kummelsamen, analysiert durch GC-MS und durch  Gaschromatographie  mit
Flammenionisationsdetektor (GC-FID), fuhrte zur ldentifizierung von zwolf Verbindungen, wobei die
Hauptverbindung Carvon war (mit einem Prozentsatz von 75.64% des Gesamtdls). Der Vergleich der
mikrobiellen Profile verschiedener Kartoffelproben ergab das Vorhandensein der Gattung Citrobacter und
drei verschiedene Pilzgattungen: Aspergillus, Phytophthora und Fusarium nur flr kontaminierte
Kartoffelknollen mit der inneren rosa Pigmentierung. Daher wurde die antimikrobielle Aktivitat des
4therischen Kiimmeléls gegen diese Stimme untersucht. Die antimikrobielle Aktivitat des Ols gegen die
isolierten Stdimme wurde durch das Agardiffusionsverfahren unter Verwendung verschiedener Volumina
(10, 20, 50 und 100 pl) bewertet. Alle getesteten Stdmme wurden dosisabhéngig durch atherisches
Kimmel6dl inhibiert. Die erhaltenen Ergebnisse legen die Verwendung von Carum carvi L. als
vielversprechende natiirliche Substanz zur Konservierung von Kartoffeln nach der Kontaktdampf-Methode

nahe.

Schliisselwérter: Kartoffel, dtherisches Ol, Samen von Carum carvi L., antimikrobielle Aktivitdt,

Enterobakterien, Pilze
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ABSTRACT
The aim of this paper was to determine whether the addition of some ingredients to the same grape brandy

after distillation affects the chemical composition of the volatile components by applying the gas
chromatography coupled with mass spectrometry (GC-MS). Five samples were subjected to this study and
a total of 57 compounds were identified. For all examined samples, esters were the most dominant class of
compounds, but in different proportions. Ethyl decanoate was the most abundant compound in the sample
L1 (grape brandy kept in an oak barrel) with the contribution of 29.1%, followed by ethyl octanoate (17.2%)
and ethyl dodecanoate (14.8%). Sample L2 (grape brandy with summer truffles) was dominated by »-
hexanol and ethyl lactate with similar contribution (18.1% and 17.8%, respectively). On the other hand, in
the sample L3 (grape brandy with winter truffles) ethyl lactate was present with the contribution 44.8%.
The dominant compounds in sample L4 (grape brandy with grains of coffee and dried grapes) were ethyl
decanoate with contribution of 14.8% and phenyl ethyl alcohol (12.5%), while the two main volatiles of
the sample L5 (grape brandy with young green walnuts) were diethyl succinate (22.9%) followed by ethyl
lactate (21.9%). The results obtained in this study on volatile aromatic compounds in the analyzed grape
brandies suggest that addition of some ingredients to the same grape brandy after distillation affects the

chemical composition in both the number of aromatic compounds and their relative content.

Keywords: grape brandy, chemical composition, volatiles, GC-MS

* Stamenkovic Jelena, jelena.stamenkovic@pmf.edu.rs, Department of Chemistry, Faculty of Sciences
and Mathematics, University of Nis, Visegradska 33, 18000 Nis, Serbia

107


mailto:author1@chem.ac.rs
mailto:gocast@pmf.ni.ac.rs

Chemia Naissensis, Vol 3, Issue 1, RESEARCH ARTICLE, 107-116

Introduction
Fruit spirits are popular alcohol beverages due to their unique flavour and very often they represent

the national drink of the country. Rakija is the collective term for fruit brandy popular in the Balkans and it
can be made from all fruit species containing sugar from which alcohol is produced during alcoholic
fermentation. The best fruits to produce rakija are plums, cherries, apples, pears, apricots and quinces. In
some countries, as well as in Serbia, rakija can also be made from grapes; there are two different types of
grape spirits: “loza” — obtained through fermentation and distillation of the whole non-strained mash of
grapes and “komova rakija” — the spirits where the grape pomace (grape residues) that is left over from
winemaking is used as base.

Normally, rakija is colourless, unless herbs or other ingredients are added. Some types of rakija
are kept in wooden barrels (oak or mulberry) for extra aroma and a golden colour, while sometimes plum
and grape rakija are mixed with other ingredients, such as herbs, honey, sour cherries and walnuts, during
the fermentation process and during the distillation or after that.

The main ingredients of these beverages are water and ethanol, and they account around 99% of
the total content of the spirits but there are hundreds of different compounds, so-called congeners, present
in very low concentrations that are responsible for the differences between spirits obtained from different
fruits. It is well known that the chemical composition depends on the cultivar used for the production
(Biernacka and Wardencki, 2012; Coldea et al., 2011; Hernandez-Gomez et al., 2005), grape processing
method (Radeka et al., 2008), fermentation procedure (MatijaSevi¢ et al., 2019; Soufleros et al., 2005),
distillation technique (Arrieta-Garay et al., 2013; Luki¢ et al., 2011a; Madrera and Alonso, 2012; Matias-
Guiu et al., 2016; Spaho, 2017), use of post distillation processes and maturation of the spirits (Madrera et
al., 2003; Tsakiris et al., 2014). The aim of this paper was to determine whether the addition of some
ingredients to the same grape brandy after distillation affects the chemical composition of the volatile

components by applying the gas chromatography coupled with mass spectrometry (GC-MS).

Experimental
Five samples were analyzed. All the analyzed samples were homemade grape brandies produced

by traditional method. First sample (L1) was grape brandy kept in an oak barrel, the second sample (L2)
being grape brandy kept in an oak barrel to which summer truffles (100 - 200 g truffles per liter of fresh
brandy) were added and which stood in brandy for about 3 months, the third sample (L3) was grape brandy
to which winter truffles (100 - 200 g truffles per liter of brandy) were added and which stood in brandy for
about a month, the fourth sample (L4) was grape brandy kept in an oak barrel to which was then added 40

grains of coffee and 10 grains of dried grapes, per liter of brandy, and which stood in brandy for about 6
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months and the fifth sample (L5) was grape brandy to which was then added 40 young green walnuts per
liter of brandy and left in the dark for a month and then filtered.

Isolation of esters from rakija

Eighty milliliters of spirits were mixed with 80 mL of distilled water and 40 mL of CH2Cl in a 300
mL conical flask. Eight grams of NaCl was added and the mixture was stirred on a magnetic stirrer for 30
min. The layers were separated into a separating funnel and the organic layer was dried above of anhydrous
MgSO.. The extract was concentrated to 1 mL on a vacuum evaporator and directly analyzed by gas

chromatography- mass spectrometry (GC-MS) (TeSevi¢ et al., 2005).

GC-MS analysis

GC-MS analyses were performed on an Agilent 7890 gas chromatograph with 7000B GC-MS-MS
triple quadrupole system, operating in MS1 scan mode, and equipped with a fused-silica capillary column
Agilent HP-5 MS (30 m x 0.25 mm i.d. x 0.25 um film thickness). The chromatographic analyses were
carried out in the following conditions: He as a carrier gas at a flow rate of 1.0 mL/min, GC oven
temperature was kept at 50 °C for 2.25 min and programmed to 290 °C at a rate of 4 °C/min. One pL of the
concentrated extract was injected at split ratio 40:1. The injector and interface operated at 250 and 300°C,
respectively. Post run: back flash for 1.89 min, at 280 °C, with helium pressure of 50 psi. lonization mode
was electronic impact at 70 eV. Mass range was set from 40 to 440 Da.

The percentage amounts of the separated compounds were calculated from the total ion

chromatogram.

Identification of volatile compounds
Components were identified by comparison of their mass spectra with those of Wiley 6, Adams

(2007), NIST 11 and Essential oils libraries, applied on Agilent Mass Hunter Workstation (B.06.00) and
AMDIS (2.1, DTRA/NIST, 2011) software and confirmed by comparing of calculated retention indexes

(relative to Cs-Cs2 n-alkanes) with the literary values of the retention indices.

Results and Discussion
The individual and mean values for each volatile found in all four samples are presented in Table

1. In the samples that were subjected to this study a total of 57 compounds were identified that belong to
different groups, eight of them were found to be common to all. For all examined samples, esters were the
most dominant class of compounds, but in different proportions. Esters are formed during the alcoholic

fermentation and they represent the most common class of compounds that contribute to the aroma in the
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brandy (Ferrari et al., 2004; Silva and Malcata, 1999; Soufleros et al., 2001). The ethyl esters were the most
dominant class of the esters identified in our samples and according to the literature they are produced
during raw material fermentation and their content may increase or decrease during ageing (Genovese et
al., 2013; Mamede et al., 2005; TeSevi¢ et al., 2005). Grape brandy that was kept in an oak barrel (L1)
could be distinguished from the other samples by the highest relative amount of esters (89.1%). Among
these, ethyl decanoate was the most abundant with the contribution of 29.1%, followed by ethyl octanoate
(17.2%) and ethyl dodecanoate (14.8%). These compounds are produced during the raw material
fermentation (Silva and Malcata, 1998) and they are contributing to the fruity and flowery smells at their
relatively high levels (Madrera et al., 2013). Sample L2 was dominated by n-hexanol and ethyl lactate with
similar contribution (18.1% and 17.8%, respectively). According to the literature, n-hexanol is originating
only from raw material (Soufleros et al., 2004) and it is denominated as a rough indicator of the pressing
degree (Lukic¢ et al., 2011b) which presence can be associated with flower and herbaceous aromas. On the
other hand, in the sample L3 ethyl lactate was present with the contribution 44.8% and it is considered to
give the distillates a buttery flavour and smell of rancid butter and its presence can be linked to a malolactic
fermentation (Léauté, 1990). The dominant compounds in sample L4 were ethyl decanoate with
contribution of 14.8% and phenyl ethyl alcohol (12.5%) which is an aromatic alcohol and has a rose-like
odour. Out of 28 compounds that were identified in the sample L4, 7 were exclusive to this sample. The
most significant was caffeine which represented 7.1% of the sample. Caffeine is a purine alkaloid that
occurs naturally in coffee beans. Alcoholic beverages (in our case-grape brandy) normally do not contain
caffeine, so the presence of the caffeine in this sample is because it was extracted from the grains of coffee
during the process of maceration. The two main volatiles of the sample L5 were diethyl succinate (22.9%)
which gives a camphor-like character (Ferreira et al., 1999) and according to the literature derives mainly
from bacterial spoilage (Karagiannis and Lanaridis, 2002), followed by ethyl lactate (21.9%). Among 27
components identified in this sample, five of them were detected only in this sample. Syringic acid (10.5%)
is a phenol present in some distilled alcohol beverages and the presence of this compound only in sample
L5 according to the previously published results (Colaric et al., 2005; Cosmulescu et al., 2010) lead us to
the conclusion that it comes from young nuts that have been added. Another compound worth mentioning
was juglone, which is a well-known component of walnut (Cosmulescu et al., 2010; Prasad, 2003; Stampar
et al., 2006).

Table 1. Chemical composition of grape brandy volatiles.

Content %

No | RI RN Compound L1 L2 L3 L4 L5
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1 765 | 762 | Pentanol 0.6 - - - -

2 775 | 778 | Ethyl butanoate 0.7 0.4 0.6 0.3 -

3 794 | 798 | Ethyl lactate 4.3 17.8 | 448 | - 21.9
4 | 805 |827 | 3-Methylhexan-3-ol - 3.5 - - -

5 |810 |815 | Furfural 04 |03 |- 0.7 |-

6 828 | 839 | Ethyl 2-methylbutyrate - 2.8 1.4 - -

7 840 | 846 | 2-Methylbutanoic acid - 2.8 2.1 - -

8 |852 |858 | m-Hexanol 0.8 18.1 |85 1.7 -

9 861 | 867 | Isopentyl acetate 0.4 2.1 0.9 0.3 2.2
10 | 948 | 955 | 1,1-Diethoxy-3-methyl-butane - 0.6 - - 0.3
11 | 954 | 959 | Benzaldehyde - - 1.2 8.6 -
12 | 960 | 968 | Ethyl 2-hydroxyisovalerate - - 0.5 - -
13 | 968 | 977 | 1-(1-ethoxyethoxy)-Pentane - 0.4 - 0.3 0.7
14 | 995 | 997 | Ethyl hexanoate 2.3 0.4 0.9 0.8 1.0
15 | 1024 | 1024 | Limonene - - - 4.4 -
16 | 1030 | 1034 | Benzyl alcohol - - - 0.6 0.6
17 | 1054 | 1062 | Ethyl 2-hydroxyhexanoate - 0.4 1.1 - 0.5
18 | 1069 | 1067 | cis-Linalool oxide 0.4 0.5 - - 0.5
19 | 1085 | 1084 | trans-Linalool oxide - - - 0.4 0.3
20 | 1096 | 1095 | Linalool 08 |- - - 0.3
21 | 1100 | 1100 | n-Nonanal 0.4 - - 0.4 -
22 | 1110 | 1115 | Phenyl ethyl alcohol 3.0 7.3 6.2 125 | 9.3
23 | 1164 | 1163 | 4-Ethyl-phenol - - - - 2.2
24 | 1167 | 1169 | Ethyl benzoate - 1.2 2.2 3.8 -
25 | 1175 | 1170 | Octanoic acid - 4.6 1.2 - -
26 | 1177 | 1181 | Diethyl succinate 3.0 - 2.7 - 22.9
27 | 1188 | 1186 | a-Terpineol 0.5 - - 0.2 -
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28 | 1189 | 1188 | 2-Methoxy-p-cresol - 0.3 - - -
29 | 1193 | 1194 | Ethyl octanoate 172 | 1.9 4.2 5.7 4.1
30 | 1225 | 1246 | Benzaldehyde diethylacetal - - - 3.2 -
31 | 1241 | 1243 | Benzene acetic acid, ethyl ester - 0.8 0.5 - -
32 | 1254 | 1254 | 2-Phenyl ethyl acetate - - - - 04
33 | 1276 | 1280 | 4-Ethyl-2-methoxy-phenol - - - - 1.0
34 | 1292 | 1295 | Nonanoic acid, ethyl ester 0.4 - - 0.3 -
35 | 1346 | 1347 | Triacetin - - 1.0 - -
36 | 1355 | 1356 | Eugenol - - - 0.5 -
37 | 1370 | 1364 | Decanoic acid 2.1 4.0 0.9 - 2.4
38 | 1381 | 1381 | n-Nonanal diethyl acetal - - - 0.5 -
39 | 1392 | 1392 | Ethyl decanoate 29.1 | 4.2 7.1 148 | 4.1
41 | 1396 | 1393 | Vanillin - - - 0.3 -
42 | 1465 | 1467 | Ethyl-(2E,4Z)-decadienoate - 2.3 1.4 - -
43 | 1498 Juglone - - - - 1.8
44 | 1561 | 1565 | Dodecanoic acid 0.3 0.2 - - 0.4
45 | 1570 | 1569 | y-Undecalactone - - - - -
46 | 1590 | 1593 | Ethyl dodecanoate 148 | 1.1 2.1 7.6 1.0
47 | 1640 | 1641 | Isoamyl decanoate 0.7 - - - -
48 | 1657 | 1655 | Syringaldehyde - - - 1.1 -
50 | 1789 | 1795 | Ethyl tetradecanoate 2.3 - - - -
51 | 1817 | 1823 | Syringic acid - - - - 10.5
52 | 1841 | 1842 | Caffeine - - - 7.1 -
53 | 1967 | 1977 | Ethyl 9-hexadecenoate 0.9 - - 0.2 -
54 | 1988 | 1193 | Ethyl hexadecanoate 7.2 1.6 2.0 4.7 0.5
55 | 2156 | 2163 | Ethyl linoleate 2.7 4.9 1.7 2.0 0.3
56 | 2162 | 2169 | Ethyl oleate - 1.7 1.2 - -
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57 | 2162 | 2173 | Linolenic acid, ethyl ester 3.1 - - 1.5 -
Number of constituents 25 27 24 28 24
Total identified 984 |86.2 |96.4 |845 |89.2
Alcohols 4.4 28.9 | 147 (148 |99
Esters 89.1 |43.6 | 753 |420 |589
Others 4.9 13.7 | 6.4 27.7 | 204

Compounds listed in order of elution on a HP-5 MS column. RI: experimentally determined retention indices on the
mentioned column by co-injection of a homologous series of n-alkanes Cg-Csz; RN: NIST Chemistry WebBook
Retention indices; -: not detected. Samples: L1-grape brandy kept in an oak barrel; L2-grape brandy kept in an oak
barrel with summer truffles; L3- grape brandy with winter truffles; L4-grape brandy kept in an oak barrel with coffee
grains of dried grapes; L5-grape brandy with young green walnuts.

