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INSTRUCTIONS FOR AUTHORS (2021)

GENERAL

The Journal of the Serbian Chemical Society (the Journal in further text) is an international journal
publishing papers from all fields of chemistry and related disciplines. Twelve issues are published
annually. The Editorial Board expects the editors, reviewers, and authors to respect the well-known
standard of professional ethics.

Types of Contributions

Original scientific papers ~ (up to 15 typewritten pages, including Figures, Tables and References)
report original research which must not have been previously published.

Short communications (up to 8 pages) report unpublished preliminary results of sufficient
importance to merit rapid publication.

Notes (up to 5 pages) report unpublished results of short, but complete, original
research

Authors’ reviews (up to 40 pages) present an overview of the author’s current research with
comparison to data of other scientists working in the field

Reviews? (up to 40 pages) present a concise and critical survey of a specific research
area. Generally, these are prepared at the invitation of the Editor

Surveys (about 25 pages) communicate a short review of a specific research area.

Book and Web site reviews (1 - 2 pages)

Extended abstracts (about 4 pages) of Lectures given at meetings of the Serbian Chemical
Society Divisions

Letters to the Editor report miscellaneous topics directed directly to the Editor

®Generally, Authors’ reviews, Reviews and Surveys are prepared at the invitation of the Editor.

Submission of manuscripts

Manuscripts should be submitted using the OnLine Submission Form, available on the JSCS Web
Site (http://www.shd-pub.org.rs/index.php/JSCS). The manuscript must be uploaded as a Word.doc or
artf file, with tables and figures (including the corresponding captions — above Tables and below
Figures), placed within the text to follow the paragraph in which they were mentioned for the first time.

Please note that Full Names (First Name, Last Name), Full Affiliation and Country (from drop
down menu) of ALL OF AUTHORS (written in accordance with English spelling rules - the first letter
capitalized) must be entered in the manuscript Submission Form (Step 3). Manuscript Title, authors’
names and affiliations, as well as the Abstract, WILL APPEAR in the article listing, as well as in
BIBLIOGRAPHIC DATABASES (WoS, SCOPUS...), in the form and in the order entered in the
author details

Graphical abstract
Graphical abstract is a one-image file containing the main depiction of the authors work and/or
conclusion and must be supplied along with the manuscript. It must enable readers to quickly gain the
main message of the paper and to encourage browsing, help readers identify which papers are most
relevant to their research interests. Authors must provide an image that clearly represents the research
described in the paper. The most relevant figure from the work, which summarizes the content, can also
be submitted. The image should be submitted as a separate file in Online Submission Form - Step 2.
Specifications: The graphical abstract should have a clear start and end, reading from top to bottom
or left to right. Please omit unnecessary distractions as much as possible.
Image size: minimum of 500x800 pixels (WxH) and a minimum resolution of 300 dpi. If a larger image is sent,
then please use the same ratio: 16 wide x 9 high. Please note that your image will be scaled proportionally to fit
in the available window in TOC; a 150x240 pixel rectangle. Please be sure that the quality of an image cannot
be increased by changing the resolution from lower to higher, but only by rescanning or exporting the image
with a higher resolution, which can be set in usual "settings" option.
e  Font: Please use Calibri and Symbol font with a large enough font size, so it is readable even from the image of
a smaller size (150 x 240 px) in TOC.
e  File type: JPG and PNG only.
No additional text, outline or synopsis should be included. Please do not use white space or any heading within
the image.



Cover Letter

Manuscripts must be accompanied by a cover letter (strictly uploaded in Online Submission Step
2) in which the type of the submitted manuscript and a warranty as given below are given. The Author(s)
has(have) to warranty that the manuscript submitted to the Journal for review is original, has been
written by the stated author(s) and has not been published elsewhere; is currently not being considered
for publication by any other journal and will not be submitted for such a review while under review by
the Journal; the manuscript contains no libellous or other unlawful statements and does not contain any
materials that violate any personal or proprietary rights of any other person or entity. All manuscripts
will be acknowledged on receipt (by e-mail).

Ilustrations

[lustrations (Figs, schemes, photos...) in TIF or EPS format (JPG format is acceptable for colour
and greyscale photos, only), must be additionally uploaded (Online Submission Step 2) as a separate file
or one archived (.zip, .rar or .arj) file. Figures and/or Schemes should be prepared according to the
Artwork Instructions - http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf!

For any difficulties and questions related to OnLine Submission Form - https://www.shd-
pub.org.rs/index.php/JSCS/submission/wizard, please refer to User Guide - https://openjournal-
systems.com/ojs-3-user-guide/ , Chapter Submitting an Article - https://openjournalsystems.com/ojs-3-
user-guide/submitting-an-article/. If difficulties still persist, please contact JSCS Editorial Office at
JSCS@shd.org.rs

A manuscript not prepared according to these instructions will be returned for resubmission

without being assigned a reference number.

Conflict-of-Interest Statement*: Public trust in the peer review process and the credibility of
published articles depend in part on how well a conflict of interest is handled during writing, peer
review, and editorial decision making. A conflict of interest exists when an author (or the author's
institution), reviewer, or editor has financial or personal relationships that inappropriately influence
(bias) his or her actions (such relationships are also known as dual commitments, competing interests, or
competing loyalties). These relationships vary from those with negligible potential to those with great
potential to influence judgment, and not all relationships represent true conflict of interest. The potential
for a conflict of interest can exist whether or not an individual believes that the relationship affects his or
her scientific judgment. Financial relationships (such as employment, consultancies, stock ownership,
honoraria, paid expert testimony) are the most easily identifiable conflicts of interest and the most likely
to undermine the credibility of the journal, the authors, and of science itself. However, conflicts can
occur for other reasons, such as personal relationships, academic competition, and intellectual passion.

Informed Consent Statement*: Patients have a right to privacy that should not be infringed without
informed consent. Identifying information, including patients' names, initials, or hospital numbers, should
not be published in written descriptions, photographs, and pedigrees unless the information is essential for
scientific purposes and the patient (or parent or guardian) gives written informed consent for publication.
Informed consent for this purpose requires that a patient who is identifiable be shown the manuscript to be
published. Authors should identify Individuals who provide writing assistance and disclose the funding
source for this assistance. ldentifying details should be omitted if they are not essential. Complete
anonymity is difficult to achieve, however, and informed consent should be obtained if there is any doubt.
For example, masking the eye region in photographs of patients is inadequate protection of anonymity. If
identifying characteristics are altered to protect anonymity, such as in genetic pedigrees, authors should
provide assurance that alterations do not distort scientific meaning and editors should so note. The
requirement for informed consent should be included in the journal's instructions for authors. When
informed consent has been obtained it should be indicated in the published article.

Human and Animal Rights Statement* When reporting experiments on human subjects, authors
should indicate whether the procedures followed were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000 (5). If doubt exists whether the research was conducted in
accordance with the Helsinki Declaration, the authors must explain the rationale for their approach, and
demonstrate that the institutional review body explicitly approved the doubtful aspects of the study.
When reporting experiments on animals, authors should be asked to indicate whether the institutional
and national guide for the care and use of laboratory animals was followed.

*International Committee of Medical Journal Editors (“Uniform Requirements for Manuscripts Submitted to Biomedical Journals™), February 2006
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PROCEDURE

All contributions will be peer reviewed and only those deemed worthy and suitable will be
accepted for publication. The Editor has the final decision. To facilitate the reviewing process, authors
are encouraged to suggest up to three persons competent to review their manuscript. Such suggestions
will be taken into consideration but not always accepted. If authors would prefer a specific person not be
a reviewer, this should be announced. The Cover Letter must be accompanied by these suggestions.
Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60
days upon reception of the reviewing comments by e-mail.

The Journal maintains its policy and takes the liberty of correcting the English as well as false content
of manuscripts provisionally accepted for publication in the first stage of reviewing process. In this second
stage of manuscript preparation by JSCS Editorial Office, the author(s) may be required to supply some
additional clarifications and corrections. This procedure will be executed during copyediting actions,
with a demand to author(s) to perform corrections of unclear parts before the manuscript would be
published OnLine as finally accepted manuscript (OLF Section of the JSCS website). Please note that
the manuscript can receive the status of final rejection if the author’s corrections would not be satisfactory.

When finally accepted manuscript is ready for printing, the corresponding author will receive a request
for proof reading, which should be performed within 2 days. Failure to do so will be taken as the authors agree
with any alteration which may have occurred during the preparation of the manuscript for printing.

Accepted manuscripts of active members of the Serbian Chemical Society (all authors) have
publishing priority.

MANUSCRIPT PRESENTATION

Manuscripts should be typed in English (either standard British or American English, but consistent
throughout) with 1.5 spacing (12 points Times New Roman; Greek letters in the character font Symbol)
in A4 format leaving 2.5 cm for margins. For Regional specific, non-standard characters that may appear
in the text, save documents with Embed fonts Word option: Save as -> (Tools) -> Save Options... ->
Embed fonts in the text.

The authors are requested to seek the assistance of competent English language expert, if necessary,
to ensure their English is of a reasonable standard. The Serbian Chemical Society can provide this
service in advance of submission of the manuscript. If this service is required, please contact the office of
the Society by e-mail (jscs-info@shd.org.rs).

Tables, figures and/or schemes must be embedded in the main text of the manuscript and should
follow the paragraph in which they are mentioned for the first time. Tables must be prepared with the aid
of the WORD table function, without vertical lines. The minimum size of the font in the tables should
be 10 pt. Table columns must not be formatted using multiple spaces. Table rows must not be formatted
using any returns (enter key; - key) and are limited to 12 cm width. Tables should not be incorporated
as graphical objects. Footnotes to Tables should follow them and are to be indicated consequently (in a
single line) in superscript letters and separated by semi-column.

Table caption must be placed above corresponding Table, while Captions of the Illustrations
(Figs. Schemes...) must follow the corresponding item. The captions, either for Tables or
llustrations, should make the items comprehensible without reading of the main text (but clearly
referenced in), must follow numerical order (Roman for Tables, Arabic for Illustrations), and should not
be provided on separate sheets or as separate files.

High resolution Illustrations (named as Fig. 1, Fig. 2... and/or Scheme 1, Scheme 2...) in TIF or
EPS format (JPG format is acceptable for photos, only) must be additionally uploaded as a separate
files or one archived (.zip, .rar) file.

Illustrations should be prepared according to the ARTWORK INSTRUCTIONS -
http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf. !

All pages of the manuscript must be numbered continuously.

DESIGNATION OF PHYSICAL QUANTITIES AND UNITS

IUPAC recommendations for the naming of compounds should be followed. Sl units, or other
permissible units, should be employed. The designation of physical quantities must be in italic throughout
the text (including figures, tables and equations), whereas the units and indexes (except for indexes having
the meaning of physical quantities) are in upright letters. They should be in Times New Roman font. In
graphs and tables, a slash should be used to separate the designation of a physical quantity from the unit
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(example: p / kPa, j / mA cm?,t/ °C, To/ K, z/h, In(j/mA cm?)...). Designations such as: p (kPa),
t [min]..., are not acceptable. However, if the full name of a physical quantity is unavoidable, it should be
given in upright letters and separated from the unit by a comma (example: Pressure, kPa; Temperature, K;
Current density, mA cm...). Please do not use the axes of graphs for additional explanations; these should
be mentioned in the figure captions and/or the manuscript (example: “pressure at the inlet of the system,
kPa” should be avoided). The axis name should follow the direction of the axis (the name of y-axis should
be rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely necessary.

Latin words, as well as the names of species, should be in italic, as for example: i.e., e.g., in vivo,
ibid, Calendula officinalis L., etc. The branching of organic compound should also be indicated in italic,
for example, n-butanol, tert-butanol, etc.

Decimal numbers must have decimal points and not commas in the text (except in the Serbian
abstract), tables and axis labels in graphical presentations of results. Thousands are separated, if at all, by
a comma and not a point.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and
labels). Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as
well as insertion of equation objects within paragraph text IS NOT ALLOWED.

ARTICLE STRUCTURE

e TITLE PAGE;

e MAIN TEXT - including Tables and Illustrations with corresponding captions;
e SUPPLEMENTARY MATERIAL (optional)

Title page

e Title in bold letters, should be clear and concise, preferably 12 words or less. The use of non-
standard abbreviations, symbols and formulae is discouraged.

e AUTHORS’ NAMES in capital letters with the full first name, initials of further names separated
by a space and surname. Commas should separate the author’s names except for the last two names
when ‘and’ is to be used. In multi-affiliation manuscripts, the author’s affiliation should be
indicated by an Arabic number placed in superscript after the name and before the affiliation. Use *
to denote the corresponding author(s).

o Affiliations should be written in italic. The e-mail address of the corresponding author should be
given after the affiliation(s).

e  Abstract: A one-paragraph abstract written of 150 — 200 words in an impersonal form indicating the
aims of the work, the main results and conclusions should be given and clearly set off from the text.
Domestic authors should also submit, on a separate page, an Abstract - Izvod, the author’s name(s)
and affiliation(s) in Serbian (Cyrillic letters). (Jomahu aytopu wmopajy mnocraButu M3Bon
(yxpyuyjyhu umeHa aytopa M aduimjanujy) Ha CpPICKOM je3HMKy, HCIMCaHe hHpUIHIIOM, H3a
3axBasHHIEe, a pe cnucka pedepeni.) For authors outside Serbia, the Editorial Board will provide
a Serbian translation of their English abstract.

e  Keywords: Up to 6 keywords should be given. Do not use words appearing in the manuscript title

e RUNNING TITLE: A one line (maximum five words) short title in capital letters should be
provided.

Main text — should have the form:
e INTRODUCTION,
EXPERIMENTAL (RESULTS AND DISCUSSION),
RESULTS AND DISCUSSION (EXPERIMENTAL),
CONCLUSIONS,
NOMENCLATURE (optional) and
Acknowledgements: If any.
REFERENCES (Citation of recent papers published in chemistry journals that highlight the
significance of work to the general readership is encouraged.)
The sections should be arranged in a sequence generally accepted for publication in the respective
fields. They subtitles should be in capital letters, centred and NOT numbered.



e The INTRODUCTION should include the aim of the research and a concise description of
background information and related studies directly connected to the paper.

e The EXPERIMENTAL section should give the purity and source of all employed materials, as
well as details of the instruments used. The employed methods should be described in
sufficient detail to enable experienced persons to repeat them. Standard procedures should be
referenced and only modifications described in detail. On no account should results be
included in the experimental section.

Chemistry

Detailed information about instruments and general experimental techniques should be given in all
necessary details. If special treatment for solvents or chemical purification were applied that must be
emphasized.
Example: Melting points were determined on a Boetius PMHK or a Mel-Temp apparatus and were not
corrected. Optical rotations were measured on a Rudolph Research Analytical automatic polarimeter,
Autopol 1V in dichloromethane (DCM) or methanol (MeOH) as solvent. IR spectra were recorded on a
Perkin-Elmer spectrophotometer FT-IR 1725X. *H and ¥C NMR spectra were recorded on a Varian
Gemini-200 spectrometer (at 200 and 50 MHz, respectively), and on a Bruker Ultrashield Advance 111
spectrometer (at 500 and 125 MHz, respectively) employing indicated solvents (vide infra) using TMS as
the internal standard. Chemical shifts are expressed in ppm (J / ppm) values and coupling constants in
Hz (J / Hz). ESI-MS spectra were recorded on Agilent Technologies 6210 Time-Of-Flight LC-MS
instrument in positive ion mode with CHsCN/H20 1/1 with 0.2 % HCOOH as the carrying solvent
solution. Samples were dissolved in CH3CN or MeOH (HPLC grade purity). The selected values were as
follows: capillary voltage = 4 kV, gas temperature = 350 °C, drying gas flow 12 L min™?, nebulizer
pressure = 310 kPa, fragmentator voltage = 70 V.The elemental analysis was performed on the Vario EL
I11- C,H,N,S/O Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau-Germany). Thin-layer
chromatography (TLC) was performed on precoated Merck silica gel 60 F254 and RP-18 F254 plates.
Column chromatography was performed on Lobar LichroPrep Si 60 (40-63 um), RP-18 (40-63 pm)
columns coupled to a Waters RI 401 detector, and on Biotage SP1 system with UV detector and FLASH
12+, FLASH 25+ or FLASH 40+ columns pre packed with KP-SIL [40-63 um, pore diameter 6 nm (60
A)], KP-C18-HS (40-63 um, pore diameter 9 nm (90 A) or KP-NH [40-63 um, pore diameter 10 nm
(100 A)] as adsorbent. Compounds were analyzed for purity (HPLC) using a Waters 1525 HPLC dual
pump system equipped with an Alltech, Select degasser system, and dual 1 2487 UV-VIS detector. For
data processing, Empower software was used (methods A and B). Methods C and D: Agylent
Technologies 1260 Liquid Chromatograph equipped with Quat Pump (G1311B), Injector (G1329B)
1260 ALS, TCC 1260 (G1316A) and Detector 1260 DAD VL+ (G1315C). For data processing, LC
OpenLab CDS ChemStation software was used. For details, see Supporting Information.

1. Synthesis experiments

Each paragraph describing a synthesis experiment should begin with the name of the product and any
structure number assigned to the compound in the Results and Discussions section. Thereafter, the
compound should be identified by its structure number. Use of standard abbreviations or unambiguous
molecular formulas for reagents and solvents, and of structure numbers rather than chemical names to
identify starting materials and intermediates, is encouraged.

When a new or improved synthetic method is described, the yields reported in key experimental
examples, and yields used for comparison with existing methods, should represent amounts of isolated
and purified products, rather than chromategraphically or spectroscopically determined yields. Reactant
quantities should be reported in weight and molar units and for product yields should be reported in
weight units; percentage yields should only be reported for materials of demonstrated purity. When
chromatography is used for product purification, both the support and solvent should be identified.

2. Microwave experiments

Reports of syntheses conducted in microwave reactors must clearly indicate whether sealed or open
reaction vessels were used and must document the manufacturer and model of the reactor, the method of
monitoring the reaction mixture temperature, and the temperature-time profile. Reporting a wattage
rating or power setting is not an acceptable alternative to providing temperature data. Manuscripts
describing work done with domestic (kitchen) microwave ovens will not be accepted except for studies
where the unit is used for heating reaction mixtures at atmospheric pressure.