Conclusion
The results obtained in this study on volatile aromatic compounds in the analyzed grape brandies

suggest that addition of some ingredients to the same grape brandy after distillation affects the chemical
composition in both the number of aromatic compounds and their relative content. Ethyl esters from middle-
chain fatty acids (octanoic, decanoic and dodecanoic) which make up over 60% of the samples L1 are
contributing to the fruity and flowery smells of the sample. The volatile composition of the samples L2 and
L3 was qualitatively rather similar, so their quite distinct organoleptic characteristics can be attributed to
the differences between their volatile concentrations. The herbaceous odour of sample L2 can be explained
by the domination of the r-hexanol. On the other hand, ethyl lactate which was the most abundant
compound in the sample L3 is considered to give the distillates a buttery flavour and smell of rancid butter.
Ethyl decanoate and phenyl ethyl alcohol are responsible for a fruity and rose-like odour of the sample L4,
while the dominant presence of diethyl succinate gives a camphor-like character of the sample L5. Also,
for samples L1, L2 and L4 it has been observed the presence of furfural which can be explained by the fact
that these samples were kept in the oak barrel (while the samples L3 and L5 were not), since there are some
studies that reports that volatile compounds extracted from the barrel wood are mainly furanic and phenolic

compounds.
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Sazetak

Cilj ovog rada bio je ispitivanje hemijskog sastava isparljivin komponenti rakije od grozda kojoj su nakon
destilacije dodati razliciti sastojci primenom gasne hromatografije sa masenom spektrometrijom (GC-MS).
U ovom istraZivanju ispitivan je hemijski sastav pet uzoraka pri ¢emu je identifikovano ukupno 57 razli¢itih
jedinjenja. U svim ispitivanim uzorcima estri su bili najdominantnija klasa jedinjenja, ali u razli¢itim
procentima. Utvrdeno je da su etil-dekanoat (29.1%), etil-oktanoat (17.2%) i etil-dodekanoat (14.8%) bili
glavni isparljivi sastojci uzorka L1 (rakija od grozda koja je ¢uvana u hrastovom buretu). Kao glavni
isparljivi sastojci uzorka L2 (rakija sa dodatkom letnjih tartufa) nadeni su n-heksanol i etil-laktat koji su u
ovom uzorku identifikovani sa slicnim sadrzajem (18.1%, odnosno 17.8%). Sa druge strane, uzorak L3
(rakija sa zimskim tartufima) bio je okarakterisan znacajno vecom zastupljeno$cu etil-laktata (44.8%).
Glavne komponente identifikovane u uzorku L4 (rakija sa dodatkom zrna kafe i suvog grozda) su bili etil-
dekanoat (14.8%) i fenil etil-alkohol (12.5%), dok su dietil-sukcinat (22.9%) i etil-laktat (21.9%) dva glavha
isparljiva sastojka identifikovana u uzorku L5 (rakija kojoj su dodati mladi zeleni orasi). Rezultati su
pokazali da dodavanje razliCitih sastojaka istoj grozdanoj rakiji nakon destilacije uti¢e na hemijski sastav
isparljivih komponenti, tj. da se broj aromati¢nih jedinjenja i njihov relativni sadrzaj razlikuju u zavisnosti
od dodatih sastojaka.

Kljucne reci: rakija od grozda, hemijski sastav, isparljiva jedinjenja, GC-MS

* Stamenkovic Jelena, jelena.stamenkovic@pmf.edu.rs, Departman za hemiju, Prirodno-matematicki
fakultet, Univerzitet u Nisu, Visegradska 33, 18000 Nis, Srbija
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Résumé

L’objectif de cet article était de déterminer si 1’ajout de certains ingrédients a la méme eau-de-vie de raisin
aprés la distillation affecte la composition chimique des composants volatils en appliquant la
chromatographie en phase gazeuse couplée a la spectrométrie de masse (GC-MS). Au cours de cette
recherche, les cing échantillons ont été soumis a cette étude et au total 57 composés ont été identifiés. Parmi
tous les échantillons examinés, les esters constituaient la classe de composés la plus dominante, mais dans
des proportions différentes. Le décanoate d’éthyle était le composé le plus abondant de 1’échantillon L1
(eau-de-vie de raisin conservée en baril de chéne) avec un apport de 29.1%, suivi de I’octanoate d’éthyle
(17.2%) et du dodécanoate d’éthyle (14.8%). L’échantillon L2 (eau-de-vie de raisin aux truffes d’été) était
dominé par le n-hexanol et le lactate d’éthyle avec une contribution similaire (18.1% et 17.8%,
respectivement). En revanche, dans 1’échantillon L3 (eau-de-vie de raisin aux truffes d’hiver), le lactate
d’éthyle était présent avec un apport important de 44.8%. Les composés dominants dans 1’échantillon L4
(eau-de-vie de raisin avec grains de café et raisins secs) étaient le décanoate d’éthyle avec un apport de
14.8% et I’alcool phényl éthylique (12.5%), tandis que les deux principaux volatils de I’échantillon L5 (eau-
de-vie de raisin avec de jeunes noix vertes) étaient du succinate de diéthyle (22.9%) suivi du lactate d’éthyle
(21.9%). Les résultats obtenus dans cette étude sur les composés aromatiques volatils dans les eaux-de-vie
de raisin analysées suggérent que 1’ajout de certains ingrédients a la méme eau-de-vie de raisin aprés la
distillation affecte la composition chimique a la fois du nombre de composés aromatiques et de leur teneur

relative.

Mots-clés : eau-de-vie de raisin, composition chimique, volatils, GC-MS
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Jleryune coequHeHUs] AOMAIIHEr0 BHHOIPAJHOI0 OpeHAH, OINpeae/eHHbIe
meToaoM I'X-MC

CramenkoBu4 Ejena!, Croanosuu I'opaana’

1 — Ynusepcumem ¢ Huwe, Ecmecmeenno-mamemamudeckuti ¢paxynoemem, Kageopa xumuu,

Buweepaocka 33, 18000 Huw, Cepbus

AHHOTAIMA

Lenbto qanHOM CTaThH OBLIO ONPENETUTD, BIUSET JH JI0OABICHNE HEKOTOPBIX HHIPEAUEHTOB K OJJHOMY U
TOMY € BUHOI'DAJHOMY 6peH}II/I IOCJIC NUCTUJUISIIIUU Ha XAMHYECKUH COCTaB JIETYy4YHUX KOMIIOHEHTOB C
MOMOIIbI0 Ta30BOM xpomartorpaduu B coueTanud ¢ Macc-criekrpomerpueii (I'X-MC). Dtomy
KCCIIEIOBAHUIO ObLIH TOIBEPTHYTHI MSATh 00Pa3I0B, U B OOIIEH CIIOKHOCTH OBLIO UACHTU(UIIUPOBAHO 57
coemHeHHH. J171s1 BceX MCCIeIOBAHHBIX 00Pa3I0B MPE00IaJaf0IIuM KIacCOM COSMHEHU M OBLTH CIIOKHBIE
3(hUpHl, HO B Pa3NUYHBIX MPOMNOPIHIX. DTHIAEKaHOAT OB CaMBIM PAaCIpPOCTPaHEHHBIM COCTUHEHUEM B
obpasiie L1 (BuHOTpamHbIi OpeHau, BhIIEpKaHHBIH B ayO0oBOM Oouke) ¢ BriagoMm 29,1%, 3a HUM
cnenoBanu stuioktanoat (17.2%) u stmnmonexanoat (14.8%). B mpoGe L2 (BuHOTpamublii OpeHAn C
JIETHUMH TprodersiMu) mpeodaagany H-reKCaHo U 3TUIUTAKTAT ¢ aHaTornIHbIM BKiagoM (18.1% u 17.8%
cooTtBeTcTBeHHO). C npyro#l cTopoHsl, B oOpasue L3 (BHHOrpamHblii OpeHAN C 3UMHUMH TPIOQEIIMN)
MPUCYTCTBOBAN ATWIIAKTar ¢ BKiagoMm 44.8%. JloMHHHpYOMMMH coenuHEeHMsIMH B oOpasme L4
(BUHOTpagHBIN OpeHan ¢ 3epHAMH KOde U CYIIeHBIM BHHOTPaAOM) ObUTH dTHIIEKaHoaT ¢ gonei 14.8% u
¢dhermmTIIIOBSIH crupT (12.5%), @ IByMsI OCHOBHBIMH JIETYYHMH BellecTBaMu oOpa3na LS5 (BuHorpamHsiit
OpeHIu ¢ MOJIOIBIMH 3€IEHBIMU TPELKMMH OpexaMu) ObUTH JUATHIICYKUUHAT (22.9%), a 3aTeM 3TUIIaKTaT
(21.9%). PesynbTaThbl, MOMyYCHHBIC B ITOM HCCICAOBAHHU JICTYYHX APOMATHYCCKHX COCAMHCHHUIl B
MIPOAaHAM3UPOBAHHBIX BHHOTPAJHBIX OpEeH[H, TO3BOJSIIOT MPEAIOI0KUTh, YTO JT00aBIeHNE HEKOTOPHIX
WHTPENEHTOB K OJTHOMY ¥ TOMY K€ BUHOTPaTHOMY OpEHIHN TOCTe AUCTHUISIINA BIUSET HA XUMHIECKUI

COCTAaB KaK KOJIMYCCTBA apOMATUYICCKUX COGHHHCHHﬁ, TaK U UX OTHOCHUTCJIIBHOTO COACPKaHUS.

Kurouesvle cnosa: sunoepaomnwiii Openou, xumuveckuii cocmas, remyyue sewecmsa, I’ X-MC
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ABSTRAKT
Das Ziel dieser Arbeit war die Untersuchung der chemischen Zusammensetzung fllichtiger Bestandteile

von Traubenbrand, dem verschiedene Zutaten nach der Destillation mittels Gaschromatographie mit
Massenspektrometrie  (GC-MS) zugegeben wurden. In dieser Studie wurde die chemische
Zusammensetzung von flinf Proben untersucht und insgesamt 57 verschiedene Verbindungen identifiziert.
Bei allen untersuchten Proben waren Ester die dominanteste Klasse der Verbindungen, jedoch in
unterschiedlichen Anteilen. Es wurde festgestellt, dass Ethyldecanoat (29,1%), Ethyloctanoat (17,2%) und
Ethyldodecanoat (14,8%) die am haufigsten vorkommenden fliichtigen Bestandteile der Probe L1 (der in
einem Eichenfass gelagerte Traubenbrand) sind. Als fluchtige Hauptbestandteile der L2-Probe
(Traubenbrand mit Sommertriffelzusatz) wurden N-Hexanol und Ethyllactat gefunden, die in dieser Probe
mit dhnlichem Gehalt identifiziert wurden (18.1/% beziehungsweise 17.8%). Andererseits war die L3-
Probe (Traubenbrand mit Wintertruffeln) durch eine signifikant héhere Anwesenheit von Ethyllactat
(44.8%) gekennzeichnet. Die in der Probe L4 (Traubenbrand mit Kaffeebohnen und Rosinen)
identifizierten Hauptkomponenten waren Ethyldecanoat (14.8%) und Phenylethylalkohol (12.5%),
wéhrend Diethylsuccinat (22.9%) und Ethyllactat (21.9%) zwei identifizierte fliichtige Hauptbestandteile
in der Probe L5 waren (Traubenbrand, dem junge griine Walnisse zugegegeben wurden). Die Ergebnisse
zeigten, dass die Zugabe verschiedener Zutaten zu demselben Traubenbrand nach der Destillation die
chemische Zusammensetzung der fliichtigen Bestandteile beeinflusst, dh. dass sich die Anzahl der
aromatischen Verbindungen und ihr relativer Gehalt in Abhédngigkeit von den zugegebenen Zutaten

unterscheiden.

Schliisselworter: Traubenbrand, chemische Zusammensetzung, fliichtige Verbindungen, GC-MS

120



Chemia Naissensis, Vol 3, Issue 1, RESEARCH ARTICLE, 121-130

Antioxidant activity of Micromeria croatica (Pers.) Schott grown in plant tissue

culture in vitro versus ones from the natural habitats
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ABSTRACT
Micromeria croatica, like many other species belonging to the Lamiaceae family, is characterized by good

antioxidant activity. To avoid the exploitation of natural plant populations, it is recommended to grow them
in vitro culture. The present study aimed to examine and compare the antioxidant potential of M. croatica
obtain through nodal culture in vitro and collected from natural habitats. Different antioxidant methods
were used: DPPH, ABTS, total reducing power, total phenol content, and flavonoid content. The obtained
results indicate that the cultivation of plants by the in vitro culture technique stimulates the synthesis of
secondary metabolites that promote antioxidant activity. It is increased in micropropagated plants primarily
due to the increased phenol content by 136%. The possibility to test and then apply in practice the biological
activity of the herb M. croatica is limited by the fact that the species is a local endemic.

Keywords: antioxidant activity, plant tissue culture in vitro, endemic, Micromeria croatica
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Introduction

Rare, endemic or vulnerable species from the Lamiaceae family are really a challenge for various
studies, especially in order to preserve the diversity of plant species and their natural population. Plant
species of the genus Micromeria are relatively widespread. At the same time, many Micromeria taxa have
a small limited geographical distribution or manifest local endemism. In the flora of Serbia, there are seven
species of the genus Micromeria, which are classified into two sections, sects. Micromeria and sect.
Pseudomelisa. This study refers to a Micromeria croatica belonging to a sect. Micromeria. Following the
geographical criteria, such as the position and size of the range of the species, M. croatica is an endemic
taxon limited to the western part of the Balkan Peninsula, including the easternmost enclave of in W. Serbia.

Endemic, endangered, and rare plant species with small populations and habitats near urban centers
target negative anthropogenic actions. Many biotechnological methods are developing for biodiversity
protection. One of them is a plant tissue cultured in vitro that has a prominent role as an ex-situ method.

Lamiaceae family representatives are a source of valuable bioactive molecules. Among the natural
antioxidants belonging to secondary metabolites are mainly in the focus of interest. Phenols and flavonoids
are the most prominent secondary metabolites in plants. Phenol compounds are very present in the
Lamiaceae family. They have high antioxidant activity and the potential to catch free radicals and to chelate
metals. Flavonoids enable different biological activities.

The main difficulty for the intensive use of species of the Lamiaceae family for pharmaceutical and
phytochemical purposes is the tremendous individual variability due to genetic and biochemical
heterogeneity. Overcoming this problem involves establishing an in vitro plant growing system (Saha et
al., 2012). Quantitative and qualitative content of secondary metabolites may vary even among the plants
of the same population. It is also under the seasonal influence. To avoid these differences, breeding plants
by plant tissue culture in vitro has an advantage over other breeding methods. Except for this one, plant
tissue culture has many other favorable features. A small amount of starting plant material is required for
plant propagation by in vitro culture. In a short time, we can get many genetically uniform plantlets at the
same ontogenetic stage. They all have the same origin, a little fragment of the parent plant, so-called
explant. Just from one explant, several thousand plants can be obtained after a few weeks (Akin-ldowu et
al., 2009).

Microcloned plants often grow better and faster than plants that grow in vivo because they are free
of pathogens, bacterial, and fungal infections, and they often have better yields than conventionally grown
plants (Debnath & Teixeira da Silva, 2007). The in vitro culture method also has excellent potential for
mass production of natural secondary metabolites (Matkowski, 2008; Mulabagal & Tsay, 2004). Plant

propagation in vitro is faster than in vivo propagation. A small space is required for plant propagation in
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vitro culture. Thanks to controlled conditions, it is possible to predict the production time of individual
plants.

A model system of growing M. croatica in vitro was established (Tosic et al., 2019; Keresa et al.,
2018). To the best of authors’ knowledge, there is no information concerning the antioxidant properties of
micropropagated M. croatica. The in vitro culture method is widely used in the propagation of endemic and
rare plants in danger of extinction to preserve the diversity of flora. Recent studies show that M. croatica
exhibits promisingly suitable biological activities (antioxidant, antimicrobial, antiphytoviral,
hepatoprotective). Despite functional biological activities, M. croatica, as endemic species, can not be
exploited from natural habitats for commercial purposes. In line with that, the goal of the research is to
evaluate the antioxidant potential of methanolic extracts of micropropagated M. croatica and compare it

with the potential of naturally grown plants.

Experimental

Plant material
Above ground parts of M. croatica individuals at the vegetative stage of development were

harvested from a natural population in May 2012. The location of the population was Beli Rzav gorge, W.
Serbia (latitude 43° 46'26 "N and longitude 19° 27'44 "E) and the voucher specimen (N° 6913) was
deposited in the Herbarium collection of the Faculty of Science and Mathematics, University of Ni§ (HMN).
M. croatica was already introduced into plant tissue culture in vitro (ToSic et al., 2019). For the analysis of
the antioxidant activity of the extracts, micropropagated shoots that were growing on Murashige and Skoog
(MS) media (1962) supplemented with 3% sucrose and 7% agar (Torlak, Belgrade) without the presence
of phytohormones were used. Plant tissue cultures were growing at 25 + 2 °C and under 16-h photoperiod
in four weeks. After that, cultures were maintained by passages, which means replacing one-node stem
segments on a new MS medium. The passages were done four times until we did not reach the desired

amount of plant material.

Extracts preparation protocol
Both samples of plant material (natural and micropropagated) were dry and ground to powder. 1.0

g of dry weight was extracted with 10 ml methanol (Tosic at al. 2015). Obtained extracts were kept on cold
(255 K) until analysis.

Antioxidant assays
All prepared extracts for antioxidant activity evaluation were of the initial concentration of 1

mg/mL. All measurements were done in triplicate, and results expressed as mean value xstandard deviation.

Five different methods were used to assess the antioxidant activity of the extracts.
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Determination of total reducing power using Fe(ll1)/Fe(I1) redox pair and determination of Radical
Scavenging Activity by DPPH radical was done according to the procedure described by Mitic (Mitic et
al., 2011). BHT standard (butylated hydroxytoluene) solution of the same concentration as M. croatica
extracts (1 mg/mL) was used as a reference. For the ABTS scavenging activity, we used the Trolox solution
(final concentration 0—15 M) as a reference standard. The obtained results were expressed as pmol Trolox/g
dry weight of extract (Li et al., 2007). Determination of Total Phenolic Content was quantified by Folin-
Ciocalteu spectrophotometric method, and we used gallic acid as a reference standard while the absorbance
values of the samples were read at 760 nm against a reagent blank (Mitic et al., 2011). Quantification of
total flavonoid content was based on the calibration routine and is expressed as mg routine/g of dry extract
(mg/g DE) (Mitic et al., 2011).

Results and Discussion

Numerous phenol compounds with antioxidant activities are identified in many plant species of the
Lamiaceae family. Among the species of the genus, Micromeria has a noticed role. We analyzed the whole
antioxidant activity of extract instead of particular compounds, because compounds may have additive,
synergistic or antagonistic properties.

Whereas during in vitro cultivation, phytohormones added to the nutrient medium may inhibit
certain enzymes involved in the biosynthetic pathways of secondary metabolites (Rothe et al., 2003). To
assess the antioxidant activity of Micromeria shoots grown in vitro, only shoots cultivated in the absence
of phytohormones were used.

All used methods for measuring antioxidant activities show that there are differences in obtained
values among methanol extracts that originated from micropropagated and natural growing plants (Table
1).
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Table 1. Antioxidant properties of M. croatica methanol extracts estimated by DPPH, ABTS, total reducing
power, total phenolics, and total flavonoids assays

Total Flavonoids

Extracts | DPPH% | ABTS TRP phenols (rutin
(Trolox (Ascorbate (gallicacid | & otents

equivalents, | equivalentspg/mg | equivalents C}m ofd
pg/ml) of dry extract) | pg/mgofdry | METE O Y

extract)

extract)

Mnc;t‘;fé’c“ 3.30+0.34 | 0.570.02 137.2248.28 | 10.61+0.31 | 33.06+1.18
Mi;rv‘;f‘:;c“ 2.88+0.03 | 1.05+0.01 256.38+15 25.04+0.66 | 18.70+0.72

BHT 3.18+0.02% (RSD=0.65%) at concentration of 1 mg/ml

Due to the simple procedure and high reproducibility, the DPPH method is often used to measure
antioxidant activity. There are small differences between plant samples from natural habitats and irn vitro
culture. Plantlets of M. croatica regenerated on the MS medium possess lower or closely similar DPPH
antiradical scavenging capacities as naturally grown plants. The difference is the possibility to catch free
DPPH radicals is the smallest, 12.73%.

The ABTS method is widely used to assess antioxidant activity. With this method, a large number
of samples can be analyzed quickly, and a smaller number of interfering compounds occur during the
measurement (Surveswaran et al., 2007). The value obtained by the ABTS method is 84.21% greater for
the extract of shoots from plant tissue culture than value for the extract of nature originated plants.

The content of flavonoids in the plant extract decreases during cultivation in vitro culture. The
content of flavonoids is 42.44% greater in shoots from natural habitats than in micropropagated plants.

The most apparent difference we got for the total phenols content. Shoots that were breeding in
plant tissue culture in vitro have 136% higher phenol content compared with shoots of plants from natural
habitat (Figure 1).

The total reducing power determined for shoots that have been developed and grown in vitro has a
higher value than plants from natural habitats. This fact could be explained by the increased content of total
polyphenols (136%) in the buds of in vitro grown plants. The total reducing power evaluated for in vitro

cultivated shoots is bigger for 86.84% than for shoots collected from the natural population (Figure 1).

125



Chemia Naissensis, Vol 3, Issue 1, RESEARCH ARTICLE, 121-130

140 - |
120 -
100 -

% 20 -
0 v : : :
20 +~ DPPH% ABTS TRP Total Flavono

40 - phenols

Antioxidant assays

Figure 1. Degree of deviation (%) of antioxidant activities of M. croatica plants grown in plant tissue

culture in vitro from the antioxidant activities obtained for plants growing in open field conditions

For different species of Micromeria, it has been confirmed that the total polyphenol content
contributes to antioxidant activity (Vladimir-KneZevi¢ et al., 2011). The correlation between the antioxidant
activity of the extracts and the polyphenol content was also confirmed in other Lamiaceae species (Tosun
et al., 2009; Lopez, 2007).

We chose to use methanol for preparing extract as it is a useful solvent for phenol compounds
extraction. It turned out that the most species belonging to genus Micromeria show better antioxidant
activity in polar extracts. The methanol extract of M. croatica has antioxidant and pro-oxidant activity. It
protects DNA and lipid molecules from damage. In low concentrations, it has an antioxidant effect on
proteins, and, in high concentrations, it has a prooxidative effect. In high concentrations, methanol extract
has a cytotoxic effect on HEp2 cells and leads to the formation of ROS species (Samec et al., 2015).

Antioxidant properties are also characteristic of other species of Micromeria. Vladimir-Knezevié¢
et al. (2011) compared the antioxidant activity of ethanolic extracts of M. croatica, M. juliana, and M.
thymifolia. Among them, M. croatica had the best antioxidant activity. The acetone extract of M. cilicica
exhibits good antioxidant activity (Oeztuerk et al., 2011). The methanol extract of M. fruticosa ssp.
serpyllifolia originating from Turkey has significant antioxidant activity measured by the DPPH method
(Gulltce et al., 2004). The methanol extract of M. myrtifolia has good DPPH activity as well as reducing
power, while essential oils and hexane extract do not show activity in free radical scavenging but have
reducing potential. Also, the methanolic extract of M. myrtifolia, unlike chloroform and hexane, has a high

content of polyphenols (Formisano et al., 2014).
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The change in antioxidant activity of M. croatica shoots from the culture concerning shoots of
plants from natural habitats follows the data obtained for M pulegium. We notice the similar data in earlier
research, by comparing antioxidant activities of extracts prepared from micropropagated and nature
growing plant of M. pulegium under the same experimental conditions (Tosic et al. 2015). Good antioxidant
activity of micropropagated plant's extracts was recorded for different plant species. Extracts obtained from
cultures of different organs of Salvia officinalis have good or even better antioxidant activity compared to
extracts of the same plant organs from natural habitats (Grzegorczyk et al., 2007). Phenolic compounds
with good antioxidant activity are present in the culture of S. officinalis shoots (Santos-Gomes et al., 2002).
In experiments with different varieties of basil, it was observed that in vitro culture of tissues or cells
accumulates more secondary metabolites than donor plants (Kiferle et al., 2011).

Good antioxidant activity due to polyphenol content has also been reported in endemic species of
other families such as Rubiaceae and Myrtaceae (Angaji et al., 2012). Since endemic species cannot be

exploited from natural habitats, it is recommended to grow them in vitro.

Conclusion

Plants are exposed to different and the altering environmental factors during their growth and
development. The environmental factors may have impact on antioxidant activity of plants. Culture
conditions appear to be stressful for plant tissues leading to increased antioxidant potential. The change of
antioxidant potential represents an adaptation of plants on these conditions. During cultivation using in
vitro culture, the antioxidant potential of M. croatica shoots is preserved or even better. Methanolic extracts
of M. croatica shoots grown in vitro show higher antioxidant activity than extracts of plants from natural
habitats. Higher antioxidant activity is attributed to the higher content of phenolic compounds in shoots
grown in vitro. Plants grown in vitro do not lose their antioxidant potential and can serve as an alternative
for production of active metabolites. According to the antioxidant activity, Micromeria species could be
used to prevent or treat diseases caused by free radicals and oxidants. They can also be used as a source of

additives in the food industry.
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Sazetak

M. croatica kao i mnoge druge vrste koje pripadaju familiji Lamiaceae, odlikuje dobra antioksidativna
aktivnost. Da bi se izbegla eksploatacija prirodnih populacija, preporucljivo je gajiti biljke metodom kulture
in vitro. IstraZivanje je imalo za cilj da se ispita i uporedi antioksidativni potenijal izdanaka M. croatica
koji su gajeni metodom kulture biljnih tkiva in vitro i onih koji su sakupljeni iz prirode. Kori§¢ene su
razli¢ite metode: DPPH, ABTS, ukupna redukciona mo¢, ukupan sadrzaj fenola i sadrzaj flavonoida.
Dobijeni rezultati ukazuju da se gajenjem biljaka tehnikom kulture in vitro stimuliSe sinteza sekundarnih
metabolita koji pospesuju antioksidativnu aktivnost. Ona je povecana kod mikropropagiranih izdanaka pre
svega usled povecenog sadrzaja fenola za 136%. Moguénost da se ispituju a potom i primene u praksi

bioloske aktivnosti herbe M. croatica je limitirana ¢injenicom da je vrsta lokalni endemit.

Kljucne reci: antioksidantna aktivnost, kultura biljnih tkiva in vitro, endemit, Micromeria croatica
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Résumé

M. croatica, comme de nombreuses autres espéeces appartenant a la famille des Lamiaceae, se caractérise
par une bonne activité antioxydante. Pour éviter I’exploitation des populations végétales naturelles, il est
recommandeé de les cultiver en culture in vitro. La présente étude visait a examiner et comparer le potentiel
antioxydant des pousses de M. croatica cultivées en culture tissulaire végétale in vitro et prélevées dans la
nature. Les différentes méthodes antioxydantes ont été utilisées : DPPH, ABTS, le pouvoir réducteur total,
la teneur totale en phénol et la teneur en flavonoides. Les résultats obtenus indiquent que la culture de
plantes par la technique de culture in vitro stimule la synthese de métabolites secondaires qui favorisent
I’activité antioxydante. Elle est augmentée dans les pousses micropropagées principalement en raison de
I’augmentation de la teneur en phénol de 136%. La possibilité de tester, puis d’appliquer en pratique des
activités biologiques de 1’herbe M. croatica est limitée par le fait que 1’espece représente une endémie

locale.

Mots-clés: activité antioxydante, culture de tissus végétaux in vitro, endemique, Micromeria

croatica
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AHTHOKCHIAHTHAasE akTuBHOCTHL Micromeria croatica (Pers.) Schott,
BbIpAlIEHHBIX B KYJbType TKaHed pacTeHWii in Vitro, mo cpaBHeHHIO ¢

KYJbTYPAMH M3 €CTeCTBEHHBIX MECTOOOUTAHUM

Ceersiana M. Tomny!, JIparana JI. Crouunu!, Bosn K. 3narkosuu!, Buoaera J. Mutuu?,

Mapus JI. Wimu?, Mapus C. Mapkosuu', Becna I1. Crankos Hosanopuyu?