3. Compound characterization

The Journal upholds a high standard for compound characterization to ensure that substances being
added to the chemical literature have been correctly identified and can be synthesized in known yield and
purity by the reported preparation and isolation methods. For all new compounds, evidence adequate to
establish both identity and degree of purity (homogeneity) must be provided.

Identity - Melting point. All homogeneous solid products (e.g. not mixtures of isomers) should be
characterized by melting or decomposition points. The colors and morphologies of the products should
also be noted.

Specific rotations. Specific rotations based on the equation [a]';D = (100 «) / (I ¢) should be reported as
unitless numbers as in the following example: [¢]?%; D = -25.4 (¢ 1.93, CHCIs3), where ¢/gmL? is
concentration and I / dm is path length. The units of the specific rotation, (deg mL) / (g dm), are implicit
and are not included with the reported value.

Spectra/Spectral Data. Important IR adsorptions should be given.

For all new diamagnetic substances, NMR data should be reported (*H, 13C, and relevant heteronuclei).
'H NMR chemical shifts should be given with two digits after the decimal point. Include the number of
protons represented by the signal, signal multiplicity, and coupling constants as needed (J italicized,
reported with up to one digit after the decimal). The number of bonds through which the coupling is
operative, *J, may be specified by the author if known with a high degree of certainty. **C NMR signal
shifts should be rounded to the nearest 0.01 ppm unless greater precision is needed to distinguish closely
spaced signals. Field strength should be noted for each spectrum, not as a comment in the general
experimental section. Hydrogen multiplicity (C, CH, CH2, CHs) information obtained from routine
DEPT spectra should be included. If detailed signal assignments are made, the type of NOESY or COSY
methods used to establish atom connectivity and spatial relationships should be identified in the
Supporting Information. Copies of spectra should also be included where structure assignments of
complex molecules depend heavily on NMR interpretation. Numbering system used for assignments of
signals should be given in the Supporting Information with corresponding general structural formula of
named derivative.

HPLC/LCMS can be substituted for biochemistry papers where the main focus is not on compound
synthesis.

HRMS/elemental analysis. To support the molecular formula assignment, HRMS data accurate within 5
ppm, or combustion elemental analysis [carbon and hydrogen (and nitrogen, if present)] data accurate
within 0.5 %, should be reported for new compounds. HRMS data should be given in format as is usually
given for combustion analysis: calculated mass for given formula following with observed mass: (+)ESI-
HRMS m/z: [molecular formula + H]* calculated mass, observed mass. Example: (+)ESI-HRMS m/z:
calculated for [C13HgBrCI2N + H*] 327.92899, observed 327.92792.

NOTE: in certain cases, a crystal structure may be an acceptable substitute for HRMS/elemental
analysis.

Biomacromolecules. The structures of biomacromolecules may be established by providing evidence
about sequence and mass. Sequences may be inferred from the experimental order of amino acid,
saccharide, or nucleotide coupling, from known sequences of templates in enzyme-mediated syntheses,
or through standard sequencing techniques. Typically, a sequence will be accompanied by MS data that
establish the molecular weight.

Example: Product was isolated upon column chromatography [dry flash (SiO2, eluent EA, EA/MeOH
gradient 95/5 — 9/1, EA/MeOH/NHj3 gradient 18/0.5/0.5 — 9/1/1, and flash chromatography (Biotage SP1,
RP column, eluent MeOH/H20 gradient 75/25 — 95/5, N-H column, eluent EA/Hex gradient 6/3 — EA).
was obtained after flash column chromatography (Biotage SP NH column, eluent hexane/EA 4:6 — 2:6).
Yield 968.4 mg (95 %). Colorless foam softens at 96-101 °C. [«]®; D = +0,163 (¢ =2.0x10" g/mL,
CHzClb). IR (ATR): 3376w, 2949m, 2868w, 2802w, 1731s, 1611w, 1581s, 1528m, 1452m, 1374s, 1331w,
1246s, 1171m, 1063w, 1023m, 965w, 940w, 881w, 850w, 807w, cm™. *H NMR (500 MHz, CDCls, §):
8.46 (d, 1H, J=5.4, H-2"), 7.89 (s, 1H, J = 2.0, H-8"), 7.71 (d, 1H, J = 8.9, H-5"), 7.30 (dd, 1H,
J1=8.8,J2=2.1, H-6%), 6.33 (d, 1H, J = 5.4, H-3"), 6.07 (s, HN-Boc, exchangeable with D20), 5.06 (s, 1H,
H-12), 4.92-4.88 (m, 1H, H-7), 4.42 (bs, H-3), 3.45 (s,CHs-N), 3.33 (bs, H-9°), 3.05-2.95 (m, 2H, H-11"),
2.70-2.43 (m, 2H, H-24) and HN, exchangeable with D20), 2.07 (s, CH3sCOO), 2.04 (s, CH3COO), 1.42 (s,
9H, (CHs)sC-N(Boc)), 0.88 (s, 3H, CH3-10), 0.79 (d, 3H,J = 6.6, CH3-20), 0.68 (s, 3H, CH3-13). 1*C NMR
(125 MHz, CDCls, §): 170.34, 170.27, 151.80, 149.92, 148.87, 134.77, 128.36, 125.11, 121.43, 117.29,
99.98, 75.41, 70.82, 50.43, 49.66, 47.60, 47.33, 44.97, 43.30, 41.83, 41.48, 37.65, 36.35, 35.44, 34.89,



34.19, 33.23, 31.24, 28.79, 28.35, 27.25, 26.45, 25.45, 22.74, 22.63, 21.57, 21.31, 17.85, 12.15. (+)ESI-

HRMS (m/z): calculated for [CasHes7CIN4Os + H]* 795.48219, observed 795.48185. Combustion analysis

for CasHe7CIN4Os: Calculated. C 67.94, H 8.49, N 7.04; found C 67.72, H 8.63, N 6.75. HPLC purity:

method A: RT 1.994, area 99.12 %; method C: RT 9.936, area 98.20 %.

Purity - Evidence for documenting compound purity should include one or more of the following:

a) Well-resolved high field 1D *H NMR spectrum showing at most only trace peaks not attributable to
the assigned structure and a standard 1D proton-decoupled 3C NMR spectrum. Copies of the spectra
should be included as figures in the Supporting Information.

b) Quantitative gas chromatographic analytical data for distilled or vacuum-transferred samples, or
quantitative HPLC analytical data for materials isolated by column chromatography or separation
from a solid support. HPLC analyses should be performed in two diverse systems. The stationary
phase, solvents (HPLC), detector type, and percentage of total chromatogram integration should be
reported; a copy of the chromatograms may be included as a figure in the Supporting Information.

¢) Electrophoretic analytical data obtained under conditions that permit observing impurities present at
the 5 % level.

HRMS data may be used to support a molecular formula assignment but cannot be used as a criterion
of purity.
4. Biological Data
Quantitative biological data are required for all tested compounds. Biological test methods must be
referenced or described in sufficient detail to permit the experiments to be repeated by others. Detailed
descriptions of biological methods should be placed in the experimental section. Standard compounds or
established drugs should be tested in the same system for comparison. Data may be presented as
numerical expressions or in graphical form; biological data for extensive series of compounds should be
presented in tabular form. Tables consisting primarily of negative data will not usually be accepted;
however, for purposes of documentation they may be submitted as supporting information. Active
compounds obtained from combinatorial syntheses should be resynthesized and retested to verify that the
biology conforms to the initial observation.

Statistical limits (statistical significance) for the biological data are usually required. If statistical limits

cannot be provided, the number of determinations and some indication of the variability and reliability of

the results should be given. References to statistical methods of calculation should be included. Doses
and concentrations should be expressed as molar quantities (e.g., mol/kg, pmol/kg, M, mM). The routes
of administration of test compounds and vehicles used should be indicated, and any salt forms used

(hydrochlorides, sulfates, etc.) should be noted. The physical state of the compound dosed (crystalline,

amorphous; solution, suspension) and the formulation for dosing (micronized, jet-milled, nanoparticles)

should be indicated. For those compounds found to be inactive, the highest concentration (in vitro) or
dose level (in vivo) tested should be indicated.

e The RESULTS AND DISCUSSION should include concisely presented results and there signi-
ficance discussed and compared to relevant literature data. The results and discussion may be
combined or kept separate.

e The inclusion of a CONCLUSION section, which briefly summarizes the principal conclusions, is
recommended.

o NOMENCLATURE is optional but, if the authors wish, a list of employed symbols may be included.

e REFERENCES should be numbered sequentially as they appear in the text. Please note that any
reference numbers appearing in the Illustrations and/or Tables and corresponding captions must
follow the numbering sequence of the paragraph in which they appear for the first time. When cited,
the reference number should be superscripted in Font 12, following any punctuation mark. In the
reference list, they should be in normal position followed by a full stop. Reference entry must not be
formatted using Carriage returns (enter key; < key) or multiple space key. The formatting of
references to published work should follow the Journal’s style as follows:



Journals®;  A. B. Surnamel, C. D. Surname2, J. Serb. Chem. Soc. Vol (Year) first page Number
(https://doi.org/doi)°

Books: A. B. Surnamel, C. D. Surname2, Name of Book, Publisher, City, Year, pp. 100-101
(https://doi.org/doi)°

Compilations:A. B. Surnamel, C. D. Surname2, in Name of Compilation, A. Editorl, C. Editor2, Ed(s).,
Publisher, City, Year, p. 100 (https:/doi.org/doi)°

Proceedings: A. B. Surnamel, C. D. Surname2, in Proceedings of Name of the Conference or
Symposium, (Year), Place of the Conference, Country, Title of the Proceeding, Publisher,
City, Year, p. or Abstract No. 100

Patents: A. B. Inventorl, C. D. Inventor2, (Holder), Country Code and patent number (registration
year)

Chemical A. B. Surnamel, C. D. Surname2, Chem. Abstr. CA 234 567a; For non-readily available

Abstracts: literature, the Chemical Abstracts reference should be given in square brackets: [C.A.

139/2003 357348t] after the reference
Standards:  EN ISO 250: Name of the Standard (Year)

Websites:  Title of the website, URL in full (date accessed)

& When citing Journals, the International Library Journal abbreviation is required. Please consult, e.g.,
https://images.webofknowledge.com/WOK46/help/WOS/A_abrvjt.html

® doi should be replaced by doi number of the Article, for example: http://dx.doi.org/10.2298/JSC161212085B (as
active link). If doi do not exist, provide the link to the online version of the publication.

Only the last entry in the reference list should end with a full stop.

The names of all authors should be given in the list of references; the abbreviation et al. may only
be used in the text. The original journal title is to be retained in the case of publications published in any
language other than English (please denote the language in parenthesis after the reference). Titles of
publications in non-Latin alphabets should be transliterated. Russian references are to be transliterated
using the following transcriptions:

k—zh, x—kh, n—ts, y—ch, mr—sh, m—shch, 1>y, 0—yu, 1s—ya, 3—e, ii—i, b—’.

Supplementary material

Authors are encouraged to presentthe information and results non-essential to the understanding of
their paper as SUPPLEMENTARY MATERIAL (can be uploaded inStep 4 of Online Submission). This
material may include as a rule, but is not limited to, the presentation of analytical and spectral data
demonstrating the identity and purity of synthesized compounds, tables containing raw data on which
calculations were based, series of figures where one example would remain in the main text, etc. The
Editorial Board retain the right to assign such information and results to the Supplementary material
when deemed fit. Supplementary material does not appear in printed form but can be downloaded from
the web site of the JSCS.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and labels).
Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as well as
insertion of equation objects within paragraph text IS NOT ALLOWED.

Deposition of crystallographic data

Prior to submission, the crystallographic data included in a manuscript presenting such data should
be deposited at the appropriate database. Crystallographic data associated with organic and metal-organic
structures should be deposited at the Cambridge Crystallographic Data Centre (CCDC) by e-mail to
deposit@ccdc.cam.ac.uk

Crystallographic data associated with inorganic structures should be deposited with the
Fachinformationszentrum Karlsruhe (FIZ) by e-mail to crysdata@fiz-karlsruhe.de. A deposition
number will then be provided, which should be added to the reference section of the manuscript.

For detailed instructions please visit the JSCS website:
https://www.shd-pub.org.rs/index.php/JSCS/Instructions
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ARTWORK INSTRUCTIONS

JSCS accepts only TIFF or EPS formats, as well as JPEG format (only for colour and
greyscale photographs) for electronic artwork and graphic files. MS files (Word, PowerPoint,
Excel, Visio) NOT acceptable. Generally, scanned instrument data sheets should be avoided.
Authors are responsible for the quality of their submitted artwork. Every single Figure or
Scheme, as well as any part of the Figure (A, B, C...) should be prepared according to following
instructions (every part of the figure, A, B, C..., must be submitted as an independent single
graphic file):

TIFF
Virtually all common artwork and graphic creation software is capable of saving files in
TIFF format. This ‘'option' can normally be found under ‘the 'Save As..." or 'Export..."
commands in the 'File' menu.
TIFF (Tagged Image File Format) is the recommended file format for bitmap, greyscale
and colour images.
=  Colour images should be in the RGB mode
=  When supplying TIFF files, please ensure that the files are supplied at the correct
resolution:
1. Line artwork: minimum of 1000 dpi
2. RGB image: minimum of 300 dpi
3. Greyscale image: minimum of 300 dpi
4. Combination artwork (line/greyscale/RGB): minimum of 500 dpi
= Images should be tightly cropped, without frame and any caption.
= |If applicable please re-label artwork with a font supported by JSCS (Arial, Helvetica,
Times, Symbol) and ensure it is of an appropriate font size.
= Save an image in TIFF format with LZW compression applied.
= Itis recommended to remove Alpha channels before submitting TIFF files.
= Itis recommended to flatten layers before submitting TIFF files.

Please be sure that quality of an image cannot be increased by changing the resolution
from lower to higher, but only by rescanning or exporting the image with higher resolution,
which can be set in usual "settings" facilities.

EPS
Virtually all common artwork creation software, such as Canvas, ChemDraw, CorelDraw,
SigmaPlot, Origin Lab..., are capable of saving files in EPS format. This ‘option' can normally
be found under the 'Save As..." or 'Export...' commands in the 'File' menu.
For vector graphics, EPS (Encapsulated PostScript) files are the preferred format as long as
they are provided in accordance with the following conditions:
= when they contain bitmap images, the bitmaps should be of good resolution (see
instructions for TIFF files)
= when colour is involved, it should be encoded as RGB
= an 8-bit preview/header at a resolution of 72 dpi should always be included
= embed fonts should always included and only the following fonts should be used in
artwork: Arial, Helvetica, Times, Symbol
= the vertical space between the parts of an illustration should be limited to the bare
necessity for visual clarity
» no data should be present outside the actual illustration area
= line weights should range from 0.35 pt to 1.5 pt
= when using layers, they should be reduced to one layer before saving the image (Flatten
Artwork)



JPEG

Virtually all common artwork and graphic creation software is capable of saving files in JPEG format.
This 'option’ can normally be found under ‘the 'Save As..." or 'Export..." commands in the 'File' menu.

JPEG (Joint Photographic Experts Group) is the acceptable file format only for colour and
greyscale photographs. JPEG can be created with respect to photo quality (low, medium, high; from 1
to 10), ensuring file sizes are kept to a minimum to aid easy file transfer. Images should have a minimum
resolution of 300 dpi. Image width: minimum 3.0 cm; maximum 12.0 cm.

Please be sure that quality of an image cannot be increased by changing the resolution from
lower to higher, but only by rescanning or exporting the image with higher resolution, which can
be set in usual *"settings™ facilities.

SIZING OF ARTWORK

= JSCS aspires to have a uniform look for all artwork contained in a single article. Hence, it is
important to be aware of the style of the journal.

= Figures should be submitted in black and white or, if required, colour (charged). If coloured
figures or photographs are required, this must be stated in the cover letter and arrangements
made for payment through the office of the Serbian Chemical Society.

= As a general rule, the lettering on an artwork should have a finished, printed size of 11 pt for
normal text and no smaller than 7 pt for subscript and superscript characters. Smaller
lettering will yield a text that is barely legible. This is a rule-of-thumb rather than a strict
rule. There are instances where other factors in the artwork, (for example, tints and shadings)
dictate a finished size of perhaps 10 pt. Lines should be of at least 1 pt thickness.

= When deciding on the size of a line art graphic, in addition to the lettering, there are several
other factors to address. These all have a bearing on the reproducibility/readability of the
final artwork. Tints and shadings have to be printable at the finished size. All relevant detail
in the illustration, the graph symbols (squares, triangles, circles, etc.) and a key to the
diagram (to explain the explanation of the graph symbols used) must be discernible.

= The sizing of halftones (photographs, micrographs,...) normally causes more problems than
line art. It is sometimes difficult to know what an author is trying to emphasize on a
photograph, so you can help us by identifying the important parts of the image, perhaps by
highlighting the relevant areas on a photocopy. The best advice that can be given to graphics
suppliers is not to over-reduce halftones. Attention should also be paid to magnification
factors or scale bars on the artwork and they should be compared with the details inside. If a
set of artwork contains more than one halftone, again please ensure that there is consistency
in size between similar diagrams.