1 — Ynusepcumem ¢ Huwe, Ecmecmeenno-mamemamuyeckuti paxyromem, Kageopa buonoeuu u
akonoeuu, Buweepaocka 33, 18000 Huw, Cepous
2 — Vuusepcumem 6 Huwe, Ecmecmeenno-mamemamuyeckuil gaxyromem, Kageopa xumuu,

Buweepaocka 33, 18000 Huw, Cepbus

AHHOTAMA

M. croatica, Kak ¥ MHOTHE JPyTHe BUJIbI, OTHOCAIINECS K ceMeiicTBy Lamiaceae, otiudaercsi XOpoie
AHTUOKCUIAHTHOW aKTUBHOCTBHIO. UTOOBI M30€XKaTh DKCIIyaTallid NPUPOMHBIX TOMYJISIUNA pacTeHUH,
pEeKOMEHIyeTCsl BBIpallMBaTh MX B KyJIbType in vitro. Hacrosimee mccrnenoBanre ObIJIO HANpaBJIEHO HA
W3y4YeHHEe W CpaBHEHWE AaHTUOKCHUAAHTHOTO TMOTeHIWana M. croatica, BBIPAIIEHHBIX B KYyJIbType
pacTHTENbHOW TKaHW in Vitro W COOpaHHBIX B TMpupone. bbuM HCIONB30BaHBI  PA3ITUIHBIE
anTHOKcumanTuele Meronsl: DPPH, ABTS, o0mas BoccraHaBiIMBamwInas CIOCOOHOCTL, 0OIee
conepxanne QeHoma u conepkanue GpraBoHOUAOB. [lodydeHHbIE pe3ynbTaThl CBUAECTEIHCTBYIOT O TOM,
YTO BEIpAlIMBaHWE PACTEHUA METOIOM KYJIbTHBHUPOBAHUS N Vitr0 CTHUMYJIMPYET CHHTE3 BTOPHUYHBIX
MeTabOoIINTOB, CIIOCOOCTBYIONNX AHTHOKCHIAHTHON aKTUBHOCTH. Y MHKPOPa3MHOXKAIOIINXCS PACTEHUN
OH MOBBIILICH B MEPBYIO OUYEpelb 3a CUET yBENWYeHHUs coiepkanus deHona Ha 136%. Bo3moxxkHOCTH
MIPOTECTHPOBATh, a 3aTeM NPUMEHHUTHh Ha TMPAKTHKE OMOJOTHYECKYI0 aKTUBHOCTH TpaBbl M. croatica

orpaHu4cHa T€EM (I)aKTOM, YTO 3TOT BHUA ABJISICTCA MCCTHBIM OHIACMHUKOM.

Knwoueswvie cnosa: ammuoxcuoanmuas AaAKmueHocCnlb, Kyjlbmypa mKanetl pacmeHwJ in Vitl’O,

andemux, Micromeria croatica
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ABSTRAKT
M. croatica zeichnet sich, wie viele andere Arten der Familie Lamiaceae, durch eine gute antioxidative

Aktivitat aus. Um die Ausbeutung natirlicher Pflanzenpopulationen zu vermeiden, wird empfohlen, diese
Pflanzen in vitro zu zichten. Die vorliegende Studie zielte darauf ab, das Antioxidationspotential von
Sprossen von M. croatica zu untersuchen und zu vergleichen, die in vitro mit
Pflanzengewebekulturmethode gezichtet und aus der Natur gesammelt wurden. Es wurden verschiedene
Antioxidationsmethoden verwendet: DPPH, ABTS, Gesamtreduktionskraft, Gesamtphenolgehalt und
Flavonoidgehalt. Die erhaltenen Ergebnisse zeigen, dass der In-vitro-Pflanzenanbau die Synthese von
Sekundéarmetaboliten stimuliert, die die antioxidative Aktivitat fordern. Sie ist in mikropagierten Sprossen
hauptsachlich aufgrund des um 136% erhoéhten Phenolgehalts erhéht. Die Maglichkeit, die biologische
Aktivitat der Pflanze M. croatica zu prifen und dann in der Praxis anzuwenden, wird durch die Tatsache

begrenzt, dass die Spezies lokal endemisch ist.

Schliisselworter: antioxidative Aktivitdit, Pflanzengewebekultur in vitro, endemisch, Micromeria

croatica
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ABSTRACT
Application possibility of new simple Ag-selective electrode for the determination of chloride ions, was

investigated in this paper. The poly(vinyl chloride-co-vinyl acetate) electrode modified with silver
(PVCAC/AQ) was prepared by simple immersion a glassy carbon rod coated with poly(vinyl chloride-co-
vinyl acetate) polymer, which contained plasticizer and lipophilic additive, but without ionophore, into
the silver nitrate solution. This simplicity of construction and extensive pH range through remarkable
acidic media (pH 0.7 to 7.0), are the advantages of this modified electrode over many of reported silver
selective electrodes based on a polymer matrix containing different ionophores. The response of the
electrode was linear with a Nernstian slope of 60.25 mV/decade in the concentration range from 1.0x10*
to 1.0x10° mol/dm® Ag* and with a detection limit of 4.25x10® mol/dm?. Proposed PVCAc/Ag electrode
was applied to the determination of chloride ions in the samples spring waters. The results of chloride ion
determination in samples spring waters obtained by proposing electrode and comparative Ag/AgCl

electrode were in satisfactory agreement.

Keywords: silver, electrodes, spring waters, vinyl chloride-co-vinyl acetate, chloride ions
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Introduction
Silver is white, shiny metal of excellent conductivity of electricity and heat, long been known,

and due to its characteristics has always attracted attention. It is widely used in electrical industry,
electronics, photography, organic synthetic chemistry, and production of fungicides (Smith et al., 1977),
batteries, in complex compounds, medicine and other fields. Silver is a non-toxic metal, but its role in
physiological processes is not completely understood, so its appearance even in small amounts in the skin,
hair (Barrera et al., 1998), gums, cornea, liver, kidneys (Kazuyuki et al., 2001; Wan et al., 1991) are
harmful. Also, the presence of soluble silver in wastewater is a problem in many industries. Therefore,
there is a need for a fast, sensitive and simple method of determining small amounts of silver ions in
different samples. There are different sensitive methods for the determination of silver ions at low levels,
such as spectrophotometry (EI-Zawawy et al., 1995; Ohshita et al., 1982), atomic absorption spectrometry
(Bermejo-Barrera et al., 1996; Chakrapni et al., 2001; Pu et al., 1998; Rahman et al., 2004; Sramkova et
al., 1999), inductively coupled plasma mass spectrometry (Chiba et al., 1992), inductively coupled plasma
atomic emission spectrometry (Argekar et al 1995), fluorimetry (Kabasakalis, 1994), stripping
voltammetry (Damien, 1994).

All these methods require the preliminary preparation of samples, which involves separation from
the matrix, preconcentration, and the use of reagents, which are generally expensive. Because of all these
methods are complicated and time consuming.

On the other hand, potentiometric sensors, ion-selective electrodes (ISE) have found application
as alternative analytical methods because of their precision, sensitivity, selectivity, easy available
instruments and low cost.

Nowadays, the majority of ion-selective electrodes are comprised of an organic polymeric
membrane into which sensor material based on different ionophores is incorporated. Silver selective
electrodes based on crowns (Shamsipur et al., 2002), Schiff-bases (Gupta et al., 2009), calixarenes
(Demirel et al., 2006; Lu et al., 2004), o-hydroxyacetophenone carbohydrazone (OHAC) (Chandra et al.,
2012) as well as other ionophores have been developed.

Most ion-selective electrodes of this type use poly(vinyl chloride) (PVC), a suitable plasticizer as
an organic matrix and ionophore as the active part of the sensor (Johnson and Bachas, 2003). Examining
the influence of different cations on the PVVC matrix, it was found that it is sensitive to concentration
changes of some ions, including silver ions. This phenomenon has been elucidated and the possibility of
using a simple silver(l) selective electrode based only on a polymeric matrix with a plasticizer and a

lipophilic ionic additive, but without ionophores as an active component, has been investigated.
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The possibility of applying the proposed PVCAc/Ag potentiometric sensor was tested by
determining Ag" ions in ecological water samples and colloidal silver water (Sejmanovi¢ et al., 2011). In
this study simple Ag- selective electrode was used for determination of CI ions by potentiometric
titrations in spring water samples.

Experimental

Reagents and Solutions
The following reagents were used to prepare the experimental solutions:

=

. Silver(l) nitrate (AgNOs), p.a. “Merck”, Darmstadt, Germany.

N

. Poly(vinyl chloride-co-vinyl acetate) (Pevikon C870, PVCAC), p.a. “Pevicon”, Fostatbolaget, Sweden.
. Dibutyl phthalate (DBP), p.a. “Fluka”, Buchs, Switzerland.

4. Sodium tetraphenyl borate (NaTPB), p.a. “Merck”, Darmstadt, Germany.

5. Tetrahydrofuran (C4HsO, THF), p.a. “Merck”, Darmstadt, Germany.

6. Ammonium nitrate (NHsNQO3), p.a. “Laphoma”, Skopje, Macedonia.

w

7. Sodium chloride (NaCl), p.a. “Laphoma”, Skopje, Macedonia.
High purity water (Millipore, 18M Q cm resistivity) was used.
The ionic strength of the solution was adjusted using NH:NO;3 solution, ¢ (NHsNOs) =0. 05 mol/dm?®.
Activities were calculated by the Debye-Hiickel procedure.
A standard silver nitrate solution was prepared by measuring the required amount of silver nitrate for a
solution of concentration 0.1 mol/dm?. This amount (1.6897 g) was dissolved in high purity water and the
solution diluted to 100 cm?®. The solution was standardized with 0.1 mol/dm?® sodium chloride solution.
The following standard silver nitrate solution, ¢ (AgNO3) = 10 mol/dm?, was prepared by pipetting a 10
cm?® solution of AgNOs concentration of 0.1 mol/dm® and diluted it with a solution of NH;NO3 (c
(NH4NOs) = 0.05 mol/dm®) in a volumetric flask (100 cm?®). Solutions of lower concentrations of 107
mol/dm® to 107 mol/dm*® were prepared by tenfold successive dilution of a standard 0.01 mol/dm?
solution of AgNO; with a solution of NHsNOs (¢ (NHsNO3) = 0.05 mol/dm?®).
Apparatus

All potentiometric and pH measurements were performed using the pH meter (Hanna pH-211).
The instrument covers an area from pH 2.00 to pH 16.00 (sensitivity = 0.01 pH units). When using ion-
selective electrodes, the measuring range of the instrument is in the range of +2.000 to -2.000 mV
(sensitivity 0.1 mV);
° Magnetic mixer was a product of "VELP Scientifica", set at 4000 rpm;
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° Potentiostat PAR Model 273;
. X-Y recorder Model 8033 was a product of “Philips”.
Electrodes

PVCACc/Ag electrode of our own making, without internal solution and ionophore, is made by
simply immersing a glassy carbon (GC) rod coated with a membrane of poly(vinyl chloride-co-vinyl
acetate) polymer, plasticizer and lipophilic additive in silver nitrate solution. PVCACc/Ag electrode was
used as a working electrode, an Ag(l) ion-selective electrode.

Ag/AgCI electrode was used as a comparative electrode for the determination of chloride in
spring water samples. It is obtained by the process of coating a silver strip with melted sensory compound
synthesized by pre-deposition from aqueous solutions of a homogeneous mixture (Jovanovic et al., 1985).

A double junction saturated calomel electrode (SCEd.j.), produced by Hanna Instruments, with a
salt bridge containing NH4sNOs (¢ (NHsNO3)=1 mol/dm?®), was used as a reference electrode in an
electrochemical coupling:

SCEd.j. || standard solutions / sample solution | PVC membrane | GC
Preparation of PVCAc/Ag electrode

The polymeric membrane contained 39-48% PVCAC, 52-61% DBP and 0.2-1% NaTPB. A total
mass of 0.270 g of these reagents was mixed with 2.5 cm® THF. A glassy carbon (GC) (®3 mm)
(Sigardur-Sigri Electrographite, GmbH, Germany) was directly coated by dipping it several times in this
mixture until a bead was formed coating the GC. Electrode prepared in this way was allowed to dry in the
air about 12 h. Then, the bead on the glassy carbon was placed into a silver nitrate solution (c (AgNQO3) =
0.01 mol/dm®) for about 30 min in order to condition it before use. This coated GC was used as Ag(l) ion-
selective electrode and designated as a PVCAC/Ag electrode. Electrical contact with the instrument was
made via a cable attached to the end of the undated portion of the glassy carbon.

The surface of the GC stick was washed with THF before being immersed in the mixture of
substances, in order to remove traces of grease, carefully polished with 400 grit, then 1200 grit and finally
with 2500 grit sandpaper, and afterwards washed with high purity water.

Sample preparation

For analytical confirmation of PVCACc/Ag ion-selective electrode by determination of chloride
ions, the following water samples were used: spring waters sampled from Sjenica territory: source
,,Cesmica®, source ,,Bazeni®, water from the ,,Vrelo®, water from the ,,Jasen*.

The samples of the spring waters were first treated by 1 cm® of HNOs ¢= 0.1 mol/dm? in a

volumetric flask (50 cm®), since the working range of the electrode is in very acidic medium, and in
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addition eliminates the possible presence of carbonate in the tested waters. The ionic strength in the
samples was adjusted with a solution of NHsNOs (¢ (NHsNO3) = 0.05 mol/dm?®).
Procedure

The potentials were measured by varying the concentration of AgNQOs in the standard solution
within the range from 1.0x107 to 1.0x10™" mol/dm?®. All potentiometric and pH measurements were
performed at a temperature of 25° C. The electrode was prepared as previously described, and placed into
0.01 mol/dm?® AgNOs solution for 30 min.

After the preparation of the water sample, the PVCACc/Ag electrode along with the reference
electrode was immersed into the sample and titrated with AgNOs solution. The concentrations of the
AgNO; solution for potentiometric titration were: 1.0x107 mol/dm?, 2.5x10° mol/dm?, 1.0x10* mol/dm?,
and 5.0x10™* mol/dm?®, The same increments of the AgNOj3 solution was added gently up to the end point
and continued after it up to few readings. The value of three consecutive potential measurements is
accepted as the ultimate. The end point and the amount of CI" ions in water samples were determined by
extrapolation of the three linear portions of the titration plot. The concentrations of Cl ion in the different
water samples were compared by direct potentiometric method, using standard chloride solutions, by CI°

selective on a silver-deposited Ag/AgCl electrode.

Results and Discussion
Our previous experiments (Petkovi¢ et al., 2010) where PVCAc was used as a sensor matrix

revealed that this material was highly selective to Ag™ with respect to many different cations, with the
exception of Hg* and Fe®*" ions. The concept of sensor behavior of the PVC matrix without any
ionophore, led us to the idea of the simplest construction of a polymer membrane electrode which
certainly needed further attention. The similar attempt was performed before, but the analytical
performance of the reported electrode was not satisfactory (Malinowska et al., 1994). In the research, a
simple sensor was prepared by coating glassy carbon rod with a membrane of poly(vinyl chloride-co-
vinyl acetate) polymer, plasticizer (DBP) and lipophilic additive (NaTPB) but without ionophores as the
active component.