General sizing of illustrations which can be used for the Journal of the Serbian Chemical
Society:

= Minimum fig. size: 30 mm width

= Small fig. size - 60 mm width

= Large fig. size - 90 mm width

=  Maximum fig. size - 120 mm width

Pixel requirements (width) per print size and resolution for bitmap images:

Image width A B C
Minimal size 30 mm 354 591 1181
Small size 60 mm 709 1181 2362
Large size 90 mm 1063 1772 3543
Maximal size 120 mm 1417 2362 4724

A: 300 dpi > RGB or Greyscale image
B: 500 dpi > Combination artwork (line/greyscale/RGB)
C: 1000 dpi> Line artwork



The designation of physical quantities and graphs formatting

The designation of physical quantities on figures must be in italic, whereas the units are in
upright letters. They should be in Times New Roman font. In graphs a slash should be used to
separate the designation of a physical quantity from the unit (example: p / kPa, t °C, To/K,
z/h, In (j/ mA cm?)...). Designations such as: p (kPa), t [min]..., are not acceptable. However,
if the full name of a physical quantity is unavoiable, it should be given in upright letters and
separated from the unit by a comma (example: Pressure, kPa, Temperature, K...). Please do not
use the axes of graphs for additional explanations; these should be mentioned in the figure
captions and/or the manuscript (example: “pressure at the inlet of the system, kPa” should be
avoided). The axis name should follow the direction of the axis (the hame of y-axis should be
rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely
necessary. Decimal numbers must have decimal points and not commas in the axis labels in
graphical presentations of results. Thousands are separated, if at all, by a comma and not a point.
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HPTLC-based metabolomics for the investigation of metabolic
changes during plant development: The case study of
Artemisia annua

JOVANA STANKOVIC JEREMIC!*, DEJAN GOPEVAC!, STEFAN IVANOVIC!,
KATARINA SIMIC!, ANTOANETA TRENDAFILOVA2, MILICA ACIMOVIC3
and SLOBODAN MILOSAVLIEVIC45#

!University of Belgrade — Institute of Chemistry, Technology and Metallurgy — National
Institute of the Republic of Serbia, 11000 Belgrade, Serbia, *Institute of Organic Chemistry
with Centre of Phytochemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria,
3Institute of Field and Vegetable crops, 21000 Novi Sad, Serbia and University of Belgrade —
Faculty of Chemistry, Studentski trg 12—16, 11000 Belgrade, Serbia and >Serbian Academy
of Sciences and Arts, Knez Mihailova 35,11000 Belgrade, Serbia

(Received 7 May, revised 12 November 2021, accepted 14 February 2022)

Abstract: The application of high performance thin layer chromatography
(HPTLC)-based non-targeted metabolomics as a holistic approach to compare
fingerprints of metabolite changes during Artemisia annua development is des-
cribed. Images of HPTLC chromatograms obtained after derivatization with
anisaldehyde-sulphuric acid reagent were used as a dataset for multivariate ana-
lysis. Principal component analysis and orthogonal partial least squares dis-
criminant analysis confirmed the differentiation of samples belonging to veget-
ative phase, flowering stage, and seed formation stage of the plant develop-
ment. The obtained results showed that the HPTLC-based metabolomics appro-
ach can be a very reliable technique for the investigation of metabolic changes
during plant development, complementary to gas chromatography—mass spec-
trometry and nuclear magnetic resonance-based metabolomics.

Keywords: plant metabolomics; PCA; OPLS-DA.

INTRODUCTION

In this study, the cultivated Artemisia annua was used as a model system for
the assessment the application of high performance thin layer chromatography
(HPTLC) based untargeted metabolomics to probe unique metabolites during the
life cycle of the plant. Since the discovery of its constituent antimalarial arte-
misinin, 4. annua, which is the only viable resource of this drug, has been the

* Corresponding author. E-mail: jovanas@chem.bg.ac.rs
# Serbian Chemical Society member.
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subjects of extensive research on its chemical composition. More than 600 sec-
ondary metabolites have been identified throughout the plant including several
sesquiterpenoids, triterpenoids, monoterpenoids, steroids, flavonoids, coumarins,
alkaloids and benzenoids.!-2 The method of untargeted metabolomics considers
simultaneous measurement of as many metabolites as possible from each sample,
thus providing a holistic, general overview of a sample composition.3 HPTLC is
an emerging analytical tool in metabolomics research in the last decade.*5 Even
conventional thin layer chromatography (TLC) offers the advantages over other
analytical methods, such as short measuring time and capability of parallel ana-
lysis, and the availability of chemical reagents. Many improvements in HPTLC
over conventional TLC such as high resolution and data robustness, also imp-
roved some metabolomics and profiling studies. Furthermore, metabolites which
are difficult to be identified by nuclear magnetic resonance (NMR) or mass spec-
trometry (MS)-based methods could be visualized on HPTLC plates and isolated
from the plate for further chemical elucidation.® The main idea of this study is
the application of an HPTLC-based non-targeted metabolomics as a holistic
approach to compare fingerprints of metabolites changing during the plant
development.

EXPERIMENTAL
General methods

All used solvents were of analytical grade. Glass HPTLC silica gel 60 CN F254s plates
10 cmx20 cm were purchased from Merck (Darmstadt, Germany); anisaldehyde-sulphuric
acid used as a spray reagent was freshly made according to Wagner et al.” Artemisinin stan-
dard was isolated previously in the laboratory of Bulgarian Academy of Sciences. All NMR
spectra ('H, 13C, correlated spectroscopy (COSY), heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple bond coherence (HMBC)) were recorded in CDCl; (with
tetramethylsilane (TMS) for referencing) on a Bruker Avance III 500 NMR spectrometer
operating at a proton NMR frequency of 500.26 MHz, equipped with a 5 mm broadband
probe (BBI) probehead. Gas chromatography (GC)/MS analyses were performed according to
Stankovic et al. (2019)® with some modifications of the temperature program and split ratio.
The oven temperature was programmed from 60 to 240 °C at 3 °C/min, then from 240 to 310
°C at 35 °C/min, and then held isothermally for 8 min.

Injection volume was 1 pL, split ratio, 20:1. For lipid fraction the oven temperature was
kept constant at 40 °C for 1 min, then was linearly programmed from 40 to 315 °C at 10
°C/min and then held isothermally for 6.5 min. Injection volume was 1 pL, split ratio 50:1.

Plant material

Artemisia annua L. is grown at Institute of Field and Vegetable Crops, Novi Sad. The
plants samples were collected 14 times at intervals of 7 or 14 days, successively in different
phenophases — from May 27 to November 3, 2018. Thus, vegetative phase (collections 1-6),
flowering stage (collections 7—11), and seed formation stage (collections 12—14) were col-
lected. The Voucher specimens (determined by Milica Rat, M.Sc., as No. 2-1514) were con-
firmed and deposited at the Herbarium of the Department of Biology and Ecology (BUNS
Herbarium), Faculty of Natural Sciences, University of Novi Sad.
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Extraction of plant material

Dry and ground plant materials of each collection (150 mg) were extracted with a mix-
ture of hexane:ethyl acetate, 95:5 volume ratio (1 mL) for 15 min in an ultrasound water bath.
The extracts were centrifuged for 15 min at 13,600 rpm. The extraction procedure was inde-
pendently repeated with four biological replicates of each collection. The obtained extracts
were used for HPTLC analysis.

HPTLC analysis

The 3 pL of the extracts were sprayed with a 25-uL syringe as an 7-mm band on the
HPTLC plate using the Linomat 5 (CAMAG, Switzerland). The application position ¥ was 8.0
mm, the first application position X was 10.0 mm, and the distance between tracks was 10.0
mm. The plates were developed in a previously saturated CAMAG automatic developing
chamber 2 with a mobile phase consisting of hexane:ethyl acetate:formic acid (19:11:0.5
volume ratio). After a drying time of 4 min developed HPTLC plates were derivatized by dip-
ping in the anisaldehyde reagent (CAMAG chromatogram immersion device 3), followed by
heating at 100 °C for 5 min.

Fractionation by dry-column flash chromatography

Dry and ground average samples of all collections (167.0 g) were extracted with hex-
ane:ethyl acetate, 95:5 volume ratio(2x600 mL) for 15 min in an ultrasound water bath. The
extracts were combined, filtered, and concentrated under reduced pressure to give 1.1 g of
residue. Dry-column flash chromatography fractionation was performed in a glass column
(300 mmx22 mm) packed with silica gel (100 g Merck, <0.08 mm) using a water vacuum
pump. The column was equilibrated with the mobile phase n-hexane:ethyl acetate (95:5
volume ratio) mixture. The extract (m = 1.1 g) was diluted with the mobile phase (1:1) before
applying to the column. The elution was performed with hexane:ethyl acetate mixture with
increasing polarity (Table S-I, Supplementary material to this paper) and 34 fractions were
collected.

Methylation of non-polar lipid fraction with MeOH/H,SO,

A mixture of the lipid fraction (30 mg) and MeOH (6 mL+ two drops of conc. H,SO,4)
was refluxed in a test tube fitted with condenser for 2 h. After neutralization with saturated
sodium bicarbonate solution, the methyl esters were extracted with n-hexane. The organic
layer was dried over anhydrous Na,SO, and evaporated under reduced pressure in a rotavapor.

Image and multivariate data analysis

The HPTLC chromatograms were processed with the Image J processing program (ver-
sion 1.47q). The chromatograms were denoised using the median filter function with two
pixels width filter, and the tracks were outlined with rectangular selection tool. The line pro-
file plots (gray scale) were generated using Plot Profile option for each sample. On this way,
two-dimensional graphs containing the pixel intensities toward distance along the line were
obtained. The HPTLC image data were then normalized to the total area, mean centred and
pareto scaled. Principal component analysis (PCA) and orthogonal partial least squares to
latent structures — discriminant analysis (OPLS-DA) method was performed with SIMCA
software (version 15, Sartorius, Gottingen, Germany).

RESULTS AND DISCUSSION

The HPTLC conditions regarding amount of sample applied and mobile
phase composition were optimised to detect the maximum number of resolved
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bands per sample. Four biological replicates for each of the 14 collections of A.
annua were then fingerprinted using the HPTLC method. Thus, vegetative phase
(collections 1-6), flowering stage (collections 7—11), and seed formation stage
(collections 12—14), were covered. The fingerprint patterns visualized after deri-
vatization with anisaldehyde-sulphuric acid reagent are depicted in Fig. 1.
Compounds

1 2 3 4 5 6 7 8 9 10 11 12 13 14 (Tablel)
o - 1

‘“ - 2
s ; 3
- 415

- - — 6

Fig. 1. HPTLC metabolic fingerprint of 14 samples (red) A. annua collected in different
developmental stages.

For the identification of the components found in the studied extracts, dry-
column flash chromatography of the plant extract was used, followed by NMR
and/or GC/MS analyses. As a result of the purification, the isolated fractions
appeared as a single band on HPTLC plate. Each band of the purified fraction
was then connected to those of A. annua extracts by co-chromatography compris-
ing their Ry values and colours after derivatization (Table I). The identity of the
purified metabolites was then performed by NMR and/or GC/MS analyses (Sup-
plementary material). Only artemisinin was not isolated as a pure compound, and
its HPTLC band was compared to that of the standard compound.

TABLE I. Identified metabolites in A. annua extracts

No. Ry Identified metabolites CO.I"“? aft_er Identification
value derivatization
1 0.94 Triacylglycerol Dark green NMR; GC/MS after
transesterification
2 0.86 a-Pinene, a-copaene, caryophyllene Purple GC/MS
E and f-selinene
3 0.78 Artemisia ketone Orange NMR; GC/MS
4 0.68 1,8-Cineole Purple GC/MS
5 0.66 Caryophyllene oxide Purple GC/MS
6 0.58 Artemisia alcohol Dark green GC/MS
7 0.46 Artemisinin Pink Comparison to standard
8 0.20 Arteannuin B Pink GC/MS
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The line profile plots generated from the images obtained using visible light
were used as a dataset for multivariate analysis. Firstly, the principal component
analysis (PCA), as a variable reduction technique to develop a smaller number of
novel variables that will account for most of the variation in the observed vari-
ables, was performed. It has resulted in five principal components (PCs) model
explaining 84.3 % of the total data of variances.

Based on PCA score plot (Fig. 2A), three groups of samples were separated
to some extent, according to the plant development stages.
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Fig. 2. A) PCA score plot; B) OPLS-DA score plot containing vegetative and flowering phase
of A. annua; C) OPLS-DA score plot containing vegetative and seed formation phase of 4.
annua; D) OPLS-DA SUS-plot, all obtained from HPTLC fingerprints; four (4) terpenes:
o-pinene, a-copaene, caryophyllene E and f-selinene.

Next, the orthogonal partial least squares to latent structures—discriminant
analysis (OPLS-DA) was applied, where novel variables will account for the
maximum separation between predefined classes. An additional advantage of the
orthogonal model is the facilitated interpretation due to separation of the system-
atic variation of the variables into two parts: one linearly related to class inform-
ation and one orthogonal to the class information.” Two OPLS-DA models were
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created containing HPTLC data of: a) vegetative phase versus flowering stage
and b) vegetative phase versus seed formation stage of 4. annua development.
The quality of the obtained models was assessed by goodness of fit (R?) indicat-
ing how well the variation of variables is explained using the predictive com-
ponents and predictive ability of the model (Q?), indicating how well the model
predicts new data, estimated by cross validation. In both created OPLS-DA
models, large R? and Q2 values over 0.5 and close to 1 indicated high goodness
of fit and good predictivity (Table II).

TABLE II. Parameters of the OPLS-DA models

Number of components ’ ) P F

Model (predictive + orthogonal) 0" (CV-NOVA) (CV-ANOVA)
Vegetative/ 1+4 0.951 0.897  4.88x10°!3 28
Flowering

Vegetative/ 1+3 0918 0.784  6.45x107 12

Seed formation

The models were validated by permutation tests and CV-ANOVA, the
significance of the models was clearly shown with p values far less than 0.05
(Table II). In the score plots (Fig. 2B and C) a clear separation between the
samples was obtained along to the predictive components. The most influential
variables were selected based on the variable influence on projection (VIP)
scores of the predictive components, and the loadings scaled as a correlation
coefficient (p(corr)). VIP > 1 and |p(corr)| > 0.5 were considered as important for
the separation. Shared and unique structure plot (SUS-plot) containing p(corr)
from both OPLS-DA models was used to reveal the changes in the metabolomes
in each of the three predefined group of samples (Fig. 2D). The unique meta-
bolites were found close to either the X or Y axis, and the shared were located on
the diagonals. Also, the metabolites which are on the extreme ends of the axes
contribute more significantly than those close to the centre. Thus, the accumul-
ation of triacylglycerol (1) is characteristic for the seed formation phase since it
is an unique metabolite in Vegetative/Seed formation model. Similarly, four ter-
penes (a-pinene (2), a-copaene (2), caryophyllene E (2) and f-selinene (2)) and
artemisia ketone (3) were accumulated in the flowering stage since they are
unique metabolites in the vegetative/flowering model. Artemisia alcohol (6),
caryophyllene oxide (5), and 1,8-cineole (4) were the main metabolites in the
vegetative stage, since they are shared in both models. For artemisinin (7) and
arteannuin B (8) there was no significant change in their amount during plant
development.

Metabolomics fingerprinting of 4. annua in different stages of development
has also been performed previously by GC/MS.10 Our objective was to highlight
the advantages of HPTLC: no need for derivatization prior to chromatography,

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



HPTLC METABOLOMICS OF 4. annua 1243

and thus detection of thermolabile and non-volatile metabolites, which is not pos-
sible using GC/MS. HPTLC is also complementary technique to NMR-based
metabolomics, offering solutions where crowded regions in the NMR spectra are
difficult to resolve.4

CONCLUSION

This work presents an efficient way for analysing metabolic fingerprinting
data of A. annua L. generated by HPTLC. As a result, we demonstrated that
HPTLC may be applied as a simple and reliable untargeted approach to rapidly
differentiate the extracts originating from various developmental stages of the
plant. HPTLC also demonstrated to be the method of choice for the routine study
of complex matrices and could be used as an alternative and/or complementary
method to techniques, such as GC/MS or NMR.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10744, or from the corres-
ponding author on request.
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U3BOJ
METABOJIOMUKA BA3UPAHA HA HPTLC 3A UCITMTHUBAE METABOJIMUKHX
ITPOMEHA TOKOM PA3BOJA BUJBKE: CTYOUJA CJIYUAJA Artemisia annua

JOBAHA CTAHKOBWR JEPEMUR', IEJAH TOBEBALL', CTE0AH UBAHOBUR', KATAPUHA CUMUR',
ANTOANETA TRENDAFILOVA®, MUTTULJA ARUMOBUE® u CJIOBOJJAH MUTIOCAB/BEBUR*®
’Ynueepsulmw y Beoipagy, Hncuutily it 3a xemujy wexHonoiujy u memanypiujy, Huciauiayw og
HauuoxanHol 3nauaja 3a Petiydnuxy Cpoujy, Ctiygenticku wipt 12—16, 11000, Beoipag, ’Institute of
Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria,
3I/Iﬂcu7uu7yw 3a pawapciigo u tospwiapciieo, 21000 Hosu Cag, 4YHueep3uu76m y Beoipagy — Xemujcku
paxyniueni, Ciiygenticku wpi 16, 11000 Beoipag u ° Cpiicka axagemuja HaAyKa U yMEHOCTIU,

Knes Muxajnosa 35, 11000, Beoipag

OmnucaHa je X0NIUCTAYKA NPUMEHA HeTapreTHe MetabojoMUKe DasupaHe Ha BUCOKOedH-
KacHOj TaHKoc/I0jHOj xpomartorpaduju (HPTLC) xoja omoryhaBa nopehewme MeTadonuukux
npodwuna Artemisia annua v npaheme HUXOBUX MPOMeHa TOKOM pa3soja duske. HPTLC xpo-
MarorpaMy HaKOH pa3BHjara aHU3aILEeXUIOM U CyMIIOPHOM KHCEIMHOM Cy KOpHLIheHH 3a
reHepucame Nojflataka 3a MyJITHBapHjaHTHY aHa/lu3y. AHa/ln3a ITITaBHUX KOMIIOHEHTH U OpTO-
rOHa/Ha JUCKpPUMHHAHTA aHa/lW3a HajMambUX KBajfipaTa Cy MOTBPAMIE pa3ivke usmehy yso-
paxa Koju mpumnanajy pasnuuutuM deHodaszama — BereTraTuBHOj ¢asy, dasu 1BeTawma U asu
¢opmupama ceMeHa. [JodujeHH pe3ynTaTH yKasyjy fa MeTadolOMHUUYKU NPUCTYN 3aCHOBAH Ha
HPTLC metonu koja je xommniemeHntapHa ca GC/MS u NMR aHanuszom, moxe duta Beoma
Noy3faHa TEXHUKA 338 aHAJIU3y IPOMEHe TOKOM pasBoja dUsbKe.

(TTpumiseHo 7. Maja, peBupupaHo 12. HoBembpa 2021, mpuxsaheno 14. pedpyapa 2022)
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Table S-I. Fractionation by dry-column flash (DF) chromatography

Number of fraction Hexane:ethyl acetate volume ratio Volume, mL
DF1-DF9 95:5 400
DF10-DF18 90:10 400
DF19-DF22 85:15 200
DF23-DF26 80:20 200
DF27-DF30 75:25 200
DF31-DF34 70:30 200

IDENTIFICATION OF THE COMPOUNDS - SPECTRAL DATA

Compounds on HPTLC plate (Fig. 1) Triacylglycerol retention factors,
R¢=10.92-0.96.

* Corresponding author. E-mail: jovanas@chem.bg.ac.rs

S405

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.




S406 STANKOVIC JEREMIC e al.

a@o o @on  men moyg = 8 ono
882 8 gLy 888 1383 3 38 288
238 = REd §88 wRI§ 2 8 28K
L & T RRr a8y 6639 & ad 1)
w56 < BT T R P IV IR P P P < << coo

=
-

|
10,0554

17,0820

S
10,8952

[ —
61235

[
485572

2.0000
[
2.0127
[
pe—
6.0825
[
pra—
95440
|

]
IS
o
~

Chemical shift, ppm
Fig. S-1. 'H NMR spectrum of triacylglycerol.

ae
82 0 0
e8 8 2
33 2 %
oo K @
(3 & -
3] 2 o

JI e

T T T T T T

160 140 120 100 80 Ippm

Chemical shift, ppm
Fig. S-2. 13C NMR spectrum of triacylglycerol.
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Fig S-7. GC-FID chromatogram of fraction DF16 containing Methyl palmitoleate (Retention
time - RT = 20.560 min, Retenrion index - R/ 1935), Methyl Palmitate (R7 = 20.73 min,
RI =1950) and 9,12-Octadecadienoic acid (Z,Z)-, methyl ester (RT = 22.53 min, R/ =2116).
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from the database (middle and bottom).
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Compounds on HPTLC plate (Fig. 1): a-pinene (R/ = 932), a-copaene
(RI=1373), E-cariophylene (Rl = 1416); S-selinene (Rl = 1484), R¢= 0.84 - 0.88
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Fig S-11. GC-MS chromatogram of fraction DF1 containing a-pinene, a-copaene,
E-caryophyllene, and f-selinene.
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Fig. S-13. MS spectrum of a-copaene (top) and its comparison with the spectrum from the

database (middle and bottom).

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL S4 1 5

1004 93
133
69
1 41
79
105
50+
120
55 161
147
189
175
| ) LT
0 ‘!1‘.}‘!1H‘_Mm‘mm‘”‘W!u_l”}‘uu“‘mu‘:‘!“_m‘;‘m‘!‘m‘H!“HH}HHWH‘
40 50 60 80 90 00 110 120 130 140 150 160 170 180 190 200 210
(Text File) Scan 3816 (25.329 min): AA DF 1.D\data.ms
93
100+ 133
69
| 79
105
50+ 120
55 147 161
1 189
| O Tl
0 “\ ;\HH ;\‘\} ‘ ‘1 I I, ‘H Ll H | M‘ | ‘1 M | |
LA 1 A N LR
175 180
1 147
55 120 161
50 105
69 79 133
1 93
1007 4\11 T T T T T T T T T T T T T T T I T
40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210
Head to Tail MF=917 RMF=918
100 41
93
69 79 133
50
120 [
LAl H e ] s
0 m.mu_mww‘_U“_wwM‘MHH"WMm‘s‘a‘\‘ﬂas_“
80 100 110 120 130 140 150 160 170 180 190 200 210
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database (middle and bottom).

Compound on HPTLC plate (Fig 1.) Artemisia ketone R¢= 0.74 - 0.82.
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Fig. S-17. GC-MS chromatogram of fraction DF3 containing artemisia ketone (R/ = 1057.5).
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Compound on HPTLC plate (Fig 1.) 1,8-cineole Ry = 0.68
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Compound on HPTLC plate (Fig 1.) Caryophyllene oxide Rf'= 0.66.
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Fig. S-21. GC-MS chromatogram of fraction DF7 containing caryophyllene oxide (R/ 1581).
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Abstract: Biological activity of 2-tert-butyl-1,4-benzoquinone (TBQ) and its
derivatives, 2-tert-butyl-5-(2-propylthio)-1,4-benzoquinone, 2-tert-butyl-5-
-(propylthio)-1,4-benzoquinone,  2-tert-butyl-5,6-(ethylenedithio)-1,4-benzo-
quinone, 2-tert-butyl-5-(phenylthio)-1,4-benzoquinone and 2-zert-butyl-6-(phe-
nylthio)-1,4-benzoquinone, were tested for their antioxidant, antibacterial,
toxic, cytotoxic and genotoxic potential. Using the DPPH test, all derivatives
showed good antioxidant activity, better than ascorbic acid, and the 2-tert-
-butyl-5-(propylthio)-1,4-benzoquinone derivative showed the strongest effect.
Better antibacterial potential was observed against Gram-positive bacteria in
the broth microdilution method in which the 2-fert-butyl-5-(phenylthio)-1,4-
-benzoquinone derivative showed the strongest activity (MIC = 15.6 uM). The
results of toxicity tests, using the Brine shrimp test, indicated that the deri-
vatives lose their toxic potential compared to TBQ, except for 2-tert-butyl-6-
-(phenylthio)-1,4-benzoquinone, which showed a 3 times stronger effect. Cyto-
toxicity was assessed by the MTT assay in 24 and 72 h treatments in MRC-5,
HS 294T and A549 cell lines in threefold decreasing gradient (11, 33 and 100
uM). Modifications potentiate the cytotoxic effect, and the strongest effect was
observed with the 2-tert-butyl-5,6-(ethylendithio)-1,4-benzoquinone derivative.
In addition, the genotoxic potential was examined in the MRC-5 cell line using
the comet assay. All tested derivatives of TBQ showed a genotoxic effect at all
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applied subtoxic concentrations. In general, the chemical modifications of TBQ
enhanced its biological activity.

Keywords: TBQ; toxicity; MTT assay; antibacterial activity; antioxidant act-
ivity; comet test.

INTRODUCTION

Cancer is a disease of altered signaling and metabolism, which causes
uncontrolled division and survival of the transformed cells.! According to the
World Health Organization, in 2018 alone, there were 18.1 million new cancer
patients and 9.6 million cancer deaths.2 The process of developing this disease is
not sufficiently elucidated and modern treatments, although much more effective,
are not effective enough to reduce the mortality rate to an acceptable level. Bio-
logically active compounds originating from a variety of natural sources, plants,
animals, and microorganisms, have great potential for use in the treatment of
malignancies.3 According to the work of Amaral et al.,* from 1980 to 2019, a
total of 174 new compounds with indications for cancer treatment were commer-
cialized, with 53 % of these drugs being natural products, compounds based on
them, or compounds that mimic their action. Since the biodiversity of marine
organisms is approximately half of the total biodiversity on Earth, marine org-
anisms are a good basis for the creation of modern chemotherapeutics and have
been involved in various clinical trials.> However, although they show good
biological activities, natural products originating from marine organisms have
certain limiting factors in the form of availability and an adequate amount of the
active compound obtained because of their low yield. This problem could be
solved by creating synthetic compounds modeled from natural products. Many
biologically active compounds isolated from marine organisms are hydroquin-
ones and quinones, such as avarol/avarone redox pair isolated from the Medi-
terranean sponge Dysidea avara. Avarol and avaron have shown great and div-
erse biological activity, such as antimicrobial, antiviral, antioxidant and anti-
tumor.6-10 In previous studies, the biological activity of avarol/avaron and their
methoxy and methylamino derivatives,!! alkylamino and aralkylamino derivat-
ives,12 amino acid derivatives!3 and alkyl(aryl)thio derivatives!? were examined.
The yield of biologically active compounds originating from marine organisms is
generally good, as is the case with avarol/avaron, but the problem is in the avail-
ability of marine organisms and, hence, the solution could be to design specific
synthetic compounds that are similar in structure and their derivatives in order to
enhance activity and reduce potential side effects. Bearing this in mind, in pre-
vious research a relatively crude model was used, based on tert-butylquinone —
TBQ.14:15 The results of previous studies showed that modifications increase the
cytotoxic and antibacterial activity of TBQ and the alkylamino and aralkylamino
derivatives of TBQ show a more selective effect over avarone derivatives.!415 In
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this work, TBQ and its alkylthio derivatives 2-fert-butyl-5-(isopropylthio)-1.4-
-benzoquinone, 2-tert-butyl-5-(propylthio)-1.4-benzoquinone, 2-tert-butyl-5,6-
-(ethylenedithio)-1.4-benzoquinone) and arylthio derivatives (2-fert-butyl-5-
-(phenylthio)-1.4-benzoquinone and 2-fert-butyl-6-(phenylthio)-1.4-benzoquin-
one) were examined for their antioxidant, antibacterial, toxic, cytotoxic and
genotoxic potentials. According to the work of Bozi¢ et al.,10 alkylthio and aryl-
thio derivatives were selected to cover the range of redox potentials between
those of alkoxy and alkylamino derivatives on the one end, and the chloro deri-
vatives on the other. The alkylthio group is also found in many compounds and
mixtures of natural origin, such as allicin (a thiosulfinate compound originating
from Allium sativum L.) that induces apoptosis in tumor cells.16:17 Allicin
reduces cell viability and cell proliferation in healthy and cancers cells.!® By
selecting this group, the aim was to combine the action of two strong functional
groups of natural origin - quinones and alkylthio sulfides.

EXPERIMENTAL
Synthesis of derivatives

Alkylthio-derivatives of 2-fert-butyl-1,4-benzoquinone were synthesized by nucleophilic
addition of thiols to quinones.!® Synthesis of TBQ and derivatives commenced with commer-
cially available fert-butylhydroquinone which were oxidized using silver oxide to the corres-
ponding quinone. Conditions described in the paper by Bozi¢ et al.,!0 for the synthesis of
alkylthio and aralkylthio derivatives of avarone were the same for the synthesis of TBQ and
its derivatives. Briefly, the optimum reaction conditions for the synthesis of alkylthio deri-
vatives were: equimolar amount of reactants, slightly alkaline medium, nitrogen atmosphere,
temperatures of 60 °C, and a 30-min reaction time. Phenylthio derivatives were synthesized
under neutral conditions in the air atmosphere while the other conditions were the same. The
names and chemical structures of the derivatives are shown in Fig. 1.

1 O 2 R=H R~ —S«< 5 R=H R~ —s
Rz 12‘3]
3 R=H R= —§7™%
7 R, 4R1:/j
RZ: \Swz

@)

Fig. 1. Chemical structure of tert-butylquinone-TBQ and its derivatives: TBQ (1) 2-tert-butyl-
-1.4-benzoquinone, 2) 2-tert-butyl-5-(isopropylthio)-1.4-benzoquinone, 3) 2-tert-butyl-5-(pro-
pylthio)-1,4-benzoquinone, 4) 2-tert-butyl-5,6-(ethylenedithio)-1.4-benzoquinone, 5) 2-tert-
-butyl-5-(phenylthio)-1.4-benzoquinone and 6) 2-tert-butyl-6-(phenylthio)-1.4-benzoquinone.

Details on synthesis and spectral data are given in Supplementary material to this paper.

Biological activities testing

Assessment of antioxidant potential by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) test.
The antioxidant effects of TBQ and its derivatives were determined using the DPPH assay,
which measures the radical scavenging potential of selected compounds. The test was per-
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formed according to the protocol developed by Blois (1958).20 A total of 180 uL of freshly
prepared methanolic DPPH solution (concentration of 40 pg mL-") was added to each well of
the microtiter plate, followed by 20 pL of TBQ and its derivatives in DMSO at the appropriate
concentration. Seven concentrations were tested for each test compound in a threefold gra-
dient with the highest concentration of 1 mM. The test was performed in triplicate. Samples
were incubated for 30 min in the dark at room temperature, after which the absorbance was
measured at 517 nm using a microplate reader (Multiskan Sky Thermo Scientific, Finland).

Evaluation of antibacterial activity by the broth microdilution method. The antibacterial
activity of TBQ and its derivatives against four strains of Gram-positive (Enterococcus face-
alis ATCC 29212, Listeria innocua ATCC 33090, Staphylococcus aureus ATCC 25923 and
Bacillus subtilis ATCC 6633) and three strains of Gram-negative (Escherichia coli ATCC
25922, Salmonella typhimurium ATCC 14028 and Pseudomonas aeruginosa ATCC 15442)
bacteria was tested using the double microdilution method according to Sarker et al2! The
highest concentration tested for TBQ and its derivatives were 1 mM. E. faecalis and L. inno-
cua were grown in brain heart infusion broth (BHI), while the other bacteria were grown in
Mueller Hinton broth (MHB). After double dilution of the derivatives in the appropriate broth,
10 pL of bacterial suspension (10* cells per well), and resazurin at a final concentration of
67.5 ug mL'! were added per well. After thermostating for 24 h at 37 °C, the MIC value was
determined as the lowest concentration that led to a change in the color of resazurin from blue
to pink. Rifampicin and streptomycin with the highest concentrations of 30 and 43 uM, res-
pectively, were used as positive controls. As the solvent control 5 % DMSO was tested. The
antibacterial effect was categorized as strong (0—100 uM), moderate (100-500 pM) and weak
(5001000 puM).22

Assessment of toxic potential by the Brine shrimp test with Artemia salina (ARC test). A
commercially available mixture (Artemia eggs, Dajana, Czech Republic) of lyophilized A.
salina eggs were put in saltwater solution (3.3 % of sea salt). The test was performed accord-
ing to Vanhaecke and Persoone?? in triplicate over a 24-hour incubation period. TBQ and its
derivatives were tested in six concentrations in a triple or double gradient (depending on the
test compound) with a maximum tested concentration of 500 pM. The experiment had a neg-
ative control (saltwater only), positive control (K,Cr,05, concentration range 50-10 pg mL1),
and solvent control (5 % DMSO).

Assessment of the cytotoxic potential using the MTT assay on different cell lines. The
cytotoxic effect was assessed by the MTT assay on three cell lines: MRC-5 (healthy human
fetal Iung cell line; ECACC No. 84101801), HS 294T (cancer cell line — human melanocytes;
ATCC HTB-140) and A549 (human lung cancer cell line; ATCC CCL-185) according to the
protocol described by Kolarevi¢ et al.!l Cells in monolayer were treated with TBQ and its
derivatives at concentrations of 11, 33 and 100 uM while 5 % DMSO was used as the solvent
control. The following passages were used for cell lines MRC-5, A549, HS 294 T: passage 25
and 26; passage 7, 10, 12 and 19; passage 14, respectively. The MTT assay was performed in
3 individual experiments during 24- and 72-hour incubation.

Assessment of the genotoxic potential in MRC-5 cell line by the Comet assay. As des-
cribed in Kolarevié et al.,'! cells were grown 24 h until monolayer formation, washed with 1 x
PBS and treated with non-toxic concentrations of the test compound (TBQ: 1.3, 3.7 and 11
uM; derivative 4: 0.41, 1.23 and 3.7 uM, derivatives 2, 3, 5, 6: 3.7, 11 and 33 uM). Etoposide
(33 uM) and 5 % DMSO were used as the positive and solvent control, respectively. The exp-
eriments were performed in triplicate in mini gel format as described in Azqueta et al.2* with
some modifications. Aliquots of cell suspensions obtained after treatment (30 pL) were mixed
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with 70 pL of 1 % low melting point agarose. For each sample, 15 pL of the mixture was
placed in duplicate on slides pre-coated with 1 % normal melting point agarose. Each micro-
scope slide (prepared individually for each substance) contained duplicates of negative and
positive controls and three concentrations of tested substances. Lysis, denaturation, electro-
phoresis, and neutralization were performed as described in Gagi¢ et al?> A total of 150
nuclei were analyzed for each compound tested, controls were made separately for each mic-
roscopic plate examined. Acridine Orange (2 pg mL!) was used for staining and the analysis
was performed with a fluorescence microscope (Leica, DMLS, Austria, under magnification
400x%, excitation filter 450—490 nm, barrier filter 510 nm) by Comet IV computer software
(Perceptive Instruments, UK). DNA damage was monitored via the tail intensity parameter
(T.1). Statistical analysis was performed by IBM SPSS Software. The results did not show a
normal statistical distribution using the Kolmogorov—Smirnov test. Non-parametric tests were
further performed: Kruskal-Wallis one-way ANOVA followed by Wilcoxon signed ranks test
for pairwise comparison of treated groups with negative and positive controls with the signi-
ficance level at p < 0.05.

RESULTS AND DISCUSSION

Assessment of the antioxidant potential of TBQ and its derivatives
by the DPPH test

Based on the results obtained by DPPH (Table I), it could be concluded that
the strongest antioxidant effect was observed for derivative 3, which was also
stronger than TBQ. On the other hand, 6 exhibits the lowest antioxidant activity.
Additionally, derivatives 2, 4 and 5 show activity similar to the parent compound
TBQ. It should be noted that derivative 3 with a propyl group on the quinone
moiety has a higher activity compared to derivative 2 with a voluminous isopro-
pyl substituent. In addition to the size of the substituents, it is obvious that the
activity is also influenced by their position on the quinone nucleus, since a strik-
ing difference in activity occurs with two regioisomers 5 and 6, the 5-phenylthio
isomer 5 being more active than 6-phenylthio regioisomer 6. It should be noted
that all tested compounds have higher activity than ascorbic acid, which is a con-
trol compound.

TABLE 1. DPPH test results (ICsy / uM) of tert-butylquinone- and its derivatives, AsAc —
ascorbic acid as control

Compound
TBQ 2 3 4 5 6 AsAc
77.27+£5.07 80.75+4.10 70.48+3.04 81.98+1.96 80.61+2.14 108.03+£1.08 177.81+2.68

The scavenging activity of TBQ and its alkylthio and arylthio derivatives
was evaluated using the DPPH assay. DPPH is a relatively stable free radical.
This assay is based on the color change of the DPPH solution (from purple to
yellow) as the radical receives an electron or a hydrogen atom from the anti-
oxidant. It is a simple and widely used method to evaluate the ability of com-
pounds to act as free radical scavengers or hydrogen donors.26 The obtained
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results show that all the tested compounds have good antioxidant activity, better
than that of ascorbic acid. The antioxidant activity of thio derivatives is not sur-
prising. Namely, by the introduction of alkylthio and arylthio groups, the mole-
cules get a sulfur atom that can lose an electron and thus increase the antioxidant
activity of the compounds. Furthermore, alkylthio derivatives have a slightly
stronger activity than that of the arylthio derivatives. This may be due to electron
delocalization in the phenylthio group, which reduces the electron availability for
sulfur atoms.