We showed earlier that GC as well as polypirrole (PPy) could be modified by silver simply by
immersion of the electrode into the silver nitrate solution (Dekanski et al., 2001; Jovanovi¢ et al., 2005).
The modified membrane was examined by cyclic voltammetry and it was found that cyclic
voltammograms of the silver modified PVCACc electrode resemble the voltammograms for a pure silver

electrode (Dirkse, 1989). Based on the CV recorded it was concluded that silver was deposited in the
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elemental state on the surface and near surface layers of the membrane; similar results were reported for
modified polypyrrole and glassy carbon (Figure 1). The operation mechanism of membranes with only
PVCAc and DBP can be explained through the red-ox process of the Ag* /Ag® couple on the surface of
the membrane.

In order to obtain the optimum potentiometric characteristics of the electrode, optimization of the

membrane composition by changing the ratio of the membrane component was performed.
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Figure 1. Cyclic voltammogram for the GC/PVCACc/Ag electrode in 0.1 mol/dm® NaOH solution (sweep
rate 50 mV/s).

Characteristics of PVCAc/Ag electrodes
Linear range and limit of detection

The best performance was observed with the membrane optimized electrode composition 44.3%:
55.2%: 0.5% (PVCAc:DBP:NaTPB). The optimized electrode has a linear dependence in the
concentration range from 1.0x10™ mol/dm® to 1.0x10°° mol/dm® of Ag(l) with an almost Nernstian slope
of 60.25 mV/decade, slightly higher than the theoretical value (59.16 mV/decade), which means that the
electrode is highly reproducible. The limit of detection is 4.25x10°® mol/dm?® (Figure 2). All the above
characteristics make this electrode comparable with ionophore containing electrode reported in the
literature (Demirel et al., 2006; Jeong et al., 2011; Shamsipur et al., 2002).
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Figure 2. Calibration curve of the proposed Ag(I) selective electrode with NaTPB ( o ) and without
NaTPB in its composition ( = ).

Response time

The response time of this electrode was monitored depending on the electrode conditioning time.
It was concluded that the shortest response time is 5 to 30 s for standard AgNOs solutions with
concentrations of 1.0x10™ mol/dm?® to 1.0x10” mol/dm?, and for the PVCAc/Ag electrode it is achieved
after 30 min of conditioning in AgNO; (¢ (AgNO3) = 0.01 mol/dm?®). After 30 min of conditioning in
AgNO;s (c (AgNO3) = 0.01 mol/dm?), the PVCAGc/Ag electrode achieves the shortest response time (5 s to

30 s) for a standard AgNOs solution with concentrations of 1.0x10™" mol/dm?® to 1.0x10” mol/dm?.

Response stability
The response stability of the PVCAc/Ag electrode was evaluated by constant current
chronopotentiometry, which is a rapid experimental method and the electrode was found to exhibit a

stable potential for a longer than two months.

Effect of pH

The effect of pH on the potentiometric response of the PVCACc/Ag electrode was studied in
solutions with a constant concentration of silver ions (¢ (AgNOs) = 0.01 mol/dm?®and 0.001 mol/dm®) in
the range of pH 0.7 to 9.0. The pH values were adjusted by adding a solution of HNOs; or NaOH at
different concentrations. The potential is independent over the interval from very acidic to neutral

medium, i.e. from pH 0.7 to 7.0 representing the working range of the sensor. Applicability in a highly
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acidic media is a major advantage of this electrode. With increasing pH value, the potential response
decreases, which is attributed to the hydroxylaton of silver ions. At lower pH value of 0.7 the electrode
was not studied because of hydrogen error of the indicator electrode. The advantage of the proposed silver
electrode is its applicability in very acidic media, where other electrodes which contain an ionophore in
the polymer matrix do not function.

Selectivity

The selectivity of the PVCAC/Ag electrode was evaluated with fixed interference method and
matched potential method (Umezawa et al., 1995). The results reveal that the electrode is highly selective
for silver ions relative to other ions, and most of the cations tested do not interfere the determination of
silver in the potential sample, with the exception of Hg?* and Fe**, which strongly interfere even at 107
mol/dm® concentrations, and their removal from sample is necessary. These ions most likely exhibit their
own interactions with the polymeric membrane and their potentiometric response often was not linear and
steady under these conditions. The presence of most of the studied cations, such as Na*, Ba?*, Ca®*, Mn?*",
Ni%*, Co?*, Cd?*, Pb** and Zn**, would not cause any interference in the estimation of silver ions even if
present in concentrations of 10 mol/dm?®. Cu®*, Fe**, Cr** and AI** ions present at concentrations of 107
mol/dm? in solution have a slight interference.

Potentiometric titration with sodium chloride

Proposed optimized PVCAC/Ag electrode composition 44.3%: 55.2%: 0.5% (PVCAc: DBP:
NaTPB) was applied as an indicator electrode in the potentiometric titration of silver(l) ions in sodium
chloride solution (pH is about 5).

The following diagrams (Figures 3-7) show potentiometric curves when PVCAc/Ag electrode
was used as the indicator electrode, with chlorides being titrated.

Potentiometric titration of 6 cm® solution of Ag(l) (c=1.0x10" mol/dm?®) diluted with deionized
water to a volume of 50 cm® with a NaCl (c=1.0x10" mol/dm?®) yielded a sigmoidal (S - curve) curve
(Figure 3). The end point of the titration and the amount of Ag® ions in the solution can be accurately
determined on the basis of the potentiometric titration curve using the PVCAC/Ag electrode as the

indicator electrode.
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Figure 3. Potentiometric titration of 1.12x10 mol/dm?® solution of Ag* ions with 1.0x10™" mol/dm?

solution of NaCl with indicator PVCACc/Ag electrode.

Analytical application in real systems
The following diagrams show potentiometric curves of titration of Ag* ions with chlorides when
the PVCAc/Ag electrode was used as the indicator electrode. When all chlorides were precipitated, excess

of Ag" ions caused the potential jump because the electrode is selective to silver ions.
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Figure 4. Potentiometric titration of CI" ions in a sample of spring water from ,,Jasen®, with a solution of

AgNO; (c =2.5x10° mol/dm?), using PVCAC/Ag indicator electrode.
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Figure 5. Potentiometric titration of CI" ions in a sample of spring water from ,,Cesmica®, with a solution
of AgNO; (c =1.0x10?mol/dm?), using PVCAc/Ag indicator electrode.
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Figure 6. Potentiometric titration of CI" ions in a sample of spring water from ,,Vrelo”, with a solution of
AgNOs (c =1.0x10*mol/dm?), using PVCACc/Ag indicator electrode.
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Figure 7. Potentiometric titration of CI" ions in a sample of water from ,,Bazeni®, with a solution of
AgNO;s (c =5.0x10° mol/dm?), using PVCAC/Ag indicator electrode.
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The potentiometric curve is sigmoidal in all cases, and the endpoint of the titration is sharp
enough. Compare results are shown in Table 1, and it can be considered that the values obtained by the
proposed sensor agree well with the results obtained by the comparative method. RSD values for chloride
determination in different spring water samples range from 1.48-5.31%.

Table 1. Determination of chloride ion in spring water samples using the proposed PVCACc/Ag electrode
and the comparative Ag/AgCl electrode.

Sample CI" (mg/dm®)
Found Dby | Found by | RSD
PVCACc/Ag | comparative | %

Spring water

from
o electrode Ag/AgCl
,»Sjenica”
(n=3) electrode
,,Jasen” 7.028+0.2 6.987+0.2 | 3.22

,,Cesmica” | 27.509+0.4 | 27.787+0.4 | 1.48

, vrelo” 0.232+0.1 0.301+0.2 531

,,Bazeni” 15.399+0.3 | 15.612+0.3 | 1.86

The results reported, our previous studies as well as the results reveal that proposed PVCAC/Ag
electrode has been used for the determination of chloride ion concentration in the range of 1.0 to 25.0
mg/dm?®. At higher concentrations of CI" ions, the water sample solution was used to dilute beginning of
the reaction. Water samples that contain lower concentrations of CI” ions than 1.0 mg/dm® were
concentrated (sample “Vrelo” was concentrated on 1/10 V), because applicability of the proposed
method is in the concentration range of 1.0-25.0 mg/dm?® of chloride ions. The presence of cations in
environmental water samples do not interfere the determination of chloride ions by the proposed

electrode. Therefore, on the basis of all the above, it can be concluded that the chloride concentration was
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successfully determined in spring water samples by potentiometric titration with standard solutions of
AgNO; of appropriate concentrations when using the PVCAc/Ag electrode as indicator electrode.

Conclusion
The potentiometric titration curve in all cases is of the typical S-shape, and the end point of the

titration is sharp enough. The values obtained agree well with those obtained by the comparative direct
potentiometric method. Precision is satisfactory as indicated by the standard deviation values (1.48-
5.31%).

Analytical application of poly(vinyl chloride-co-vinyl acetate) electrode modified with silver,
without ionophores, of simple construction, is wide because of its characteristics. It is comparable or even
better than silver selective electrodes based on a polymer membrane containing different ionophores
which are already widely accepted.

Given that the electrode is proven to be reliable throughout this work, a wide concentration and
pH range can be used in the analysis of real samples if the interfering ions of Hg®* and Fe®" are not

present.
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Analiticka primena poli(vinil hlorid-ko-vinil acetat) elektrode modifikovane sa

srebrom za odredivanje hloridnih jona u realnim sistemima
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Sazetak

Moguénost primene nove jednostavne Ag-selektivne elektrode za odredivanje hloridnih jona, izu¢avana je
u ovom radu. Poli (vinil hlorid-ko-vinil acetat modifikovana elektroda sa srebrom (PVCAC/AQ)
pripremljena je jednostavnim uranjanjem staklene ugljene electrode prekrivene poli(vinil hlorid-ko-vinil
acetat) polimerom, koji sadrzi plastifikator i lipofilni aditiv, ali bez jonofore, u rastvor srebro-nitrata. Ova
jednostavnost pripreme i veliki pH opseg kroz prili¢no kiselu sredinu (pH 0.7 do 7.0), prednosti su ove
modifikovane elektrode nad mnogobrojnim prethodnim srebrnim selektivnim elektrodama baziranim na
polimernom matriksu koji sadrzi razli¢ite jonofore. Odgovor elektrode bio je linearan sa Nernst-ovim
nagibom 60.25 mV/dekada u koncentracionom opsegu od 1.0x10* do 1.0x10° mol/dm® Ag* | sa granicom
detekcije 4.25x10® mol/dm®. Predlozena PVCAc/Ag elektroda je primenjena za odredivanje hloridnih jona
u uzorcima izvorskih voda. Rezultati odredivanja hloridnih jona u uzorcima izvorskih voda dobijeni

predlozenom metodom i komparativnom Ag/AgCl elektrodom bili su u zadovoljavajucoj saglasnosti.

Kljucne reci: srebro, elektrode, izvorske vode, vinil hlorid-ko-vinil acetat, hloridni joni
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Résumé

Dans cet article a été étudiée la possibilité d’application d’une nouvelle et simple Ag-€électrode sélective
pour la détermination des ions chlorure. L’électrode de poly (chlorure de vinyle-co-acétate de vinyle
modifiée avec de ’argent — PVCAC/AQ) a été préparée par une simple immersion d’une électrode de
carbone vitreux revétue de polymére de poly (chlorure de vinyle-co-acétate de vinyle), qui contenait un
plastifiant et un additif lipophile, mais sans ionophore, dans la solution de nitrate d’argent. Cette simplicité
de construction et la gamme étendue de pH a travers des milieux acides remarquables (pH 0.7 a 7.0) sont
les avantages de cette électrode modifiée par rapport a de nombreuses électrodes sélectives d’argent
antérieures qui sont basées sur une matrice polymére contenant des différents ionophores. La réponse de
’¢lectrode était linéaire avec une pente de Nernstian de 60.25 mV/décade dans 1’étendu de concentration
de 1.0x10" & 1.0 x 10° mol/dm® Ag* et avec une limite de détection de 4.25x10° mol/dm?. L’électrode
PVCAc/Ag proposée a été appliquée a la détermination des ions chlorure dans les échantillons d’eaux de
source. Les résultats de la détermination des ions chlorure dans les échantillons d’eaux de source obtenus

a I’aide de la méthode proposée et de I’¢électrode comparative Ag/AgCl étaient en accord satisfaisant.

Mots-clés: argent, électrodes, eaux de source, chlorure de vinyle-co-acétate de vinyle, ions

chlorure
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HOHOB B pPeajibHbIX CHCTEMAaX
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AHHOTAIMA

B pabore uccnenoBana BO3MOXKHOCTh IIPUMEHEHHSI HOBOTO TPOCTOr0 AQ-CENIeKTHBHOTO 3JIEKTPOA YIS
OTIPENENICHUST  XJIOPUJI-MOHOB.  DJIEKTPOJ W3  CONOJMMEpa BUHWIXJIOpPHUJA W  BUHHIIAIIETATA,
momudunuposannoro  cepedopom  (PVCAC/AQ), OBII NPHUTOTOBIEH MPOCTHIM  MOTPYKEHHEM
CTEKJIOYTJIEPOJHOTO CTEPIKHS, MOKPBITOTO IMOJMMEPOM COIOJIMMEpa BUHHIIXJIOPHIA W BUHUJIAIIETATA,
KOTOPBIH copepskai IaacTu(ukarop U JTMnopuibHyr 100aBKy, HO 0e3 noHO(pOpa, B pacTBOpP HUTpATa
cepebpa. IIpocToTa MOATOTOBKM M IMMPOKH# muama3on PH B moBombHO kucioit cpeme (pH 0.7-7.0)
SIBIISIIOTCS  TIPEUMYIIIECTBAMU 3TOTO MOJU(PHUIMPOBAHHOTO 3JIEKTPOJa 10 CPABHEHHIO CO MHOTHMH
MPEIBIYIIUME CepeOPOCENIEKTUBHBIME AJICKTPOJIAMH Ha OCHOBE TOJMMEPHOW MATPHIII, COAEpIKaIlei
pasnmanbie noHOGOphEL. OTKIHMK AIIeKTpoAa OblT JMHEHHBIM ¢ HakiioHOM HepHaera 60,25 MB / nexamy B
mmanasoHe konrentparmii ot 1.0 x 107 1o 1.0 x 10 moms/mm® Ag + I ¢ mpenenom obHapyskenns 4.25 X
10°® moms/mm®. TIpemnosxennsiit anextpox PVCAc / Ag 6bl HCIIONB30BaH ISl ONPEIECHHs HOHOB XJIOpa
B 00pasIax poJHHUKOBOH BOIBI. Pe3ybTaThl OnpeeicHUs XJIOPH-MOHOB B 00pa3iiax poTHUKOBOM BOJIBI,
MOJTyYCHHBIC MpPEJIaracMbIM METOJIOM, M cpaBHHTENbHBIM Ag/AgCl 37eKTpoaoM YIO0BICTBOPUTEIHHO

COTJIaCYIOTCS.

Knrouesvie cnosa: cepebpo, 21ekmpoosi, poOHUuKo8ble 800bl, GUHUIXIOPUO-BUHUIAYEMAM, XT0PUO
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Analytische Anwendung einer mit Silber modifizierten Poly(vinylchlorid-Co-
Vinylazetat)-Elektrode zur Bestimmung von Chloridionen in realen Systemen
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ABSTRAKT

In dieser Arbeit wurde die Anwendungsmaglichkeit einer neuen einfachen Ag-selektiven Elektrode zur
Bestimmung von Chloridionen untersucht. Eine mit Silber modifizierte Poly(vinylchlorid-Co-Vinylazetat)-
Elektrode (PVCACc/Ag) wurde einfach hergestellt, indem eine Glaskohlenstoffelektrode, die mit
Poly(vinylchlorid-Co-Vinylazetat)-Polymer beschichtet wurde, der Weichmacher und lipophiles Additiv
enthielt, jedoch ohne lonophor, in die Silbernitratlésung getaucht wurde. Diese einfache Herstellung und
der breite pH-Bereich durch ziemlich saure Umgebung (pH 0.7 bis 7.0) sind Vorteile dieser modifizierten
Elektrode gegenulber vielen bisherigen silbernen selektiven Elektroden, die auf einer Polymermatrix
basieren, die verschiedene lonophore enthdlt. Die Reaktion der Elektrode war linear mit einer Nernst-
Steigung von 60.25 mV/Dekade im Konzentrationsbereich von 1.0x107 bis 1.0x10° mol/dm® Ag* und mit
einer Nachweisgrenze von 4.25x10° mol/dm®. Die vorgeschlagene PVCAc/Ag-Elektrode wurde zur
Bestimmung von Chloridionen in den Proben von Quellwassern verwendet. Die Ergebnisse der
Chloridionenbestimmung in Quellwasserproben, die durch die vorschlagene Methode und die komparative

Ag/AgCl-Elektrode erhalten wurden, stimmten zufriedenstellend Uberein.

Schliisselworter: Silber, Elektroden, Quellwdsser, Vinylchlorid-Co-Vinylazetat, Chloridionen
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Molecular dynamics simulations of ASC09, ritonavir, lopinavir and darunavir
with the COVID-19 protease
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ABSTRACT

Given the novelty of SARS-CoV-2 infection (COVID-19), and the lack of proven therapies, a wide variety
of strategies are being employed to combat COVID-19 pandemic. Many of these emerging strategies rely
on repurposing existing drugs and their mechanistic approaches that are effective against either similar viral
infections or the serious symptoms that are caused by COVID-19. The recently solved issue of the crystal
structure of the COVID-19 protease has made elucidating the structure—activity relationship feasible. The
interaction of ASCO09, ritonavir, lopinavir and darunavir with COVID-19 protease was simulated using the
Site Finder module, molecular docking and molecular dynamics (MD). Analysis of the MD trajectories has
provided the ligand/receptor interaction fingerprints, combining information on the crucial receptor
residues and frequency of the ligand/residue contacts. The contact frequencies and the contact maps suggest
that for all studied antiviral drugs, the interactions with Gln 107, Pro 108, GIn 110 and His 246 are an
important factor for drugs affinities toward the COVID-19 protease. However, the leading interactions with
Arg 105, Phe 134, Glu 240, Thr 243, Asp 245 or Phe 294 also significantly contribute to the ligand/receptor
interplay and, in particular, differentiate their binding affinities toward COVID-19 protease.

Keywords: COVID-19, Molecular dynamics, ASC09, Ritonavir, Lopinavir, Darunavir

*Budimir S. Ili¢, Department of Chemistry, Faculty of Medicine, University of Ni§, 18000 Nis,
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Introduction
At the time of this writing, the SARS-CoV-2 infection has sickened more than 11 million people

globally and killed more than half a million of them (Worldometer, 2020). No vaccine or direct treatment
currently exists (Ahmed et al., 2020; Robson, 2020). The most promising vaccine clinical trials at this
moment include an adenovirus-based candidate that is in a phase I1b/111 trial and an MRNA vaccine that is
in a phase Il trial (Mullard, 2020). As the SARS-CoV-2 infection continues to spread worldwide and more
people become critically ill, scientists are racing to find a treatment that will reverse the course (Ren et al.,
2020; Robson, 2020; Wang et al., 2020;). Dozens of medicines are in clinical trials in China and the United
States to treat the disease, officially named COVID-19 (Harrison 2020; Zhang et al., 2020;). More than 240
clinical trials being conducted involve antiviral drugs that were developed to treat illnesses such as
HIV/AIDS, malaria, efc. (ClinicalTrials, 2020).

Protease inhibitors are a class of antiviral drugs that are widely used to treat HIV, hepatitis C,
SARS-CoV and MERS-CoV (Feng et al., 2019; Pillaiyar et al., 2016; Sheahan et al., 2020). They prevent
SARS-CoV replication by selectively binding to viral proteases and blocking proteolytic cleavage of protein
precursors that are necessary for the production of infectious viral particles (Haagmans and Osterhaus,
2006). Last five months, at least 50 different trials for SARS-CoV-2 registered in the Clinical Trial Registry
(e.g., NCT04251871, NCT04255017, NCT04261270, NCT04261907, NCT04275388, NCT04276688,
NCT04286503, NCT04291729, NCTO04295551, NCT04303299, NCT04306497, NCT04307693,
NCT04315948) proposed the use of protease inhibitors (ASCQ9, ritonavir, lopinavir and darunavir) in the
treatment of COVID-19 (ClinicalTrials, 2020).

A key aspect of the inhibitor discovery process is to determinate the three-dimensional structure of
the inhibitor/protein complex. Therefore, elucidating the binding mode of viral protease inhibitors with
COVID-19 protease could provide some clues to the design of more promising COVID-19 protease
inhibitors. This paper presents and discuss the results of molecular dynamics (MD) simulations of ASCO09,
ritonavir, lopinavir and darunavir with recently reported, high-resolution crystal structure of COVID-19
protease. The Site Finder module of the Molecular Operating Environment (MOE) software (MOE, 2019),
was utilized to define and rank potential ligand-binding sites according to their propensity for ligand
binding, which was based on the amino acid composition of the pocket (Soga et al., 2007). Furthermore,
molecular docking and molecular dynamics simulations methods were applied as a powerful computational
strategy to investigate the detailed interactions of protease inhibitors with COVID-19 protease. The aim is
to sketch the mechanism of inducing distinct responses of the COVID-19 protease to the chosen ligands.
The study includes independent MD simulations for the top-ranked poses of each ligand and examines

frequency of contacts and patterns between viral protease inhibitors and the COVID-19 protease residues.
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Experimental
Examined viral protease inhibitors have been generated using the builder panel in the MOE

software. Using the MOE LigX module, partial atomic charges were ascribed and possible ionization states
were generated at a pH of 7.0. The MMFF94x force field was used for optimization and the resulting
structures were used for modeling studies (Halgren, 1996). Conformational search was carried out by MOE
LowModelMD method which performs molecular dynamic perturbations along with low frequency
vibrational modes with energy window of 7 kcal mol™, and conformational limits of 1000.

Several X-ray crystallographic structures of COVID-19 protease (PDB: 6Y84, 6Y2E, 5R84, 6Y2F,
6MO03, 6LU7 and 6Y2G) have been recently published (Protein Data Bank, 2020). Considering the receptor
resolution (King, 1958), the crystallographic structure (PDB: 6Y84) was elected as the top structure for
further molecular modeling (Owen et al., 2020). The inaccuracy of COVID-19 protease was corrected by
the Structure Preparation process in MOE. After the correction, hydrogens were added and partial charges
(Gasteiger methodology) were calculated. Energy minimization (AMBER14:EHT, RMS gradient: 0.100)
was performed.

The Site Finder module of the MOE was used to identify possible ligand-binding sites within the
optimized structure of COVID-19 protease. Hydrophobic or hydrophilic alpha spheres served as probes
denoting zones of tight atom packing. These alpha spheres were utilized to define and rank potential ligand-
binding sites according to their propensity for ligand binding (PLB) score, which was based on the amino
acid composition of the pocket (Soga et al., 2007).

The molecular docking study was performed using the MOE to understand the ligand protein
interactions in detail. The default Triangle Matcher placement method was used for the induced fit docking
(MOE, 2019). GBVI/WSA dG scoring function which estimates the free energy of binding of the ligand
from a given pose was used to rank the final poses (Corbeil et al., 2012). Each ligand/protein complex with
lowest relative binding free energy (AG) score was selected.

The molecular dynamics simulation of selected viral protease inhibitors on COVID-19 protease
was carried out using the Desmond (Desmond, 2018). The structure of the added water was based on the
simple point charge (SPC) solvent model. The system was neutralized with Na* ions to balance the net
charge of the whole simulation box to neutral. The final system contained approximately 36800 atoms. The
system was passed through a 6-step relaxation protocol before molecular dynamics simulations. The relaxed
system was simulated for 10 ns, using a normal pressure temperature (NPT) ensemble with a Nosé—Hoover
thermostat at 300 K and Martyna—Tobias—Klein barostat at 1.01325 bar pressure. Atomic coordinate data
and system energies were recorded every 1 ps. The root mean square deviation (RMSD) and root mean
square fluctuation (RMSF) of the inhibitor/COVID-19 protease complexes were analyzed with respect to

simulation time.
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Results and Discussion
The binding site residues in the COVID-19 protease have been identified using the Site Finder

module implemented in the MOE software. The results from the analysis highlighted that amino acid
residues like Phe 3, Arg 4, Lys 5, Met 6, Ala 7, Phe 8, Pro 9, Lys 102, Val 104, Arg 105, lle 106, GIn 107,
Pro 108, Gly 109, GIn 110, Thr 111, GIn 127, Pro 132, Phe 134, Phe 150, Asn 151, lle 152, Asp 153, Tyr
154, Cys 156, Val 157, Ser 158, Phe 159, Cys 160, Gly 183, lle 200, Thr 201, Val 202, Asn 203, Glu 240,
Pro 241, Thr 243, Asp 245, His 246, lle 249, Phe 291, Thr 292, Pro 293, Phe 294, Asp 295, Val 296, Arg
298, GIn 299, Gly 302, Val 303 and Thr 304 constituted the top binding pocket of the COVID-19 protease
(Table 1).

The intermolecular contacts between four representative viral protease inhibitors and COVID-19
protease were analyzed using the ligand interaction diagram of MOE suite. According to binding free
energy, it was predicted that ASC09 (-7.83 kcal mol™) could inhibit COVID-19 protease better than
ritonavir (-7.42 kcal mol™), lopinavir (-6.98 kcal mol™) and darunavir (-6.56 kcal mol™).

The study was further extended to assess the stability of inhibitor/COVID-19 protease complexes
through the molecular dynamics simulations. The RMSD and RMSF plots for COVID-19 protease showed
that docking complexes were stable during entire simulation period (Figure 1). The RMSD and RMSF
values for Ca, side chains and heavy atoms remained within the limit of 2 A (Figure 1). The obtained results
indicated small structural rearrangements, less conformational changes and confirmed stability of
inhibitor/COVID-19 protease complexes (Liu and Kokubo, 2017). The interactions observed during 10 ns
molecular simulation confirmed the importance of Arg 105, GIn 107, Pro 108, GIn 110, Phe 134, Glu 240,
Thr 243, Asp 245, His 246 and Phe 294 in the formation of inhibitor/COVID-19 protease complexes
(Figures 2 and 3).

Table 1. Summary of the possible inhibitor-binding sites in the COVID-19 protease.

Site  Size PLB Hyd Side Residues

Phe 3, Arg 4, Lys 5, Met 6, Ala 7, Phe 8, Pro 9, Lys 102, Val 104,
Arg 105, lle 106, GIn 107, Pro 108, Gly 109, GIn 110, Thr 111,
GIn 127, Pro 132, Phe 134, Phe 150, Asn 151, lle 152, Asp 153,
1 193 4.5 61 112 Tyr 154, Cys 156, Val 157, Ser 158, Phe 159, Cys 160, Gly 183,
lle 200, Thr 201, Val 202, Asn 203, Glu 240, Pro 241, Thr 243,
Asp 245, His 246, lle 249, Phe 291, Thr 292, Pro 293, Phe 294,
Asp 295, Val 296, Arg 298, GIn 299, Gly 302, Val 303, Thr 304
Trp 218, Phe 219, Leu 220, Asn 221, Phe 223, Ser 267, Glu 270,
2 21 0.68 14 22 Leu 271, Asn 274, Gly 275, Met 276, Asn 277
3 18 0.33 11 18  Leu 220, Asn 221, Phe 223, lle 259, Asp 263, Met 264, Ser 267
His 41, Met 49, Asn 142, His 164, Met 165, Glu 166, Leu 167,
4 54 0.33 13 34  Pro 168, Thr 169, Gly 170, Arg 188, GIn 189, Thr 190, Ala 191,
GIn192
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Asn 63, His 64, Phe 66, Leu 67, Val 68, GIn 74, Leu 75, Arg 76,
Val 77

Arg 40, Asn 84, Cys 85, Arg 105, Gly 179, Asn 180, Phe 181,
Gly 183, Phe 185, Val 186, Asp 187

Phe 140, Leu 141, Asn 142, Gly 143, Ser 144, Cys 145, His 163,
Met 165, Glu 166

Thr 199, Tyr 237, Tyr 239, Leu 271, Leu 272, Gly 275, Met 276,
Asn 277, Gly 278, Arg 279, Ala 285, Leu 286, Leu 287

Glu 14, Gly 15, Cys 16, Met 17, Val 18, Trp 31, Ala 70, Gly 71,
Gly 120, Pro 122

Lys 5, Arg 131, Lys 137, Asp 197, Thr 198, Thr 199, Leu 286,
Leu 287, Glu 288, Asp 289, Glu 290

5 13 0.16 8 11

6 13 0.15 8 19

7 25 0.11 4 17

8 28 -0.00 12 18

9 15  -0.01 6 8

10 31 -0.07 7 24

Examined inhibitor/COVID-19 protease complexes, throughout the molecular dynamics simulation
exhibited four types of interactions: hydrophobic, ionic, water-bridged and hydrogen bonds (Figures 2 and
3). The molecular dynamics simulations of ASC09/COVID-19 protease (Figure 2A and 2B), revealed firm
ionic/water-bridged interactions with Glu 240 (72 % of the simulation time) and water-bridged interactions
with Thr 243 (44 % of the simulation time), Asp 245 (35 % of the simulation time) and GIn 110 (16 % of
the simulation time). In addition, the ASC09/COVID-19 protease complex uncovered H-bonding/water-
bridged interactions with GIn 107 (37 % of the simulation time), as well as hydrophobic/water-bridged
interactions with His 246 (35 % of the simulation time) and Pro 108 (22 % of the simulation time). The
interaction profile of ritonavir/COVID-19 protease revealed slightly different results (Figure 2C and 2D).
The molecular dynamics showed stable water-bridged interactions with Asp 245 (78 % of the simulation
time) as well as forceful H-bonding/water-bridged interactions with GIn 110 (76 % of the simulation time)
and GIn 107 (62 % of the simulation time). Furthermore, examined complex showed substantial H-
bonding/hydrophobic interactions with Pro 108 (65 % of the simulation time) and His 246 (52 % of the
simulation time) (Figure 2C and 2D).