Evaluation of antibacterial activity

The microdilution method on different bacterial strains showed antibacterial
effects of different strengths depending on the tested compound. Ethylenedithio 4
and phenylthio derivatives 5 and 6 show a strong antibacterial effect against S.
aureus, and TBQ and the 2, 4 and 5 derivatives against B. subtilis (Table II).
Other derivatives showed a moderate to weak effect on the tested Gram-positive
bacterial strains, while no antibacterial effect was observed against Gram-nega-
tive bacteria. It could be concluded that both TBQ and all the tested compounds
show selectivity towards Gram-positive bacterial strains. Against E. faecalis and
S. aureus, derivatives 4, 5 and 6 show a stronger antibacterial activity than the
parent compound (TBQ) which justifies the synthesis and introduction of S-sub-
stituents to the quinone moiety.

TABLE II. Antibacterial activity (MIC / pM) of tert-butylquinone and its derivatives, AB —
antibiotics rifampicin (?) or streptomycin (®) as positive controls

\ Bacterium
CompounuE. faecalis L. innocua S. aureus B. subtilis S. typhimurium P. aeruginosa E. coli
TBQ 1000 250 125 62.5 >1000 >1000  >1000
2 >1000 250 125 62.5 >1000 >1000  >1000
3 >1000 1000 500 250 >1000 >1000  >1000
4 125 250 62.5 62.5 >1000 >1000  >1000
5 500 250 15.6 62.5 >1000 >1000  >1000
6 250 125 31.2 125 >1000 >1000  >1000
AB 3.792 1.902 10.75b 10.75% 21.50° 42,990 42.99b

TBQ and its derivatives were assigned values (1, 2, 4, 8, 16, 32, 64, 128)
depending on the obtained minimum inhibitory concentration (MIC: 1000, 500,
250, 125, 62.5, 31.25, 15.62, 7.81 uM). The assigned values obtained for the
derivatives are compared with the assigned values for TBQ and shown on the
radial diagram in Fig. 2, to show how many times stronger the derivatives are
relative to the starting compound TBQ. The derivatives 4, 5 and 6 showed better
antibacterial activity against bacterial strains: E. faecalis and S. aureus, while
towards L. innocua, derivative 6 showed better activity than TBQ. The highest
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activity, 8 times stronger than TBQ, was shown by derivatives 4 (against E. fae-
calis) and 5 (against S. aureus).

The introduction of a substituent on the quinone moiety of TBQ, generally
leads to an improvement of the antibacterial activity for most synthesized deri-
vatives. Selectivity of both TBQ and all its derivatives to Gram-positive bacteria
was observed.

= F. faecalis
== L.innocua

S. aureus
== B. subtilis

Fig. 2. Antimicrobial activity of derivatives relative to TBQ against bacterial strains:
E. faecalis, L. innocua, S. aureus and B. subtilis.

From a structure—activity relationship (SAR) analysis, it could be noticed
that the derivatives with a more voluminous substituent show stronger antibac-
terial activity. In accordance with this data, the isopropylthio derivative showed
better activity than the propylthio derivative, while bulky groups ethylenedithio
and phenylthio also exhibited an increased activity. On the other hand, two phe-
nylthio regioisomers (5 and 6) showed different activities, but with no clear pre-
ference. Derivative 5 showed promising antibacterial properties because of an
activity against S. aureus similar to that of streptomycin. Alkylthio and arylthio
derivatives of avaron were less or equally active than avarone on S. aureus and E.
coli bacterial strains.!0 On the same bacterial strains, alkylamino, aralkylamino
and amino acid derivatives of TBQ mostly showed stronger activity compared to
TBQ.12*14

Assessment of toxic potential by the Brine shrimp test

Based on the obtained results (Table III), it could be concluded that all the
tested derivatives, except 6, showed lower toxicity than TBQ. Toxicity of TBQ
and derivatives 3, 4 and 6 were higher than the toxicity of potassium dichromate
(K2Cry0O7), which was used as a positive control (6 > TBQ > 3 > 4).

The lowest activity was observed for derivative § which is interesting since
it contains the same substituent as derivative 6 but at a different position.
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Since A. salina shrimps live in symbiosis with some types of bacteria and that
the toxicity of the compounds may be related to the lysis of the cell wall of bacteria
present in the digestive tract of A. salina adults,?’ false-positive toxicity results are
avoided by using nauplii in which the digestive tract is not yet developed. The fact
that the most toxic TBQ derivatives are not those which are the most active against
bacterial cells corroborates with this conclusion. The most toxic compound is deri-
vative 6 that is almost 10 times more toxic than its regioisomer 5. Since quinone
toxicity is associated with either ROS formation or alkylation of cellular nucleo-
philes, a possible explanation for this activity difference is the fact that in deri-
vative 6, the most active position for nucleophilic attack is available. The toxicity
of other derivatives could be explained by ROS formation since nucleophilic addit-
ion is either unlikely (derivatives 2, 3, 5) or impossible (derivative 4).

TABLE III. Brine shrimp test results (LCso / uM) of fert-butylquinone and its derivatives.
Control — potassium dichromate (K,Cr,07)

Compound
TBQ 2 3 4 5 6 KQCI'207
58.68+ 159.20+ 69.85+ 85.55+ 183.83+ 19.21+ 92.29+
4.72 46.36 17.67 11.34 11.88 0.88 0.34

Assessment of cytotoxic potential using the MTT assay on different cell lines

The results presented in Table IV confirm that the derivatives show a
stronger cytotoxic effect than TBQ and the effect is more pronounced after a
longer incubation period (72 h). Exceptions were only observed for derivatives 3,
4 and 6 on the A549 cell line where the derivatives had a lower cytotoxic effect
than TBQ after 72 h. The strongest cytotoxic effect on the MRC-5 cell was exhi-
bited by derivative 4 (20.61 and 11.12 uM for 24 and 72 h incubation periods,
respectively), while on HS 294T, the compounds were active only at 72 h treat-
ment, whith derivative 3 showing the strongest effect (53.12 pM). On the A549
cell line, derivative 5 (57.04 and 52.80 uM for 24 and 72 h treatments, respect-
ively) was the most active, while derivative 2 showed a similar effect but only at

TABLE 1V. Cytotoxic activity ( ICsy / uM) of tert-butylquinone and its derivatives on
different cell lines after 24 and 72 h treatment; nt — not tested

MRC-5 HS 294T A549

Compound Time, h

24 72 24 72 24 72
TBQ 82.93+4.79 54.22+8.02 >100 >100 >100 67.58+0.87
2 64.1443.66 51.51+5.38 >100 83.77+7.88 >100 52.99+4.01
3 61.1544.89 35.516+9.79 >100 53.1249.80 >100 75.72+1.18
4 20.61+12.87 11.12+15.65 >100 94.74+18.07 >100 >100
5 64.3242.36  55.16+3,68 >100 nt 57.04+6.63 52.80+6.98
6 82.51+£2.94 37.11£3.47 >100 68.09+3.66 >100 75.73+1.18
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72 h treatment (52.99 uM). In general, the MRC-5 cell line was more sensitive in
regard to DNA damage by TBQ and its derivatives when compared to tested
cancer lines. All tested compounds showed a low selectivity index (SI < 2),
hence, according to Koch et al.,?8 they may be considered generally toxic.

In this work, modifications increase the cytotoxic effect of TBQ with a more
pronounced effect after a 72-hour incubation period. The tested compounds
showed as active (/Csq less than 20 pg mL—1) or moderately active (/Cs( between
20 and 100 pg mL-1!) in the inhibition of cell growth.29 According to Sladic and
Gasic,30 the main mechanism of quinone cytotoxicity may be nucleophilic addit-
ion and ROS production, resulting in oxidative stress and cell death. Tumor cells
are more susceptible to oxidative stress. This combined mechanism is not pos-
sible with derivative 4, which explains why this derivative is less active on the
tumor cell lines than the other derivatives. The stronger cytotoxic effects on the
normal MRC-5 cell line compared to tumor cell lines cannot be explained by
generation of radicals, and is possibly a consequence of enhanced transport
through cell the membrane and/or difference in metabolic transformations in nor-
mal and tumor cells. The conflicting results with the previously described anti-
oxidant effect of the derivatives could be explained by the fact that antioxidant
supplements, such as vitamins and/or flavonoids, under conditions of increased
oxidative stress also exacerbate the pro-oxidant effect.3! Candidate anticancer
drugs should ideally be selective, potent, and relatively non-toxic.32 However,
based on the selectivity index, these compounds show a low selectivity index and
are considered generally toxic. The low selectivity index could be a problem
when using these derivatives as anticancer drugs. Additional modifications could
improve the selectivity and reduce the genotoxicity of the derivatives. All tested
compounds, except derivative 4, showed a lower cytotoxic effect on the MRC-5
cell line at the highest tested concentration (100 uM) compared to avarol and
avarone examined in the work of Kolarevi¢ ez al.ll On the A549 cell line, the
cytotoxic effect of the derivatives was lower relative to avarol and lower or
similar to avarone. In the work of Bozi¢ et al.,!0 alkyl(aryl)thio derivatives of ava-
rone were less (or equally) active than avarone, whereas in the present work, the
opposite results were obtained. This indicates that alkyl(aryl)thio groups enhance
the activity of TBQ but not of avarone. Amino acid derivatives of TBQ showed a
lower cytotoxic activity compared to TBQ,!3 while the same avarone derivatives
generally proved to be more active. On the other hand, alkylamino and aralkyl-
amino derivatives of TBQ generally had a higher activity than the parent com-
pounds. 12,14

Assessment of genotoxic potential in MRC-5 cell line by Comet assay

All tested derivatives of TBQ induced DNA damage in a dose-dependent
way and show statistically significant differences in comparison with the negat-
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ive control (Fig. 3). The highest genotoxic potential was observed for derivative
4. In the previous work, no statistically significant difference was observed for
TBQ compared to the control.!5 The tested TBQ derivatives showed a lower
genotoxic potential than the positive control (etoposide).

l 2 . v 3 * “ 4 .
) . o] ol ]
*
s *
o o ® ] F
35. * * =~ od - o ‘
fa 1 = ) ol T E__ = 1 ||

e LREEREERE SN

Control GTs GT« GTs ETO Control GT: GT« GTs ETO Control GT1 GT: GT: ETO
Samples Samples Samples
* | *
5 6
* 4 | *
.
2 o] " 2wl *
= 2 *
Control GT:  GT:  GTs ETO Control GTs GT« GTs ETO

Samples Samples

Fig 3. Comet assay results of tert-butylquinone derivatives represented by the tail intensity

parameter (7.1.). Concentrations of test compounds: GT1—0.41, GT,—1.3, GT3-3.7, GT4—11

and GTs-33; control-cells without treatment; ETO-etoposide (33 pM); *significant increase
of DNA damage in comparison with the negative control (Control).

Various chemical, biological or physical agents damage DNA molecules and
thus cause a genotoxic effect. The resulting damage to DNA molecules, if not
repaired, can cause mutations and consequent pathological consequences, such as
cancer, which is why it is important to examine the possible genotoxic effect of
selected TBQ derivatives before their possible use as drugs.

All the tested derivatives at all the tested subtoxic concentrations showed a
genotoxic effect, while the opposite effect was observed for TBQ in the work of
Dordevié et al.15 Alkylthio and arylthio derivatives showed stronger genotoxic
potential than alkylamino and aralkylamino derivatives, where the effect was
observed only at the highest tested concentration of 11 uM, except for 2-(ben-
zylamino)-6-(tert-butyl)-1,4-benzoquinone, which showed a genotoxic effect at a
concentration of 4 uM.!5 The alkylthio and arylthio derivatives of TBQ showed
genotoxic potential at three times lower concentrations than 2-(benzylamino)-6-
-(tert-butyl)-1,4-benzoquinone, while derivative 4 was genotoxic even at a con-
centration that was nine times lower. These results confirm that the selected
modifications of the starting compound enhance their genotoxic potential. How-
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ever, the genotoxicity of alkylthio and arylthio derivatives was not higher than
the genotoxicity of etoposide at the same concentration tested. The stronger gen-
otoxic potential of alkylthio and arylthio derivatives of TBQ compared to TBQ
may be related to cytotoxicity and should be further investigated. Avarol and
avarone did not exert genotoxic potential in the same concentration range
according to the work of Kolarevi¢ et al.,!! while 3'-methoxyavarone and 3'-
-(methylamino) avarone have genotoxic potential. According to Okubo et al.,33
TBQ induced a decrease in the potential of the mitochondrial membrane, dis-
ruption of the mitochondrial structure with the formation of cytosolic vacuoles,
release of cytochrome ¢ from mitochondria, caspase activation, poly(ADP-rib-
ose)polymerase (PARP) cleavage, and a decrease of intracellular GSH and ATP.
However, in the same work, neither oligonucleosomal degradation of nuclear
DNA nor nuclear fragmentation in DAPI stained cells were detected, which
excludes apoptosis as a cell death pathway. The authors suggest, based on res-
earch by Fiers et al.,3% that it is possible that there are multiple pathways leading
to cell death and different pathways (apoptosis, necrosis, and reactive oxygen
damage) could co-exist in the same cell.

CONCLUSIONS

In general, the results indicated that modification of TBQ enhanced its
activity, but increased genotoxicity was also observed. The synthesized com-
pounds have good antioxidant activity, better than ascorbic acid, and exhibited
antibacterial potential against tested Gram-positive bacteria with the strongest
effect on S. aureus and B. subtilis. The results of the ARC test indicated that the
toxicity of the derivatives is diminished compared to TBQ except for 2-tert-
-butyl-6-(phenylthio)-1,4-benzoquinone. The derivatives show a stronger cyto-
toxic effect than TBQ whereby the effect is more pronounced after a longer inc-
ubation period (72 h), with the 2-fert-butyl-5,6-(ethylendithio)-1,4-benzoquinone
derivative showing the strongest cytotoxic activity. The tested compounds
behaved as active or moderately active in the inhibition of cell growth. However,
they show a low selectivity index and are considered generally toxic. In the stu-
died concentration range, all tested derivatives possess genotoxic potential while
TBQ does not exert genotoxic potential. In further studies, it is necessary to
examine the mechanism of action of TBQ derivatives on DNA molecules and to
determine whether genotoxicity is a consequence of cytotoxicity or vice versa.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11670, or from the corres-
ponding author on request.
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U3BOJ
CHHTE3A ¥ BUOJIOIIKA AKTHBHOCT AJIKHMJITHO U APUJITUO JEPUBATA
wepy-BYTUJIIXUHOHA

JEJIEHA BOPBEBUR" %, CTOUMUP KOJIAPEBUE’, JOBAHA JOBAHOBUR MAPUR’, MAPUAHA OAJIBE
NIABJIOBUR', IVIIAH CJIALUR’, UPEHA HOBAKOBUR® n EPAHKA BYKOBUR-TAUME’
1YHusep3umem y Beoipagy, Hucutiyti 3a Myniuugucyutinundpra uciupaxusard, beoipag, ? Ynusep3uinein
y Beoipagy, Lleniuap 3a TeHOWOKCUKOIOTU]Y U eKoieHOTOKCuKonoiujy, Buonowxu ¢axyniei, Beoipag, Vuu-
sepsutiietni y Beoipagy, Huciiuitiyii 3a Ouonowxa ucipanusara ,Cunuwa Cankoguh", UHcwiuiiiyi og
HAUUOHATTHOT 3HAuaja 3a Periydnuiy Cpdujy, Beoipag, *Yuusepsuiiein y Beoipagy, Kaiiegpa 3a moponoiujy
u cuciiemamiuxy dumaxa, buonowxu gaxyniueiu, beoipag, 5YHueep3umeu7 y Beoipagy, Xemujcku ¢paxyniiei,
Beoipag u GYHMBCPSMWELTI y Beoipagy, Hnctiuitiy 3a XeMujy, TEXHONOTU]y U MeTaIypiujy,

Lentuap 3a xemujy, Beoipag

HcnurtaHa je duonomika akTUBHOCT 2-iepy-OyTun-1,4-6ensoxrvHoHa (TBQ) u weroBux
nepusarta: 2-wiepy-dyTun-5-(uzonponuntio)-1,4-6eH30xuHOHa, 2-Wepy-dyTun-5-(mponuni-
THO)-1,4-0eH30xVHOHa, 2-Wepy-0yTHi-5,6-(eTunenenuTro)-1,4-6eH30Xx1HOHA, 2-THepy-OyTHII-
-5-(denuntro)-1,4-6eH30XxuHOHA U 2-epy-OyTun-6-(dbeHunTuo)-1,4-6eH30XUHOHA YKIbY-
yyjyhu HHUXOB aHTHOKCUIATHBHY, aHTUOAKTEPHjCKH, TOKCHUYHH, LIUTOTOKCUYHH U T'€HOTOK-
cuuHU noreHuujan. [Ipumenom DPPH Tecra, cBM IepuBatu cy moKasaad NOOPY aHTHOKCH-
IATUBHY aKTUBHOCT, D0Jby OJl acKOpPOMHCKe KUCeTHHe, a Hajjaue IejcTBO MOKa3ao je mepuBar
2-tiepy-OyTun-5-(nponuntio)-1,4-6eH30xuHOH. bobM aHTHUMUKPOOHU MOTEHLUWjal je MpH-
meheH npoTuB 'paM-TIO3UTUBHUX DaKTepHja METOLOM MUKPOAWIyLHje y OyjoHy, rhe je nepu-
BaT 2-wepy-0yTuin-5-(denuntro)-1,4-0eH30XMHOH MoKasao Hajjayy aktuBHoct (MIC = 15,6
pM). PesyntaTy HCIUTHBaKba TOKCUYHOCTH, IPUMEHOM TecTa Ha Artemia salina, noxasyjy na
IepuBaTH ryde TOKCUYHU TOTEHIHjan y onHocy Ha TBQ, ocum 2-wwepy-dytuin-6-(denuntuo)-
-1,4-6eH30XMHOHA, KOjH je moka3ao 3 myTa jauu edexaT. LIuToTokcuuHOCT je ucnutana MTT
TECTOM y TpeTMaHuMa on 24 u 72 h Ha henujckum nuaujama MRC-5, HS 294T u A549 y
TpocTpyko onagajyhem rpagujenty (11, 33 u 100 uM). Mopudukanvje nojayasajy JUTOTOK-
cnyHM edekar, a Hajjaun edexat je npumeheH xon nepuBaTa 2-iiepy-OyTHi-5,6-(eTunen-
ouTno)-1,4-6eH3oxuHOHa. [lopen Tora, TEHOTOKCHYHU MOTEHLHjal je UCIUTAH Ha hesnjcKoj
nuHAju MRC-5 xoMet Tectom. CBM UCIIUTHBAHHU JEPUBATU Cy TOKa3alu reHOTOKCUYHH ede-
KaT NpH CBUM NIPUMEBEHUM CyDTOKCMYHHMM KOHILIEHTpauujama. [eHepanHo, XeMHjCKe MOOH-
¢ukauyje nodospiiaBajy dUONOIIKY aKTUBHOCT 2-iiepy-0yTHi-1,4-6eH30XHHOHA.