The molecular dynamics simulations of lopinavir and darunavir with COVID-19 protease (Figure
3), revealed prevalent H-bonding/water-bridged interactions with GIn 107 (exceeding 116 % of the
simulation time). In addition, lopinavir and darunavir exhibited modest interactions with previously
discussed Pro 108, GIn 110 and His 246 (Figure 3). The contact frequencies and the contact maps suggest
that for all studied antiviral drugs, the interactions with Gln 107, Pro 108, GIn 110 and His 246 are an
important factor for drugs affinities toward the COVID-19 protease. Highlighted residues of COVID-19
protease are comparable with structural features and catalytic residues of SARS-CoV 3CLP° which
inhibition by peptidomimetics and small molecule inhibitors is well documented (Pillaiyar et al., 2016). Of
note, the importance of GIn (as GIn 189 or GIn 192) and His (as His 41) in the anti-SARS-CoV 3CL""®

chemotherapies is clearly established in Pillayiar et al. (2016) and references therein. However, the
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molecular dynamics simulations of examined complexes reveal that leading interactions with Arg 105, Phe
134, Glu 240, Thr 243, Asp 245 or Phe 294 also significantly contribute to the ligand/receptor interplay
and, in particular, differentiate their binding affinities toward COVID-19 protease (Figures 2 and 3).

160



Chemia Naissensis, Vol 3, Issue 1, SHORT COMMUNICATION, 155-166

Co mmide chains

Protein RMSD (A)

[X]

0.4

Time (nsec)

mC-aiphas.

RMSF (A)

o 50 00 150 200 250 300
Residue Index

Figure 1. RMSD (A) and RMSF (B) plot of COVID-19 protease, during the course of 10 ns molecular
dynamics simulation.
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Figure 2. Normalized stacked bar chart representation and timeline representation of interactions and
contacts between COVID-19 protease and antiviral drugs ASC09 (A, B) and ritonavir (C, D), during the
course of 10 ns molecular dynamics simulation.
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Figure 3. Normalized stacked bar chart representation and timeline representation of interactions and
contacts between COVID-19 protease and antiviral drugs lopinavir (A, B) and darunavir (C, D), during the

course of 10 ns molecular dynamics simulation.

Conclusion
In summary, given the novelty of SARS-CoV-2 infection, and the lack of proven therapies, a wide variety

of strategies are being employed to combat COVID-19 pandemic. The results presented herein provide
dynamic insight into the binding of ASCO09, ritonavir, lopinavir and darunavir with COVID-19 protease
through the computational modeling approaches. Analysis of the observed intermolecular contact
frequencies together with the contact maps indicates that the interactions with GIn 107, Pro 108, GIn 110
and His 246, retained by all of the studied ligands, are a contributing factor to the affinity of the
ligand/COVID-19 protease interaction. However, the leading interactions with Arg 105, Phe 134, Glu 240,
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Thr 243, Asp 245 or Phe 294 also significantly contribute to the ligand/receptor interplay and, in particular,
differentiate their binding affinities toward COVID-19 protease. | anticipate that the results presented herein
will open the way for a deeper understanding of inhibitor/COVID-19 protease interactions, especially for
peptidomimetics that have recently been included in the treatment of COVID-19.
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Molekularna dinamika ASC09, ritonavira, lopinavira i darunavira sa COVID-
19 proteazom

Budimir S. Tli¢!

1- Univerzitet u Nisu, Medicinski fakultet, Departman za hemiju, 18000 Nis, Srbija

Sazetak

Usled pojave nove infekcije SARS-CoV-2 (COVID-19) kao i nedostatka dokazane terapije, danas se koriste
razli¢ite metode u pokusaju borbe protiv pandemije COVID-19. Mnoge od ovih metoda oslanjaju se na
primenu ve¢ postoje¢ih lekova koji su efikasni protiv slicnih virusnih infekcija ili ozbiljnih simptoma
slicnih COVID-19. Nedavno odredena kristalna struktura COVID-19 proteaze omogucila je povezivanje
strukture proteaze sa aktivnostima supstanci. Interakcija ASCO9, ritonavira, lopinavira i darunavira sa
COVID-19 proteazom simulirana je kori$¢enjem modula Site Finder, molekularnog dokinga i molekularne
dinamike (MD). Analiza MD trajektorija obezbedila je uvid u interakcije ligand/receptor, pruzajuci
informacije o kljunim aminokiselinama receptora i frekvenciji kontakata ligand/receptor. Frekvencije
kontakta i mape kontakata sugeri$u da su za proucavane antivirusne lekove interakcije sa Gln 107, Pro 108,
Gln 110 1 His 246 odlucujuéi faktor u vezivanju lekova za proteazu COVID-19. Takode, vodece interakcije
sa Arg 105, Phe 134, Glu 240, Thr 243, Asp 245 ili Phe 294 znacajno doprinose razli¢itom afinitetu

vezivanja ispitanih lekova za COVID-19 proteazu.

Kljucne reci: COVID-19, molekularna dinamika, ASCO09, ritonavir, lopinavir, darunavir
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Simulations de la dynamique moléculaire de I’ASC09, du ritonavir, du

lopinavir et du darunavir avec la protéase COVID-19

Budimir S. Tli¢!

1- Université de Nis, Faculté de médecine, Département de chimiel 8000 Nis, Serbie

Résumé

En raison de I’apparition de la nouvelle infection SARS-CoV-2 (COVID-19), ainsi que du manque de
thérapie éprouvée, aujourd’hui s’emploient les diverses stratégies dans la lutte contre la pandémie de
COVID-19. De nombreuses stratégies reposent sur 1’usage des médicaments existants et sur leur mécanisme
de fonctionnement, qui sont efficaces contre des infections virales similaires ou des symptémes graves
ressemblants au COVID-19. La structure cristalline de la protéase du COVID-19 récemment déterminée a
rendu possible une liaison entre la structure de la protéase et les activités des substances. L’interaction de
1’ASC09, du ritonavir, du lopinavir et du darunavir avec la protéase COVID-19 a été simulée a 1’aide du
module Site Finder, de 1’ancrage moléculaire et de la dynamique moléculaire (MD). L’analyse des
trajectoires MD a fourni les empreintes digitales d’interaction ligand/récepteur, en donnant des informations
sur les aminoacides cruciaux des récepteurs et la fréquence des contacts ligand/récepteur. Les fréquences
des contacts et les cartes de contacts suggérent que pour les médicaments antiviraux étudiés, les interactions
avec GIn 107, Pro 108, Gln 110 et His 246 sont un facteur décisif dans 1’affinité de liaison des médicaments
pour la protéase COVID-19. De méme, les interactions principales avec Arg 105, Phe 134, Glu 240, Thr
243, Asp 245 ou Phe 294 contribuent d’une maniere significative a I’affinité de liaison différente des

médicaments examinés pour la protéase COVID-19.

Mots-clés: COVID-19, dynamique moléculaire, ASC09, ritonavir, lopinavir, darunavir
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MopaenupoBanue  moJiekyJspHoii  auHamuku  ASC09, purToHaBHpa,

JIOMMHABHPA U AapyHaBupa ¢ nporeasoit COVID-19

Bymumup C. Wiy

1-Ynusepcumem ¢ Huwe, Meouyunckuti paxyromem, Kageopa xumuu, . Huw, Cepous

AHHOTALUSA

B cBs3u ¢ mosiBiennem HoBoW mHpeknun SARS-CoV-2 (COVID-19), a takxke u3-3a OTCYTCTBHS
MIPOBEPEHHBIX METOJOB JICUCHMs, B TONBITKE OOpHOBI C MaHAEMHEH HCIOJIB3YIOTCS CaMble pPas3HBIC
cTparerud. MHOrHME€ M3 3THX METOJIOB OCHOBAaHBl Ha HCIOJNB30BAaHUM CYIIECTBYIOIIMX JIEKAPCTB M
MEXaHHM3Ma UX JEUCTBUS, KOTOpbIe 3(pPEeKTHBHBI JTHOO MPOTHUB aHAIOTHYHBIX BUPYCHBIX WH(EKINH, THO0
MPOTUB CEPHE3HBIX CHUMNTOMOB, MON0OHBEIX COVID-19. HenmaBHO ompeneneHHas KpHUCTaLTHYECKast
ctpykrypa nporea3sl COVID-19 no3Bosuia BBISICHUTh B3aUMOCBSI3H MEXIY CTPYKTYpPOW MPOTEas3bl U
akTHBHOCTU BemlecTB. B3aumoneiicteue ASCO09, putoHaBHpa, JONHMHABUPA U AapyHaBUpa C MPOTEA30i
COVID-19 monenuposainock ¢ moMorpio Moayis Site Finder, MoneKkyIsipHO# CTHIKOBKH U MOJIEKYJISIPHON
muHamuku (MD). Aranu3 tpaekropuii M/l mpemocTaBui mpeacTaBiieHHEe O B3aMMOACHCTBUSAX JIUTAHT /
peucnurop, O6T>CI[I/IHI/IB I/IH(bOpMaHI/IIO O KIIFOYCBBIX aMHWHOKHCIOTaxX pPEUCITOpa M YaCTOTC KOHTAKTOB
surasj/peuentop. YacToTa KOHTAKTOB M KapThl KOHTAKTOB MPEJIOJIArarwT, YTo B3auMoaeicTeus ¢ Gln
107, Pro 108, GIn 110 u His 246 sBnsitorcst peratonmM (akTopoM B CBSI3BIBAHHH JIEKAPCTB U MPOTEa3kl
COVID-19, ans uccneayemMbIX TPOTUBOBUPYCHBIX MpenapaToB. OTHAKO BeIyIHe B3aUMOJICHCTBUS ¢ Arg
105, Phe 134, Glu 240, Thr 243, Asp 245 unu Phe 294 Takxke BHOCAT 3HAYMTEIbHBIA BKJIaJ BO
B3aMMO/JICHCTBUE JIMTaH]/PEENITOpP U, B YaCTHOCTH, JU(QepeHIupyroT ux ahGuHHOCTh CBSA3BIBAHUS C

npoteazoit COVID-19.

Knrwuesvie cnosa: COVID-19, Monexynapnaa ounamuxa, ASC09, Pumonasup, Jlonunasup,

apynasup
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Molekulardynamische Simulationen von ASC09, Ritonavir, Lopinavir und

Darunavir mit der COVID-19-Protease

Budimir S. Tli¢!

1- Universitdt Nis, Medizinische Fakultdit, Department fiir Chemie, 18000 Nis, Serbien

ABSTRAKT

Aufgrund des Auftretens einer neuen SARS-CoV-2-Infektion (COVID-19) und des Mangels an einer
bewéhrten Therapie werden unterschiedliche Methoden zur Bekdmpfung der COVID-19-Pandemie
eingesetzt. Viele dieser Methoden beruhen auf der Verwendung der schon bestehenden Medikamente und
dem Mechanismus ihrer Wirkung, die gegen &hnliche Virusinfektionen oder schwerwiegende, dem
COVID-19 &hnliche, Symptome wirksam sind. Die kirzlich aufgeklérte Kristallstruktur der COVID-19-
Protease ermdglichte es, die Struktur der Protease mit den Aktivitaten von Substanzen zu verkniipfen. Die
Wechselwirkung von ASCO09, Ritonavir, Lopinavir und Darunavir mit COVID-19-Protease wurde unter
Verwendung des Site Finder-Moduls, des molekularen Andockens und der Molekulardynamik (MD)
simuliert. Die Analyse der MD-Trajektorien hat Einblicke in die Ligand/Rezeptor-Interaktion ermdglicht
und Informationen tber die wichtigsten Aminoséuren von Rezeptoren und die Haufigkeit der Ligand/Rest-
Kontakte geliefert. Die Kontaktfrequenzen und die Kontaktmappen legen nahe, dass die Wechselwirkungen
mit GIn 107, Pro 108, GIn 110 und His 246 der entscheidende Faktor bei der Bindung der Arzneimittel an
die COVID-19-Protease fiir alle wuntersuchten antiviralen Arzneimittel sind. Die fiihrenden
Wechselwirkungen mit Arg 105, Phe 134, Glu 240, Thr 243, Asp 245 oder Phe 294 tragen ebenfalls
wesentlich zu unterschiedlichen Bindungsaffinitaten der untersuchten Arzneimittel an die COVID-19-

Protease bei.

Schliisselworter: COVID-19, Molekulardynamik, ASC09, Ritonavir, Lopinavir, Darunavir
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Lipinski’s rule of five, famous extensions and famous exceptions

Violeta Ivanovi¢!, Miroslav Ran¢i¢!, Biljana Arsi¢!”, Aleksandra Pavlovi¢!

1- University of Nis, Faculty of Science and Mathematics, Department of Chemistry, Visegradska 33, 18000
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Aleksandra Pavlovi¢: petral974@yahoo.com

ABSTRACT

Mathematical models show qualitative and quantitative dependencies between the structure, physico-
chemical properties and activities of the investigated compounds. There are different rules for the prediction
of good bioavailability, and one of the most well-known is the Lipinski rule. The rule is related to the
molecular properties important for a drug’s pharmacokinetics in the human body: absorption, distribution,
metabolism, and excretion (ADME). In addition to the Lipinski rule, there are reported different
combinations of criteria that are important predictors of permeability. An additional rule was proposed by
Veber. He compared the oral bioavailability of the compound and the permeability of the compound with

the molecular flexibility.

Keywords: absorption, acceptors, biological activity, donors, exceptions
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Introduction

Most scientific studies today are focused on the discovery and synthesis of biologically active
compounds, the study of their action, efficiency and possible toxicity to the environment. In order to save
time and money, before the synthesis of a new bioactive compound, the application of various mathematical
models establishes qualitative and quantitative dependencies between its structure, physico-chemical
properties and activities. The molecular descriptor most commonly used to predict the potential of a
compound as bioactive is lipophilicity. According to IUPAC, lipophilicity represents the affinity of
molecules or parts of molecules towards the lipophilic environment. In addition to lipophilicity, the rules
of good bioavailability are applied for the theoretical assessment of the existence of biological activity of
compounds, among which the most well-known is the Lipinski rule (Apostolov and Vastag, 2017).

Once in the body, the pathway of a biologically active compound is determined by its absorption,
distribution, metabolism, excretion and toxicity (ADMET). To evaluate and optimize the action and
efficiency of a bioactive compound, it is necessary to know its pharmacokinetics. Since most bioactive
substances are not administered intravenously, the pharmacokinetic predictor that may indicate the level of
intestinal absorption is the human effective permeability in the jejunum. Molecules with higher lipophilicity
have better permeability through the phospholipid bilayer of enterocytes, so the level of permeability is
directly conditioned by the lipophilicity of the molecules.

The activity of the compound in the central nervous system is conditioned by its passage through
the blood-brain barrier. The blood-brain barrier (BBB) is a mechanism that controls the passage of
substances from the blood into the cerebrospinal fluid, and thus into the brain and spinal cord. The value of
the pharmacokinetic parameter, log BBB, indicates the possibility of using a molecule as neurologically
active. The early stages of modern design of a biologically active compound require the study of its impact
on the environment, which is most often reflected in the assessment of its danger to various test organisms
(Apostolov and Vastag, 2017).

Lipinski rule of five

In order to advance the discovery and development of new drugs, great efforts are being made to
evaluate the similar ‘drug-like’ properties of molecules in the early stages of the discovery-research process.
There are different approaches to solve this problem, but the simplest and most used approach is developed
by Chris Lipinski and his colleagues at Pfizer, which is generally referred either as the Lipinski Rules or
the Rule of Five (ROF) (Petit et al., 2012).
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Rule of five (ROF) is arule of thumb to evaluate drug likeness or determine if a chemical compound
with a certain pharmacological or biological activity has properties that would make it a likely orally active
drug in humans(Lipinski et al., 1997).

The biologically active molecule must implement five conditions to be potentially used as a drug
for oral administration. Poor absorption or permeation are most likely if:
> Molar mass >500,
> Number of H-bond acceptors >10,
> Number of H-bond donors > 5,
> LogP> 5 (or MlogP>4.15)

(Lipinski et al.,1997).

Based on the ROF, the rating of an orally active drug is between ,,0¢ and ,,4* which means that a
potential drug has no more than one violation of the exposed criteria. However, Lipinski points out that
such molecules should not be completely removed from further consideration; it is known that many drugs
do not undergo ROF (Petit et al., 2012).

Although the rule of five has a wide application, there are certain deficiencies. The two major
weaknesses are the equal weight given to each of the rules and the sharp boundary that marks the violation
of a given rule. Another disadvantage of this rule is that it does not include natural and biological

compounds. ROF does not incorporate criteria relevant to metabolism.

Lipophilicity

Lipophilicity, a description of the ability of a molecule to partition into octanol versus water, is a
physicochemical property commonly considered to be highly relevant to the rate of absorption.
Lipophilicity is defined as the logarithm of the ratio of drug that partitions into organic phase to that in
aqueous phase, and is referred as logP. While this property can be physically measured in various ways,
numerous methods for computation of logP exist, each of which has its own advantages and shortcomings.
For example, clogP is a method that computes the lipophilicity of a molecule by computing the sum of the
logP of the fragments that comprise it. These fragmentary values were generated by least-squares fitting to
a training set, and include correction factors for electronic and steric effects. The cLogP method works well
for molecules that possess typical drug-like functional groups, and fragments that are closely related to the
training set. An atomic-based prediction of logP (AlogP, MlogP) utilizes the atomic contributions of each
atom in the molecule, also fit to a training set with experimentally determined partition coefficients. During
the development of the Rule of Five, Lipinski compared the use of the fragment-based cLogP computation
to that of the atomic-based MlogP parameter. While the cLogP method produced highly accurate results in

classes of compounds where all the fragments of a given compound were defined within the training set,
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the rule-based Moriguchi method always provided an answer, even at the expense of accuracy. Therefore,
within a series of related compounds (generated within a medicinal chemistry optimization program), the
more-accurate cLogP is typically used, and, for assessment of lipophilicity of large collections, the more
general MlogP computation was applied.

M log P: log P by the method of Moriguchi
The calculation of log P via the method of Moriguchi begins with a straightforward counting of

lipophilic atoms (all carbons and halogens with a multiplier rule for normalizing their contributions) and
hydrophilic atoms (all nitrogen and oxygen atoms). The Moriguchi method applies 11 correction factors:
four that describe the hydrophobicity and seven that describe the lipophilicity (Lipinski et al., 1997).

The correction factors that describe hydrophobicity are:

1. UB (the number of unsaturated bonds except those in nitro groups);

2. AMP (the correction factor for amphoteric compounds): an o amino acid structure adds 1.0 to the
AMP parameter, while each amino-benzoic acid and each pyridine carboxylic acid adds 0.5;

3. RNG: it has the value of 1.0 if the compound has any rings other than benzene-based with hetero-

aromatic, or hydrocarbon rings;

4, QN (the number of quaternary nitrogen atoms).
5. The seven correction factors that describe lipophilicity are:
6. PRX (a proximity correction factor for nitrogen and oxygen atoms that are close to one another

topologically): 1) addition of 2.0 for each two atoms directly connected and also for each two atoms
connected via a carbon, sulfur, or phosphorus atom, 2) addition of 1.0 unless one of the two bonds
connecting the two atoms is a double bond; 3) addition of an extra 1.0 for each carboxamide group, and for
each sulfonamide group2.0;

1. HB: 1.0 if there are structural features that will make an internal hydrogen bond;

8. POL (the number of heteroatoms connected to an aromatic ring by only one bond or the number of
carbon atoms attached to two or more heteroatoms which are also attached to an aromatic ring by only one
bond);

9. ALK: 1.0 if the molecule contains only carbon and hydrogen atoms and not more than one double
bond;

10. NO: (the number of nitro groups);

11. NCS: 1.0 for each isothiocyanate group and 0.5 for each thiocyanate group;

12. BLM: 1.0 if there is a beta lactam ring in the molecule (Lipinski et al., 1997).
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Hydrogen-Bond Donors
In addition to high molecular weight and lipophilicity, large numbers of hydrogen-bond donor

groups in a compound can reduce the ability of a molecule to permeate a membrane bilayer. Compounds
that possess a large number of hydrogen-bond donors will partition into a strongly hydrogen-bonding
solvent (such as water) rather than into the lipophilic environment present in a cellular membrane. The
hydrogen bonding ability of functional groups in a molecule might be measured by simple accounting of
N-H and O-H bonds in a molecule (Lipinski et al., 1997).

Hydrogen-Bond Acceptors
For the same reason that hydrogen-bond donors reduce the permeability of compounds into

lipophilic environments, hydrogen-bond acceptors affect permeability by interacting favorably with a
strongly hydrogen bonding solvents such as water. Again, while hydrogen-bonding parameters can be
computed, Lipinski and coworkers observed that simply summing the numbers of nitrogen and oxygen

atoms in the molecule serves as a good surrogate to correlate to oral bioavailability (Lipinski et al., 1997).

Variations of the rule of five

Recognizing the value of such retrospective analyses of drug candidates as originally performed
and formalized by Lipinski, others have reported different combinations of criteria that are important
predictors of permeability. An additional rule was proposed by Veber. He compared the oral bioavailability
of the compound and compared the permeability of the compound with the molecular flexibility, which can
be described in terms of the number of rotatable bonds. Estimation of the number of rotatable bonds allows
correlation of permeability properties without consideration of molecular weight. It has been concluded that
compounds with more than ten rotatable bonds generally have poor permeability. Also, Veber concluded
that the high polar surface area affects the reduction of permeability (Pollastri, 2010).

Veber’s flexibility rules complement the rule of five:

> The product must have no more than 5 hydrogen bond donor sites,

> It must have no more than 10 hydrogen bond acceptor sites,

> Its molecular mass must be less than 500 Daltons,

> Its molecules must contain between 20 and 70 atoms (50 on average),
> Its polar surface area must be smaller than 140 A2,

These criteria can predict intestinal absorption of a product and its ability to pass through the blood—

brain barrier.
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Linking computed molecular descriptors to central nervous system (CNS) permeability was
proposed by Ajay. Computed properties, including molecular weight, molecular branching, hydrogen
bonding, aromatic density and logP, were evaluated and compared to lists of drugs for which data about
CNS activity were available. Molecular weight, degree of branching, number of rotatable bonds, and
number of hydrogen bonds showed the highest correlation to CNS permeability, such that if these values
are increased, CNS exposure is decreased. Similarly, increasing aromatic density, numbers of H-bond
donors, or cLogP values predicted compounds are with higher CNS permeability (Pollastri, 2010).

A variation of ROF known as rule three, is used to display small fragments and for screening set design,
that desirable fragments possess a:
> molecular weight <300,
> fewer than 3 hydrogen bond donors and acceptors,
> cLogP< 3.

The rule three also contains a variation of the Veber’s criterion, so that the desirable fragments have
three or less rotating bonds and a polar surface area < 60 A2, These data imply that a rule of three could be

useful when constructing fragment libraries for efficient lead discovery (Congreve et al., 2003).

The rule of five exceptions

The ‘rule of 5 is based on a distribution of calculated properties among several thousand drugs.
Therefore, by definition, some drugs will lie outside the parameter cutoffs in the rule. Very small number
of therapeutic categories account for most of the USAN (United States Adopted Name) drugs with

properties falling outside Lipinski rule. These orally active therapeutic classes are:

> antibiotics,

> antifungals,

> vitamins,

> cardiac glycosides.

These compounds have structural features that allow the drugs to act as substrates for naturally occurring
transporters. If such classes are excluded from the USAN library, there are very few examples of

compounds remaining that violate the ROF (Lipinski et al., 2001).
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Lipinski pravilo pet, poznata proSirenja i poznati izuzeci

Violeta Ivanovi¢!, Miroslav Ran¢i¢!, Biljana Arsi¢!, Aleksandra Pavlovi¢!

1- University u Nisu, Prirodno-matematicki fakultet, Departman za hemiju, Visegradska 33, 18000 Nis,
Republic of Serbia

Sazetak

Matemati¢ki modeli pokazuju kvalitativne i kvantitativne zavisnosti izmedu strukture, fizi€¢ko-hemijskih
osobina i aktivnosti ispitivanih jedinjenja. Postoje razli¢ita pravila za predvidanje dobre biodostupnosti, i
jedno od najpoznatijih je Lipinski pravilo. Pravilo se odnosi na molekulske osobine vaZne za
farmakokinetiku leka u ljudskom telu: apsorpcija, raspodela, metabolizam i ekskrecija (engl. ADME).
Pored pravila Lipinskog, postoje razli¢ite kombinacije kriterijuma koje su vazni prediktori propustljivosti.
Jedno dodatno pravilo je predlozeno od strane Vebera. On je uporedivao oralnu biodostupnost jedinjenja i

propustljivost jedinjenja sa molekulskom fleksibilnoscu.

Kljucne reci: apsorpcija, akceptori, bioloska aktivnost, donori, izuzeci
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La régle des cinq de Lipinski, des extensions célébres et des exceptions célébres

Violeta Ivanovi¢!, Miroslav Ran¢i¢!, Biljana Arsi¢!, Aleksandra Pavlovi¢!

1- Université de Nis, Faculté des sciences naturelles et des mathématiques, Département de

chimie, Visegradska 33, 18000 Nis, République de Serbie

Résumé

Les modeles mathématiques montrent des dépendances qualitatives et quantitatives entre la structure, les
propriétés physico-chimiques et les activités des composés étudiés. 1l existe de différentes regles pour
prédire une bonne biodisponibilité et 1’une des plus connues est la regle de Lipinski. La reégle se rapporte
aux propriétés moléculaires importantes pour la pharmacocinétique du médicament dans le corps humain,
a savoir : absorption, distribution, métabolisme et excrétion (angl. ADME). A part de la régle de Lipinski,
il y a des combinaisons variées des criteres qui sont des prédicteurs importants de la perméabilité. Une regle
supplémentaire a été proposee par Veber qui comparait la biodisponibilité orale du composé et la

perméabilité du composé a la flexibilité moléculaire.

Mots-clés: absorption, accepteurs, activité biologique, donateurs, exceptions
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IIpaBuino mnsaTm JIMnMHCKOro, H3BEeCTHbIE PpacHIUPeHHsT W H3BECTHbIE
HUCKJII0YEeHUsI

Buosiera UBanouu', Mupociaas Panuny', Busisina Apcena!, Asexcanapa Iasiaosuy!

1- Vuueepcumem 6 Huwe, Ecmecmeenno-wamemamuueckuii ¢paxyromem, Kagheopa xumuu,

Buweepaocka 33, 18000 Huw, Cepbus

AHHOTALUSA

MaremaTHyecKie MOJEIH TOKa3bIBAIOT KAYECTBCHHBIC W KOJUYCCTBEHHBIC 3aBUCHUMOCTH MEXKIY
CTPYKTYpO#, (PHU3HKO-XUMHYECKHMH CBOMCTBAMH ¥ AKTUBHOCTBIO HCCIIEIYEMBIX COCIMHEHHIA.
CymiecTBYIOT pasHble MMPaBUiIa IS MPOTHO3UPOBAHUS XOPOIICH OHOMOCTYITHOCTH, CPEIM KOTOPBIX Kak
OAHO M3 CaMbIX M3BCCTHBLIX BBIACIIACTCA ITPABUIIO JIunmmHuckoro. HpaBI/IHO OTHOCHUTCA K MOJICKYJIAPHBIM
CBOWCTBAM, BaXHBIM JUIS (PAPMAKOKHHETHKH JIEKAPCTBEHHOTO CpEACTBA B OpPraHM3ME YeIOBEKa:
abcopOrusi, pacrpeneneHue, mMetabonm3m u 3kckpenus (anri. ADME). B nomonHenue k mpaBuity
JIunuHCKOTO CYHCCTBYIOT pa3JIM4YHbIC KOM6I/IHa]_[I/II/I KPUTEPUCB, SABJIAIOIINECA BaAXXHBIMU IMPEAUKTOPAMU
MpPOHUIIaeMOCTH. J[OTOTHUTEIbHOE TPaBWIO ObUTO TpeiokeHo Bebepom. OH CpaBHHI MEpOPaTbHYIO

6I/IOILOCTYHHOCTB COCIMHCHUA U ITPOHULIAEMOCTb COCANHCHUA C MOJ'IGKy.TIS[pHOﬁ THOKOCTBIO.

Knwouesvie crosa: a6cop6b;wz, akyenmopbol, ouonocuyeckas AKmueHocmbv, dOIlOpbl, UCKJIIOYEeHUA
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Lipinskis Fiinferregel, berithmte Erweiterungen und berithmte Ausnahmen

Violeta Ivanovi¢!, Miroslav Ran¢i¢!, Biljana Arsi¢!, Aleksandra Pavlovi¢!

1- Universitdt Nis, Fakultdt fiir Naturwissenschaften und Mathematik, Abteilung fiir Chemie,
Visegradska 33, 18000 Nis, Republik Serbien

ABSTRAKT

Mathematische Modelle zeigen qualitative und quantitative Abhéngigkeiten zwischen Struktur,
physikalisch-chemischen Eigenschaften und Aktivitdten der untersuchten Verbindungen. Es gibt
verschiedene Regeln flr die VVorhersage einer guten Bioverfligbarkeit, und eine der bekanntesten ist die
Lipinski-Regel. Die Regel bezieht sich auf die molekularen Eigenschaften, die fur die Pharmakokinetik
eines Arzneimittels im menschlichen Korper wichtig sind: Absorption, Distribution, Metabolismus und
Elimination (ADME). Zusétzlich zur Lipinski-Regel gibt es verschiedene Kriterienkombinationen, die
wichtige Pradiktoren fur die Permeabilitat sind. Eine zusétzliche Regel wurde von Veber vorgeschlagen.
Er verglich die orale Bioverfligbarkeit der Verbindung und die Permeabilitat der Verbindung mit der

molekularen Flexibilitét.

Schliisselworter: Absorption, Akzeptoren, biologische Aktivitdit, Donatoren, Ausnahmen
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