(ITpumrbeHo 4. mapTa, peBuaupano 13. maja, mpuxsaheno 16. maja 2022)
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General information

All reagents used were commercial products purchased from Sigma-Aldrich
or Merck, except for silver(I)-oxide which was synthesized. Column
chromatography was performed on silica gel (0.063—0.200 mm, Merck).
Analytical thin-layer chromatography (TLC) was performed on precoated
aluminum-backed plates (silica gel 60 GF,s4, Merck). 'H- and ?C-NMR spectra
were recorded at 500 MHz (Bruker Avance III) in deuterated chloroform
(CDsCl). Chemical shifts are reported in parts per milion (ppm), relative to
tetramethylsilane. Coupling constants are reported in hertz (Hz). EI MS spectra
were recorded on Agilent 7890A — 5975 inert XL EI CI. UV/Vis spectra were
recoreded on a LLG-uniSPEC 2 Spectrophotometer in methanol.

Synthesis of 2-tert-butyl-1,4-benzoquinone (TBQ)
2-tert-Butyl-1,4-benzohydroquinone (2.13 g) was dissolved in 150 mL of
diethyl ether in a 250 ml flask. After dissolution, 3.70 g of silver(I)-oxide was
gradually added to the reaction mixture with constant stirring over 3.5 h at room
temperature, after which the stirring was stopped, anhydrous sodium sulfate was
added to the reaction mixture and the mixture were dried overnight. Oxidation
was monitored by thin-layer chromatography in a toluene:ethyl acetate system
(9:1). After 12 h, the mixture was filtered through a layer of celite and the solvent

* Corresponding author. E-mail: irenan@chem.bg.ac.rs
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was evaporated under reduced pressure. Yellow crystals (m.p. 56-58 °C) of 2-
tert-butyl-1,4-benzoquinonewere obtained. The yield was 2.05 g (98 %).
Synthesis of 2-tert-butyl-5-(isopropylthio)-1,4-benzoquinone (2)

2-tert-Butyl-1,4-benzoquinone (312 mg) was dissolved in 40 mL of
EtOH/saturated NaHCOj; solution (1:1). Then 498 mg (600 pL) of 2-propanethiol
was added in one portion. The reaction was performed under an argon
atmosphere, with constant stirring at 60 °C and lasted about 30 min. The
aqueous-ethanolic solution was neutralized with 5 % HCI and then extracted with
toluene. The organic solution was dried over anhydrous Na,SO,. Toluene was
evaporated and a crude red product (444 mg) was applied to a column formed of
22 g of silica gel (0.063—0.200 mm). After elution with toluene, several fractions
were obtained, the major fraction (136 mg) being rechromatographed on a 7 g
silica gel column. An 87 mg mass fraction was obtained which was purified by
preparative thin layer chromatography (silica gel 60 GFys4) with toluene as the
eluent. An oily yellow colored product was obtained in an amount of 43 mg (19
%).

'H-NMR (500 MHz, CDCls, 6 / ppm): 6.62 (1H, s), 6.32 (1H, s), 3.26 (1H,
septet, /= 6.5 Hz,), 1.37 (6H, d, J= 6.5 Hz), 1.26 (9H, s).

PC-NMR (125 MHz, CDCI3, ¢ / ppm): 186.67 (C1), 185.92 (C4), 158.34
(C2), 151.73 (C5), 132.79 (C6), 129.01 (C3), 36.93 (C7), 35.78 (Cl11), 30.76
(C8, C9, C10), 23.70 (C12, C13).

UV/Vis, Amex / nm (¢ / dm?® mol™): 252 (1.5x10%), 290 (1.9x10%), 420
(1.5%10%).

EI MS, m/z (relative abundance, %): 238.2 (M", 100), 223.1 (100), 196.1
(80), 181.1 (50), 154.1 (55), 85.0 (70), 41.1 (55)
Synthesis of 2-tert-butyl-5-(propylthio)-1,4-benzoquinone (3)

2-tert-Butyl-1,4-benzoquinone (271 mg) was dissolved in 40 mL of
EtOH/saturated NaHCO; solution (1:1) after which 368 mg (584 uL) of 1-
propanethiol was added. The reaction was performed as with 2-propanethiol
(with constant stirring at 60 °C under an argon atmosphere). The crude red
product (432 mg) was applied to a column prepared from 22 g of silica gel
(0.063—0.200 mm) and eluted with toluene. Multiple fractions were obtained and
the selected fraction (133 mg) was purified by preparative thin layer
chromatography (silica gel 60 GF,s4) with toluene as the eluent. An oily orange
compound was obtained in an amount of 63 mg (32 %).

'H-NMR (500 MHz, CDCls, § / ppm): 6.61 (1H, s), 6.27 (1H, s), 2.73 (2H, 1,
J=4Hz), 1.76 (2H, sextet, J= 6.5 Hz), 1.28 (9H, s), 1.07 (3H, ¢, /= 4 Hz).

BC-NMR (125 MHz, CDCls, ¢ / ppm): 186.51 (C1), 185.71 (C4), 158.49
(C2), 152.47 (C5), 132.59 (Co), 128.28 (C3), 36.87 (C7), 33.64 (C11), 30.61
(C8, C9, C10), 22.18 (C12), 15.09 (C13).
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UV/Vis, Amax / nm (¢ / dm’mol™): 250 (1.8x10%), 292 (1.4x10%), 440
(1.4x10%).

EI MS, m/z (relative abundance, %): 238.2 (M", 100), 223.1 (100), 196.1
(80), 181.1 (50), 154.1 (55), 85.0 (70), 41.1 (55).

Synthesis of 2-tert-butyl-5,6-(ethylenedithio)-1,4-benzoquinone (4)
2-tert-Butyl-1,4-benzoquinone (303 mg) was dissolved in 40 mL of
EtOH/saturated NaHCO; aqueous solution (1: 1) after which 92 mg (82 pL) of
ethylenedithiol was added to the resulting solution. The reaction was performed
under an argon atmosphere, with constant stirring at 60 °C and lasted about 50
min. 412 mg of crude product was obtained and applied to a column of 20 g of
silica gel (0.063—0.200 mm). The solvent was eluted with a mixture of petroleum
ether (30-50 °C)—benzene (3:1), and the chromatography was followed by thin
layer chromatography. An oily purple substance, 39 mg (17 %), was obtained.

'H-NMR (500 MHz, CDCl, d / ppm): 6.57 (1H, s), 3.23 (4H, dd, J, = 5 Hz,
J, =10 Hz,), 1.28 (9H, s).

BC-NMR (125 MHz, CDCl; J / ppm): 181.44 (C1), 180.57 (C4), 156.17
(C2), 139.61 (C6), 136.54 (C5), 131.41 (C3), 35.45 (C7), 29.11 (C8, C9, C10),
27.06 (C12),26.34 (C11).

UV/Vis, Amax / nm (¢ / dm® mol™): 230 (8.9x10%), 275 (4.1x10%, 535
(1.3x10%).

EI MS, m/z (relative abundance, %): 254.1 (M", 100), 239.1 (30), 210.9 (40),
193.0 (25), 183.0 (20), 88.0 (15), 67.1 (15), 41.1 (20).

Synthesis of 2-tert-butyl-5-(phenylthio)-1,4-benzoquinone (5) and 2-tert-butyl-6-
(phenylthio)-1,4-benzoquinone (6)

2-tert-Butyl-1,4-benzoquinone (313 mg) and 55 mg (51 uL) of thiophenol
were mixed. The reaction was performed under an air atmosphere in 96 %
ethanol at 60 °C for 30 min. The dark red crude product (466 mg) was applied to
a column of 24 g silica gel (0.063—0.200 mm). It was eluted with toluene and the
chromatography was evaluated by TLC. Two products were obtained: 2-tert-
butyl-5-(phenylthio)-1,4-benzoquinone (5) in an amount of 29 mg (11 %) and 2-
tert-butyl-6-(phenylthio)-1,4-benzoquinone (6) in amount of 51 mg (19 %).

(5)'"H-NMR (500 MHz, CDCls, 6 / ppm): 7.48 (5H, m), 6.49 (1H, s), 5.82
(1H, 5), 1.31 (9H, s).

BC-NMR (125 MHz, CDCls, ¢ / ppm): 186.96 (C1), 185.71 (C4), 157.80
(Co6), 156.99 (C2), 137.23 (C5), 134.00 (C3), 132.01 (C11), 131.86 (C12, C16),
129.27 (C13, C15), 126.62 (C14), 36.88 (C7), 30.58 (C8, C9, C10).

UV/Vis, Amex / nm (¢ / dm* mol™): 253 (2.1x10%, 290 (1.4x10%), 443
(5.8x10%).

EI MS, m/z (relative abundance, %): 272.1 (M", 100), 257.1 (20), 229.1 (30),
188.1 (20), 134.1 (20), 109.1 (20), 95.1 (20), 67.1 (20).
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(6) '"H-NMR (500 MHz, CDCls) § / ppm: 7.47 (5H, m), 6.48 (1H, d, J =5
Hz,), 5.80 (1H, d, J =5 Hz), 1.30 (9H, s)

BC-NMR (125 MHz, CDCLs, ¢ / ppm): 186.74 (C1), 185.45 (C4), 157.69
(C6), 156.99 (C2), 137.16 (C5), 133.85 (C3), 132.38 (C11), 131.79 (C12, C16),
129.18 (C13, C15), 126.57 (C14), 36.87 (C7), 30.36 (C8, C9, C10)

UV/Vis, Amex / nm (¢ / dm® mol™): 250 (6.1x10%), 298 (4.9x10%), 440
(1.5x10%);

EI MS, m/z (relative abundance, %): 272.1 (M", 100), 257.1 (20), 229.1 (30),
188.1 (20), 134.1 (20), 109.1 (20), 95.1 (20), 67.1 (20)
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Fig. S-1. "H-NMR spectrum of 2-tert-butyl-5-(isopropylthio)-1,4-benzoquionone.
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Fig. S-2. “C-NMR spectrum of 2-tert-butyl-5-(isopropylthio)-1,4-
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Fig. S-3. EI MS spectrum of 2-tert-butyl-5-(isopropylthio)-1,4-benzoquionone.
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Fig. S-4. UV/Vis spectrum of 2-tert-butyl-5-(isopropylthio)-1,4-benzoquionone.
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Fig. S-6. "C-NMR spectrum of 2-tert-butyl-5-(propylthio)-1,4-benzoquionone.

Abundance TIC: 2706D\data.ms

2000000
1500000
1000000

5000001

L
Time-—> 4,00 500 600 700 800 9.00 10,00 11.00 1200 1300 14100 15,00 16.00 17.00 1800 1900 20,00 21.00 22,00 23.00 24,00 26,00 26.00 27.00 28.00 29,00 30,00 31.00 32,00 33,00 34.00
Abundance Signal: 2706 D\FID1A.ch

5000001
400000
3000001
200000

100000

T T T T T T T T T T T T T T T T T T T T T t T T T T T T T T T
Time--> 400 500 600 7.00 800 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00 25.00 26.00 27.00 28.00 29.00 30.00 31.00 32.00 33.00 34.00
Abundance Scan 2706 (18.381 min): 2706 Didata.ms
2281 2382

a0 196.1

60
181.1

LIt 135.1 1671
531
L Tl m |
il il oL 7 " o o] L J
{ haany Y ey

74 ‘ ‘ |
1451
L ‘\I‘ A I‘.mu‘lm L ; |\II“|I Lyl : ; | ’ R—— ! .
mz-> 30 40 S0 60 70 8 80 100 110 120 130 140 150 150 170 180 130 200 210 220 230 240 250 260 270 280 230

Fig. S-7. EI MS spectrum of 2-tert-butyl-5-(propylthio)-1,4-benzoquionone.

171
I
t

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



SUPPLEMENTARY MATERIAL S42 9

=
(o]
-

=
FN
]

o o © o o
()] B N (1] Ny
1 L 1 " 1 L 1 n 1

Absorbance, a.u.

L

LS
o o]
| I——

L
[N

260 I 360 I 460 ' 560 ' 660 I 760 I 860
Wavelength, nm
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Fig. S-11. EI MS spectrum of 2-tert-butyl-5,6-(ethylenedithio)-1,4-

benzoquionone.
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Fig. S-12. UV/Vis spectrum of 2-fert-butyl-5,6-(ethylenedithio)-1,4-
benzoquionone.
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Fig. S-15. EI MS spectrum of 2-fert-butyl-5-(phenylthio)-1,4-benzoquionone.
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Fig. S-16. UV/Vis spectrum of 2-fert-butyl-5-(phenylthio)-1,4-benzoquionone.
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Fig. S-17. '"H-NMR spectrum of 2-tert-butyl-6-(phenylthio)-1,4-benzoquionone.
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Fig. S-19. EI MS spectrum of 2-fert-butyl-6-(phenylthio)-1,4-benzoquionone.
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Abstract: The structures of the first two complexes with bidentate coordination
of aminoguanidine Schiff base, i.e., 2-acetylpyridine-aminoguanidine (L), are
reported. The complex of the formula [Cd,Clg(HL),] (1) was obtained in the
reaction of warm aqueous solutions of chloride salts of Cd(Il), Zn(Il) and the
ligand, while the reaction of cadmium bromide and the ligand in the presence
of deprotonating agent as well as ammonium thiocyanate resulted in the form-
ation of the complex in which Schiff base has both the role of the ligand and
the counterion, viz., [HL][Cd(HL)(NCS),XY]-H,O (2), where X is CI" or Br,
and Y Br or SCN. The complexes were characterized by IR spectroscopy,
elemental analysis, conductometric measurements and single crystal X-ray dif-
fraction. The unusual bidentate coordination of the Schiff base lead to signific-
ant changes in the geometry of this molecule (from almost planar in free form
and as a tridentate ligand to twisted as a bidentate ligand). Besides, in complex
1 relatively rare bridging coordination of CI- in octahedral Cd(I) is found,
while the crystal structure of complex 2 exhibits substitutional disorder, and
contains four different anions: [CA(HL)(NCS),Br(SCN)]" (ca. 61 %),
[CAHL)(NCS),CI(SCN)]" (ca. 35 %), [CA(HL)(NCS),Br,]" (ca. 3 %) and
[CA(HL)(NCS),CIBt]" (ca. 1 %).
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INTRODUCTION

This study emerged from our ongoing research on metal complexes with
Schiff base ligands, as this class of compounds has shown wide spectra of bio-
logical activities,! catalytic behavior,2 magnetism3 and optoelectronic pro-
perties,* depending on the choice of the particular metal, and Schiff base ligand.
Besides the simple synthetic routes, the importance of these compounds lies in
their ability to act as ligands of various denticities, thus the structural versatility
and different potential application.5:0 Thiocyanate is an interesting ambidentate
co-ligand due to its ability to coordinate to the metal ion not only in the mono-
dentate manners at one of its terminal atoms but also as a uj j bridge (through
sulfur or nitrogen) and p; 3 bridge (via both).”

Researches have shown that Group 12 complexes are important in the field
of supramolecular chemistry, crystal growth® and materials science.” However,
cadmium is known to be a human carcinogen!? and environmental pollutant, and
some studies show!!:12 cadmium exposure can lead to genomic instability and
inhibition of DNA damage repair. On the other hand, there is also evidence of
anticancer activity of cadmium and its complexes with bioactive heterocyclic
Schiff bases.13-16 Since the mechanisms of these processes remain unknown it is
of high importance to broaden the knowledge on structural properties of cad-
mium(Il) complexes with potentially bioactive Schiff bases. Here, the syntheses
and structure of two new Cd(II) complexes with 2-acetylpyridine-aminoguan-
idine (L), of the formulas [Cd>Clg(HL);,] (1) and [HL][Cd(HL)(NCS),XY]-H,0
(2) (where X is CI~ or Br~ and Y Br~ or SCN") is described. The free Schiff base
is isolated as chloride (Fig. 1) and thiocyanate salt, while the coordinated form is
usually neutral.!” These are the first two complexes in which this Schiff base
coordinates in a monoprotonated form and acts as a bidentate ligand.

SNH NH,
\ e e L . L
= N‘N NH, Fig. 1. Structural formula of 2-acetylpyridine-aminoguanidine
H dihydrogendichloride, [H,L]Cl,.
EXPERIMENTAL
Reagents

All commercially obtained reagent-grade chemicals were used without further purific-
ation except for the ligand 2-acetylpyridine-aminoguanidine dihydrogendichloride, [H,L]Cl,,
which was synthesized according to the previously described procedure.!”

Preparation of the complex [Cd,Clg(HL),] (1)

The mixture of 0.5 mmol (0.09 g) CdCl,, 0.5 mmol (0.07 g) ZnCl,, and 0.5 mmol (0.125
g) [H,L]Cl, was mildly heated in 6 mL H,O until dissolution. The resulting yellow solution
was left at the room temperature and after 3 weeks orange prismatic single crystals were fil-
tered and washed with EtOH. Yield: 0.14 g (70 %). Anal. Calcd. for C;sH,4N;(Cl¢Cd,: C,
24.20; H, 3.05; N, 17.65. Found: C, 24.62; H, 3.18; N, 18.02 %. Conductivity, 4 = 130 S cm?
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mol ! (in DMF). M.p. > 250 °C. Selected IR bands (wavenumber, cm!): 3337 (s), 3206 (s),
3084 (s), 1688 (vs), 1610 (s), 1580 (s), 1529 (s), 1450 (m), 1298 (m), 1225 (m), 1163 (m),
1093 (m), 935 (w), 782 (m), 622 (m), 591 (m), 558 (m), 519 (m).

Preparation of the complex [HL][Cd(HL)(NCS),XY]-H,O (2)

The mixture of the ligand (0.5 mmol; 0.125 g) and LiOAc (1 mmol; 0.1 g) was dissolved
in 5 mL of warm H,O. To this solution the CdBr, (0.5 mmol; 0.09 g) and NH4;NCS (1 mmol;
0.08 g) were added and slightly heated for about 5 min. The yellow solution was left at the
room temperature and after 8 days the orange precipitate was filtered, washed with H,O and
EtOH. Upon recrystallization form MeOH rod-like single crystals of the complex were
obtained. Yield: 0.14 g (42 %). Anal. Calcd. for C,9H,¢N30S;BrCICd: C, 29.39; H, 3.37; N,
23.46; S, 12.39. Found: C, 29.87; H, 3.50; N, 22.95; S, 12.78 %. Conductivity, 4 = 142 S cm?
mol'! (in DMF). M.p. = 175 °C. Selected IR bands (wavenumber, cm!): 3420 (s), 3345 (s),
3157 (s), 2112 (vs), 2077 (vs), 2058 (vs), 1676 (vs), 1629 (vs), 1586 v(s), 1477 (m), 1434 (m),
1162 (m), 1149 (m), 1100 (w), 1003 (w), 786 (m), 561 (w).

Analytical methods

Elemental analyses (C, H, N and S) of air-dried compounds were carried out by standard
micro-methods. Molar conductivity measurements of freshly prepared solutions (¢ = 1 mmol
L") were performed on a Jenway 4010 conductivity meter. IR spectra were recorded on a
Nicolet Nexus 670 FTIR (Thermo Scientific) spectrophotometer, in the range of 400—4000
cm! by the KBr pellet technique. Melting points were measured on a Nagema melting point
microscope Rapido.

Single crystal X-ray diffraction

Diffraction experiments for 1 and 2 were performed on Bruker APEX-II CCD and
Oxford Diffraction Gemini S diffractometers at 140 and 295 K, respectively. Reflection integ-
ration and data reduction were performed with the corresponding software Bruker SAINT!$
and CrysAlisPro.!? Crystal structures were solved with the SHELXT? and refined with the
SHELXL.2! In the case of [HL][Cd(HL)(NCS),XY]-H,O (2) the coordination site X was ref-
ined as being substitutionally disordered between bromine and chlorine ligands, with the cor-
responding occupancies of 0.640(2) and 0.360(2), respectively; the coordination site Y was
refined as being substitutionally disordered between SCN- and Br- ligands with the corres-
ponding occupancies of 0.943(2) and 0.057(2), respectively. Hydrogen atoms bonded to car-
bon atoms were introduced in idealized positions and treated with a riding model. Hydrogen
atoms bonded to nitrogen were found in residual electron density maps and refined with dis-
tance restraints (d(N-H) = 0.88(2) A for 1 and 0.86(2) A for 2) or introduced in idealized
positions and treated with a riding model. Their displacement parameters are derived from
their parent atoms (Ujso(H) = 1.2Uc4(N)). Hydrogen atoms of water molecule were refined
freely. Crystallographic and refinement details are listed in Table I.

RESULTS AND DISCUSSION
Syntheses and characterization
The previous research concerning coordination behavior of Zn(Il) and Cd(II)
and the titled Schiff base, showed that there are a lot of similarities, but also there
are some fine differences, i.e., Cd(Il) being prone to form dimeric complexes

with bridging coordination of ions.22 Hence, in the attempt to examine the com-
petitive coordination of these two cations to the ligand, in the reaction of metal
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chlorides and the chloride ligand salt in the aqueous solution, complex 1 was
obtained in the form of yellow prismatic single crystals.

TABLE L. Crystal data, data collection and refinement details

Chemical formula C16H24N10C16Cd2 (1) C19H26N13OS3BTC1CCI (2)
Temperature, K 140(2) 295(2)
Formula weight, g mol'! 793.95 776.47
Crystal system triclinic triclinic
Space group P1 Pl

alA 8.4921(6) 7.9033(3)
b/A 8.7865(7) 11.4014(4)
c/A 10.6536(8) 16.5784(7)
al® 76.4318(13) 97.450(3)
ple 70.7718(12) 90.557(3)
y/° 64.4782(12) 99.580(3)
v/ A3 673.32(9) 1459.84(10)
Crystal size, mm? 0.50x0.25%0.20 0.56x0.37%0.29
Reflections collected / unique 27790 / 6537 19089 / 6799
Observed reflections [/ > 2a(])] 6367 5829

Ryt 0.021 0.022
R[I>20(])] 0.015 0.030

R (all data) 0.016 0.039
Goodness-of-fit 1.179 1.010

AP maxs MPrmin> € A 0.562, —0.656 0.561, —0.541

Complex 2 was formed in the reaction of warm aqueous solutions of CdBr;
and [H,L]Cly, in mole ratio 1:1, in the presence of double excess of LiOAc and
NH4NCS. The white rod-like single crystals suitable for single crystal X-ray dif-
fraction (SC-XRD) were obtained upon the recrystallization from MeOH.

It is interesting to mention that a similar reaction with CdCl,, and in the
absence of deprotonating agent, yielded in the hydrolysis of the imine group of
the Schiff base thus the formation of Cd(II) complex with 2-acetylpyridine with
thiocyanates as bridging ligands. This complex was previously synthesized in the
reaction of Cd(NO3),, 2-acetylpyridine and ammonium thiocyanate in methan-
olic solution thus structurally characterized.?3

Having in mind the pronounced alkaline nature of the aminoguanidine resi-
due it is not surprising that its Schiff bases in the complexes can have a role of
both the ligand and the counter-ion.22 The survey of Cambridge Structural Data-
base (CSD)?4 revealed 49 complex compounds containing Schiff bases of amino-
guanidine. Namely, the majority of these contain the Schiff base coordinated in
the tridentate manner (33 structures), while there are only 4 structures with the
Schiff base of AG having the role of a tetradentate25-28 and only 1 structure in
which monodentate?? coordination was found. In 11 structures the guanylhydra-
zone has the role of counter-ion. However, these are the first two examples in
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which the bidentate mode of coordination of Schiff base of aminoguanidine is
found. Details of CSD search are given in Supplementary material to this paper
(Tables S-1-S-1V).

Both complexes are well soluble in DMF, while poorly soluble in H,O and
alcohols. Molar conductivity of DMF solution complex 1 has value characteristic
for the 2:1 type of electrolytes, which suggests the substitution of anionic ligands
by solvent molecules. Complex 1 is stable at higher temperatures (m.p. >250 °C),
while complex 2 appears to decompose at higher temperatures (135 °C) and the
residue finally melts at 175 °C.

Comparative analysis of the IR spectrum of the free ligand and the spectra of
the complexes showed a lot more similarities than differences, thus very few
things about the coordination of the Schiff base could be concluded with cer-
tainty. The reasons for this were revealed by X-ray analysis (vide infra). Namely,
the ligand coordinates as NN bidentate, via pyridine and azomethine nitrogen
atoms, while the aminoguanidine residue stays protonated thus non-coordinated.
So, in the spectra of both the complexes V(CN) bands originating from the imino
group of aminoguanidine residue appear at nearly the same wavenumbers (1622
cm! for complex 1 and 1629 cm~! for complex 2) as in the spectrum of the lig-
and (1624 cm™1).17 Also, in the structure of complex 2 one cation of the Schiff
base is coordinated, while the other has a role of a counterion. This makes the
identification of the corresponding bands’ shifts, upon coordination, difficult.
Additionally, in the spectrum of complex 2 three very strong bands, present in
the range 2060 to 2110 cm™!, are attributed to coordinated NCS~ — two coordin-
ated through N atom (2060 and 2077 cm™!) and the third coordinated through S
atom (2110 cm™1).

Crystal structure analysis

Molecular structures of complexes 1 and 2 are presented in Fig. 2, while
selected structural data are summarized in Table II. Both complexes are charac-
terized by unusual, bidentate coordination mode of 2-acetylpyridine-aminoguan-
idine ligand and, to our knowledge, represent the first cases of metal complexes
where this Schiff base coordinates as a bidentate ligand. Up to now several com-
plexes of Cu(ll), Zn(Il), as well as Cd(II) with the same organic ligand, have
been reported.!7-22,30 In these compounds the ligand is present in its neutral form
and exhibits tridentate coordination by pyridine N5, azomethine N3 and imino
N1 nitrogen of aminoguanidine. The specific feature of 1 and 2 is that the organic
ligand is protonated at aminoguanidine nitrogen N1. The resulting monocation
coordinates to the Cd(Il) in a bidentate fashion by pyridine N5 and azomethine
N3 donors, forming a single chelate ring (Fig. 2).

Complex 1 consists of the neutral binuclear units, where two Cd(II) centers
are bridged by a pair of chloride ions to form a Cd,Cl, square-like metallocycle (Fig.
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Fig. 2. Molecular structure of: a) [Cd,Cl¢(HL),] (1) and b) [HL][Cd(HL)(NCS),XY]-H,O,
X =CI or Brand Y = Br or SCN- (2) with the atom labelling scheme. Displacement
ellipsoids are drawn at the 30 % probability level.

TABLE II. Selected bond lengths and bond angles (comprehensive list is given in Tables S-V
and S-VI of the Supplementary material)

2
Bond 1 A B
Bond length, A
Cd1-N3 2.7483(8) 2.605(2) -
CdI-N5 2.2992(8) 2.348(2) -
C1-N1 1.3212(13) 1.297(4) 1.303(3)
CI-N2 1.3512(12) 1.337(3) 1.335(3)
C1-N4 1.3253(12) 1.325(3) 1.326(3)
C2-N3 1.2939(12) 1.282(3) 1.277(3)
N2-N3 1.3796(11) 1.377(3) 1.378(3)
Bond angle, °
N3—-Cd1-N5 64.33(3) 65.86(6) -
N2-N3-C2 115.94(8) 116.8(2) 116.8(2)
N3-N2-Cl 118.98(8) 118.4(2) 117.9(2)
NI1-C1-N2 121.19(8) 121.0(2) 120.3(2)
N1-C1-N4 121.41 (9) 121.7(3) 121.6(3)
N3—-C2—C3 115.76(8) 115.5(2) 115.0(2)
C2—C3-N5 117.62(7) 117.3(2) 117.1(2)

2a). Each Cd(Il) is placed in a distorted octahedral environment which, apart
from two bridging Cl, also includes two terminal Cl ligands as well as the pyri-
dine and azomethine N donors of the cationic Schiff base. The binuclear complex
has a crystallographic inversion center in the middle of the CdyCl, bridge. The
Cd---Cd atom separation is 3.901(3) A. Though the CSD?24 search reveals the
relatively frequent occurrence of the CdyCl, square-like fragment (223 CSD
hits), it mainly belongs to the polymeric structures, while only in 34 cases it
belongs to the discrete binuclear complexes. A similar bridge between the octa-
hedrally coordinated Cd(II) centers is rare. It is found in two neutral Cd(II) com-
plexes where the monodentate organic ligands bind next to the Cl (CSD Refcodes:
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LOYZAC,3! FOKMEZ32) and also in two anionic species where the water mole-
cules bind next to the CI ligands (QELLAX?2 and WIPTAQ33). The structures
show wide variation in bridging Cd—Cl bond lengths, with values ranging from
2.36t0 2.76 A, and bridging Cd-CI1-Cd' angles, with values ranging from 91.8 to
105.6 A.

As mentioned above, unlike the previously reported complexes where
2-acetylpyridine-aminoguanidine ligand exhibits tridentate coordination,!7-22,30
the protonated ligand in complex 1 binds to the metal ion by two donor atoms.
The different coordination mode significantly changes the geometry of the lig-
and, from almost flat in the previous complexes with tridentate ligand such as
[CdCI,L],22 to markedly twisted geometry in the novel complexes. Thus in com-
plex 1, the five-membered chelate ring exhibits considerable twisting on Cd1-N3
bond resulting in maximal torsion angle Cd—N3—-C2-C3 of 35.5(1)°. In complex
[CdCI1,L],22 the maximal torsion angle within the same chelate is Cd-N5—C3-N2
with —10.6°. The most pronounced difference in geometry of the two ligand
forms is related to the orientation of their guanidine moiety. Since not coordin-
ated, the guanidine residue in 1 points away from the metal ion (Fig. 2a). The
dihedral angle between the mean planes of guanidine moiety and the chelate ring
is 48.85(5) in 1, while only 5.32° in [CdCl,L]. The dihedral angle between the
chelate and pyridine rings is more comparable, with the values of 10.52(6) and
7.05° in 1 and [CdCI,L],22 respectively. The position of the guanidine moiety in
1 is stabilized by the intramolecular N1-H1b---Cl2 hydrogen bond, and also by
the intermolecular hydrogen bonds which engage all N-H donors and terminal CI
ligands as acceptors (Table III). The N-H---Cl interactions arrange the complex
molecules into 2D structures parallel to the crystallographic ac plane (Fig. 3).

In the complex compound of the formula [HL][CdA(HL)(NCS)>XY]-H>O (2)
the protonated 2-acetylpyridine-aminoguanidine is present as a free cation as well
as a coordinated ligand. The coordination environment of Cd(II) in the complex
anion is distorted octahedral, with two axial sites occupied by NCS™, two equat-
orial sites occupied by bidentate coordinated organic ligand, and the remaining
two equatorial sites (X and Y) occupied by CI7/Br~ and Br /SCN™, respectively.
This means that the crystal structure contains four different anions:
[CA(HL)(NCS)2Br(SCN)]~ (ca. 61 %), [CA(HL)(NCS),CI(SCN)]~ (ca. 35 %),
[CA(HL)(NCS)2Br3]™ (ca. 3 %) and [Cd(HL)(NCS),CIBr] ~ (ca. 1 %).

Comparison between organic cations in free and coordinated form reveals
little changes in bond lengths and valence angles (Table II). The coordination in
2, leads to twisting of organic ligand, similar to that found in complex 1. Thus,
the dihedral angle between the pyridine and guanidine moiety is 7.5(2)° in
uncoordinated HL*, while 51.6(1) and 42.18(5)° in complexes 2 and 1, respect-
ively. Also similar to 1, the maximal torsion angle within the five-membered
chelate ring is Cd—N3—C2-C3 with —38.4(2)°. In comparison to previously rep-
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orted complex [CdCI,L]?2 with the neutral tridentate ligand, the complexes 1 and
2 show longer Cd-N coordination bonds, which is expected considering their
different coordination geometry (square pyramidal vs. octahedral). The changes
can be also observed for C1-N2 and N2-N3 bonds which in the cationic form of
ligand get shorter and longer for 0.03 A on average. The main difference is rel-
ated to the angle C2-N3—Cd which in novel compounds reduces by almost 15° in
comparison to the corresponding angle in [CdCI,L].22

TABLE III. Geometrical parameters for intermolecular interactions

D-H---A dD-H)/A dH--A)/A Z(D-H---A)/° Symmetry codes
1
N1-Hla:--CI2 0.87(1) 2.56(1) 150(1) —Xx+2, —p+1, —z+1
N1-Hlb:--CI2 0.88(1) 2.36(1) 155(1)
N2-H2---CI3 0.88 2.56 151 —x+1, —p+1, —z+1
N4-H4a---CI3 0.85(1) 2.51(1) 157(1) —x+1, —p+1, —z+1
N4-H4b---CI2 0.88(1) 2.54(1) 144(1) —x+2, —p+1, —z+1
C5-H5---Cll 0.95 2.68 161 I+x, —14y, z
C6-H6---CI2 0.95 2.79 156 1-x, -y, =z
2a
Nla-Hlla--O1 0.86 1.97 170
Nla-H12a---N8 0.86 2.51 146
NIb-HI1b---S3 0.86 2.90 148
N1b-H12b---0O1 0.86 2.13 164
N4a-H41a---S2 0.86 2.84 123 —x+1, —p+1, —z+2
N4b-H21---S3 0.86 2.59 161
Ol-Hla'-"N5b 0.83 1.96 175
C4a—H4a---S2 0.93 2.88 162 —x+1, =y, —z+2
C6a—H6a"--S3 0.93 2.93 145 —x+1, =y, —z+1
C7b-H7b---S2 0.93 2.97 120 —x+1, —=y+1, —z+2

Only parameters involving the ordered part of the complex are listed (see also Table S-VII of the Supple-
mentary material)

Fig. 3. Hydrogen bonding in 1.
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The crystal structure of 2 is stabilized by a complex hydrogen-bonding
network involving N—H donors from both charged species, the acceptors form
monodentate ligands as well as the molecule of crystal water (Fig. 4). Table 111
lists the hydrogen bonding contacts involving only ordered part of the structure.

Fig. 4. Hydrogen bonding in 2. Only two major anion components are shown:
[CA(HL)(NCS),Br(SCN)] (ca. 61 %) and [CA(HL)(NCS),CI(SCN)]" (ca. 35 %).

To gain more insight in crystal packing features of both complexes, Hirsh-
feld surface analysis was performed. Hirshfeld surface of complex 1 decorated
with dyorm has several prominent red patches (Fig. 5b), which correspond to short
Cl‘H contacts, details of which are listed in Table III. In the fingerprint plot
(Fig. 5¢), these are displayed as two symmetric prongs with peaks at d, = 1.5 A
andd;=0.8A,andatd,=0.8 A and d; = 1.5 A.

54

Fig. 5. Molecular structure (a), Hirshfeld surface (b) and corresponding fingerprint plot (c) of
[Cd,Clg(HL),] (1).

The investigation of complex 2 by means of Hirshfeld surface analysis is
complicated because of the ionic nature of the compound and presence of four
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different anions in the crystal structure. It is worth emphasizing peculiarities of
anionic Hirshfeld surfaces to gain insights why this four-component mixture is
stable. These are calculated for idealized structures containing only one type of
anion (Fig. 6). Two main anions that comprise 61 and 35 % of the mixture
([CA(HL)(NCS)Br(SCN)]~ and [Cd(HL)(NCS),CI(SCN)]~, respectively) show
negligible overall difference in the molecular shape defined by their Hirshfeld
surfaces. Both structures involve N--H hydrogen bond involving S-coordinated
SCN™, which is represented in their fingerprint plots by two symmetric prongs
with peaks at d, = 1.1 and d; = 0.8 A (N6--H2A(i)-N2A(i) hydrogen bond), and
atd, = 0.8 and d; = 1.1 A (N2A-H2A--‘N6(i) hydrogen bond); symmetry code (i)
—x+1, —p+1, —z+2.

[Cd(HL)(NCS)Br(SCN)]~ [Cd(HL)(NCS)2Bra] ~ [Cd(HL)(NCS),CIBr]~ [Cd(HL)(NCS)2C1(SCN)]~
(ca. 61 %) (ca. 3 %) (ca. 1 %) (ca. 35 %)

W

&

W

1.0 18 26 1.0 1.8
di/A di/A

2.6

Fig. 6. Molecular structures (top), Hirshfeld surfaces (middle), and corresponding fingerprint
plots (bottom) of the four structural components present in substitutionally disordered
[HL][CA(HL)(NCS)-XY]-H,0.

In two minor components, in which coordinated SCN™ is substituted by Br~,
these hydrogen bonds are absent. Therefore, in the corresponding fingerprint
plots, only a single spike is present, with peak at d, = 1.1 A and d; =0.8 A, that
correspond to N1-H11a:--O1 hydrogen bond, and the prongs corresponding to
H---N hydrogen bonds are missing.
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Crystal packing coefficient for idealized structures containing only one type
of anion are within expected range, as CSD average packing coefficient for
crystal structures of metal-organic molecules is 0.67(5). This explains that all
four anions satisfy very well the principle of closest packing and maximal inter-
action, thus ensuring stability of the crystal structure (weighted average of the
packing coefficient is 0.672). However, there is a noticeable trend between
anions’ amount ratio in the mixture and packing coefficients for its idealized
structures, as well as to some extent, also of the volumes of the anions based on
their Hirshfeld surfaces calculated for idealized structures (see Supplementary
material, Table S-VIII).

CONCLUSION

In the reaction of warm aqueous solutions of the chloride salts of Cd(II),
Zn(Il), and the ligand, orange prismatic single-crystals of the complex
[CdyClg(HL);] (1) were formed, while the reaction of cadmium bromide, chlor-
ide ligand salt, lithium acetate and ammonium thiocyanate yielded in the
formation of an unusual complex of the formula [HL][Cd(HL)(NCS),XY]-H,0
(2) where L = 2-acetylpyridine-aminoguanidine, X = Cl~ or Br~, Y = Br~ or
SCN-. These are the first two complexes in which the bidentate mode of amino-
guanidine Schiff base is proven. The coordination is realized through pyridine
and azomethine nitrogen, while the protonated aminoguanidine residue does not
take part in coordination. The complexes are physicochemically and structurally
characterized and compared to the previously synthesized ones. This gave great
insight into the structural differences that are caused by the protonation of the
aminoguanidine residue and could lead to different properties of these com-
pounds in further research which will include the investigation of photolum-
inescence and antioxidant properties.
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U3BOJ
CHUHTE3A U KAPAKTEPU3ALIUJA KOMIUIEKCA Cd(II) CA 2-AUETUJINTUPUIUH-
-AMVMHOTBAHUIWHOM — HOBU HAYUH KOOPIUHAIIUJE

MHPJAHA M. PAIAHOBHWR', CIABAHA HOBAKOBHR?, MAPKO B. POJJUR', JBUJbAHA C. BOJUHOBHR-JEIIHR',
CHRISTOPH JANIAK® u BYKAZIUH M. JIEOBALL"

1YHueep3uu7.em y Hosom Cagy ITpupogHo-matiemaiiuuku paxyiieid, Tpi . Odpagosuha 3, 21000 Hosu Cag,
ZHHcmumym 3a HyKkeapHe Hayke ,Bunua”, Jlabopaitiopuja 3a eopujcky Gusuxy u Gpusuxy KoHgeH308ane
maiiepuje, 11001 Beoipag u *Heinrich-Heine-Universitit Diisseldorf, Institute for Inorganic Chemistry and
Structural Chemistry, Universititsstrafie 1, Diisseldorf, D-40225, Germany

Y 0BOM pafly onycaHe Cy CTPYKType IpBa [Ba KOMIUIEKCa ca OUIEHTaTHOM KOODAMHALU-
jom ITucdoBe da3e amuHOrBaHUAMHA U 2-anetrnnupunuHa. Kommiexc ¢opmyne [CdzCls(HL):]
noOujeH je y peakLUju TOIUIMX BOAEHUX pacTBopa xnopupHux conu Cd(11), Zn(Il) u nurangpa,
IOK je peakiiijoM KagMUjyM-OpOMHUZIA U JIMTaHIA ¥ IPUCYCTBY areHca 3a JempoTOHALHjY, Kao
U aMOHMjyM-THOLIMjaHaTa HOoOHjeH KoMIulekc Yy KojeM momenyTta lludosa Haza uma ymory
OupeHTaTHOr JIWraHja, alyd U yJlory KoHTpa-joHa. KoopauHauuoHa ¢dopmysa KOMIUIEKca je
[HL][Cd(HL)(NCS)-XY]-H:0, rzne je L = 2-aneTuinupunuH-aMuHorsaHunvH, a X Cl wnu Br u
Y Br mnu SCN'. Oba xommiexca cy okapakTepucaHa HII cnekrpuma, eeMEHTaTHOM aHa-
JIM30M U KOHIYKTOMETPHjCKUM MEPEHHMA, a CTPYKTypa UM je ofpehena gudpaxuujom pexn-
TeHCKUX 3paKa Ha MoHoKpucrany. Heobnuan dungeHTatHy HauvH koopauHanyje llludose Haze
DOBOAM 10 3HaYajHUX OACTYyTNamwa y reoOMeTpHju 0BOT MoJieKyJsa (07 FOTOBO IJIlaHapHe TeoMeT-
PHje y c1odomHOj U TPULEHTaTHO KOOPAWHOBAHOj (pOpMHU [0 yBHjeHe y OUINEeHTaTHO KOOpAU-
HOBHOM 001KKy). OcuM Tora, y komiuiekcy 1 HaheH je penaTUBHO pefjlak MOCTOBHU HauMH
koopauHauyje Cl, Jok je y KpUCTalIHOj CTPYKTypH KOMIUIEKCA 2 IMPUCYTHA CYNCTHTYLMOHA
HeypeheHocT, Te 0Ba CTPYKTYpa CafpK{ YeTHPH pasnuuuTa joHa, u To: [CA(HL)(NCS):Br(SCN)I
(oxo 61 %), [CA(HL)(NCS).CI(SCN)]" (oxo 35 %), [CA(HL)(NCS):Br:] (oxo 3 %) u
[CA(HL)(NCS)-CIBr] (oxo 1 %).

(TTpumsseno 13. jyna, pesuaupano 30. jyna, mpuxsahero 8. centemdpa 2022)
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TABLE S-V. Coordination bond distances and angles in [Cd,Clg(HL),].

5439

Bond Bond distance, A Bonds Bond angle, °
Cd1-ClI1 2.5632(3) Cl1-Cd1-Cl13 112.948(9)
Cd1—CI2 2.5638(3) CI2-Cd1—CI3 96.734(9)
Cd1-CI3 2.5272(3) N3— Cd1-CI3 85.334(18)
Cd1-C11' 2.7148(3) N5— Cdl1-CI2 96.50(2)
Cd1-N3 2.7483(8) Cl1- Cdl1- N3 161.69(3)
Cd1-N5 2.2992(8) CI2—- Cd1-C11' 174.132(7)

Symmetry code: (i) 1-x, 1-y, 2—z.

TABLE S-VI. Coordination bond distances and angles in [HL][Cd(HL)(NCS).XY]-H-0O

Bond Bond distance, A Bonds Bond angle, °©
Cd1-N7 2.285(2) N7-Cdl-N5a 88.46(8)
Cd1-N8 2.348(2) N7-Cd1-N3a 78.18(8)

Cd1—Cl1/Brl 2.580(14)/2.636(3) N7-Cd1-N8 166.11(9)
Cd1-S1/Br2 2.663(3)/2.72(2) N8—Cd1-N3a 88.24(8)
Cd1-N3 2.605(2) N5a—Cd1-N8 88.66(8)
Cd1-N5 2.348(2) N5a—Cd1-Cl1 99.6(3)
N5a—Cd1-Brl 97.73(8)
N3a—-Cd1-S1 98.99(8)
N3a—Cd1-Br2 99.3(6)

TABLE S-VII. Potential interactions in [HL][Cd(HL)(NCS)-XY]-Hz0 involving substitution-
nally disordered ligands

D-H-A dD-H)/A dH--A)/A L(D-H--A)/° Symmetry codes:
N2a—H2a---N6 ¢ 0.86 2.057 159.31 —x+1, —y+1, —2z+2
N4a—H42a---N6 ¢ 0.86 2.451 143.07 x+1, —p+1, —=z+2
C7a—H7a---Brl a 0.93 3.103 125.78
N2a—H2a---Brl a 0.86 2.601 143.44 —x+1, -p+1, —z+1
N2a—-H2a---Cll b 0.86 2.464 142.65 —x+1, —y+1, —z+1
N4a—H22---Brl a 0.86 2.854 139.63 —x+1, —y+1, —z+1
N4a—H22---Cl1 b 0.86 2.636 140.57 —x+1, —p+l1, —z+1

Ol-Hla---S1 ¢ 0.92 2.511 164.41 x-1,y,z

TABLE S-VIII. Global packing features of idealized structures derived from complex 2.

Idealized structure Crystal packing Anion volume defined Anion mole

coefficient by Hirshfeld surface, A* ratio in 2
[HL][Cd(HL)(NCS),Br(SCN)]-H-O 0.675 468.9 0.61
[HL][Cd(HL)(NCS),CI(SCN)]-H20 0.669 466.8 0.35
[HL][Cd(HL)(NCS),Br,]-H20 0.653 466.8 0.03
[HL][Cd(HL)(NCS),BrCl]-H20 0.647 464.8 0.01
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Abstract: In this work, the binding interaction of fluvastatin (FLU) and pit-av-
astatin (PIT) with bovine S-casein (8-CN) were performed under physiological
conditions (pH 7.2) by fluorescence emission spectroscopy, synchronous fluor-
escence spectroscopy, Fourier transform infrared spectroscopy (FTIR) and
molecular docking methods. Due to the formation of FLU-4-CN and PIT-5-CN
complexes, the intrinsic fluorescence of f-CN was quenched. The number of
bound FLU and PIT per protein molecule () were about 1, also the binding
constant of FLU-B-CN and PIT-4-CN complexes were 7.96x10% and 3.44x10*
M1 at 298 K, respectively. This result suggests that the binding affinity of FLU
to f-CN was higher than that for PIT. Molecular modelling showed different
binding sites for FLU and PIT on S-CN. All these experimental results suggest
that -CN can be used as a carrier protein which delivers FLU and PIT based
drugs to target molecules.

Keywords: milk protein; statin; molecular modelling; spectroscopy.

INTRODUCTION

Statins are a group of medicines that can help lower the level of low-density
lipoprotein (LDL) cholesterol in blood. They act as potentially competitive inhi-
bitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, which
catalyzes the rate-limiting phase of the cholesterol biosynthesis cascade.!-2. Sta-
tins can be classified as natural statins and synthetic statins. Lovastatin is a fer-
mentation-derived statin whereas simvastatin is a semi-synthetic statin synthe-
sized from lovastatin either by synthetic or enzymatic biotransformation routes.
There are several synthetic statins are available at the market, such as ceriv-
astatin, atorvastatin, fluvastatin, pitavastatin and rosuvastatin, which are more
effective than fermentation-derived statins. FLU (Fig. S-1 of the Supplementary
material to this paper) is an HMG-CoA reductase inhibitor that is used to lower
lipid levels.# It effectively lowers the serum LDL-cholesterol level and reduces
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the risk of the development of atherosclerosis. Recent studies have reported that
FLU is a new therapeutic agent for the prevention and the treatment of breast
cancer,’ and it has also been shown that some statins, including FLU, may have a
potential effect in the treatment of COVID-19.6 PIT (Fig. S-1) is also a unique
lipophilic statin with a strong effect in lowering total plasma cholesterol and tri-
glycerides. The unique lipid and non-lipid effects of PIT make this molecule a
particularly interesting option for the management of different human diseases.’

Milk is a unique source of nutrients and is widely recognized by consumers
as a source of compounds beneficial to growth and health in children and adults.8
Milk proteins are classified into two distinct groups, casein, and whey or serum
protein. Caseins as a functional food have a great variety and play an essential
role in the development of new food products. Casein is one of the two main
components of milk protein, making up about 40 % of the protein in human milk
and approximately between 78 and 86 % of the protein in house mice, cow,
sheep, goat and buffalo milk.9 Casein is found in local milk as supramolecular
aggregates called casein micelles, which are between 50 to 600 nm in diameter.!0
They occur as micelles made up of four main components: ag1-, ag-, f- and
K-casein at a mole ratio of about 4:1:4:1. About 38 % of this structure is formed
by S-CN, which contains 209 amino acids, has a monomeric molecular mass of
approximately 24 kDa. It is more hydrophobic than that in a- and x-casein and
contains one tryptophan (Trp) residu.ll:12 Bovine S-casein is an extremely
amphiphilic protein consisting of a hydrophilic N-terminal segment with a hyd-
rophobic C-terminal segment and a group consisting of five phosphoryl residues.!2

The aim of this work was to investigate the interaction of bovine f-CN with
FLU and PIT. The overall binding constant of FLU and PIT to f-CN were
calculated at 298 K and the effect of FLU and PIT on the conformation of f-CN
was evaluated. For this purpose, molecular docking experiments and multi-spec-
troscopic measurements were conducted, which may extend the versatile use of
S-CN as a transporter for the delivery of therapeutic, or as solubilizing agents in
food applications. We also compared the binding affinity of the f-CN fraction
and the probable binding sites of FLU and PIT in the f-CN fraction by both
experiments and molecular modelling studies.

EXPERIMENTAL
Fluorescence spectroscopy

The fluorescence measurements were performed using Varian Cary Eclipse spectro-
fluorometer containing a 1.0 cm quartz cuvette, with an optical pathway of 1 cm, from 290 to
440 nm. The excitation wavelength was set at 280 nm, and the excitation and emission slits
were adjusted at 5 nm. For the preparation of FLU and PIT with f-CN complexes, a 1 mM
stock solution of FLU and PIT in ethanol and methanol were prepared, respectively. The
entrapment of each FLU and PIT in f-CN molar ratios was performed by adding different
volumes of FLU and PIT solutions to a f-CN solution with continuous stirring. In this work,
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all fluorescence intensities were corrected for inner filter effect, due to the UV absorption of
FLU and PIT with f-CN and the mean values were calculated according to:

F, = F el Ai+4)/2) (1)
where 4 and 4, are the absorbance of FLU and PIT at excitation and emission wavelengths,

respectively. F, and Fy, are the corrected and the experimentally measured fluorescence
intensities, respectively.

Synchronous fluorescence spectroscopy experiments

Spectra of f-CN solution in the absence and presence of FLU and PIT were measured at
298 K. The values of wavelength intervals which is the difference between the emission
wavelength (4.,,), and the excitation wavelength (4.,), was set at 15 and 60 nm, respectively.
The scanning wavelength range was set at 200400 nm. The concentrations of FLU varied
from 0 to 18 uM, PIT varied from 0 to 23 uM and the concentration of f-CN was 1 mM.
FT-IR spectroscopic measurements

FT-IR measurements were performed at room temperature by an ALPHA FT-IR spectro-
meter (Bruker) optics using a KBr pellet in the range of 4000400 cm'. FLU and PIT sol-
utions were added dropwise to the S-CN solution with continuous stirring to form a homo-
geneous solution. The FLU and PIT concentrations were 0, 0.25, and 0.5 mM with a fixed
B-CN solution of 0.25 mM.!? Then the solutions were freeze-dried in Christ Alpha 1-2 LD
freeze dryer at —40 °C for 4 h. The pellets were prepared by mixing the freeze-dried sample
with KBr and pressed under vacuum at pressure for three minutes.
Molecular modelling and docking

The 3D structure of FLU and PIT were made using Gauss view 5.0. The geometry of
FLU and PIT were optimized by the density functional theory (DFT) (B3LYP/6-31G*(d.p))
using Gaussian 03. Milk S-CN structure was made according to Swiss-Model, protein models
were first modified by adding all hydrogen atoms and removing water molecules based on the
builder module of AutoDock. The macromolecules were rigidly maintained, while all the tor-
sional bonds of the ligands were released for rotation. AutoDock Vina was used to simulate
the binding conformation of f-CN with FLU and PIT using the Lamarckian genetic algo-
rithm.2! AutoDock and Ligplus+ tools were used to get the best molecular docking results.
The lowest energy docked structure was obtained using a grid map with 70x70x70 points and
a grid point spacing of 0.1 nm and the maps were centered on this new docking location. The
Lamarckian genetic algorithm was employed with the following parameters: 10 docking runs
with 25,000,000 energy evaluations for each run. The conformer with the lowest binding
energy was used for further analyses.??

RESULTS AND DISCUSSION
Fluorescence quenching of p-CN

When the binding interaction of proteins and drug molecules occurs, fluores-
cence spectroscopy analysis can be used to obtain the important data of binding
constants and the number of binding sites. When excited at 280 nm, amino acids
with phenyl rings such as tryptophan (Trp), tyrosine (Tyr) and phenylalanine
(Phe) cause the intrinsic fluorescence of the protein.25 The f-CN contains one
tryptophan Trp-143 with an intrinsic fluorescence, when other molecules interact
with casein, tryptophan fluorescent can change based on the effect of such inter-
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action on protein conformation. The decrease of fluorescence intensity of f-CN
has been monitored at 346 nm for f-CN with FLU and PIT in Fig 1a and b. The
fluorescence spectra of all f-CN solutions in the absence and presence of FLU
and PIT were shown in Fig. 1a and b. The results revealed that the fluorescence
intensities of f-CN decreased progressively with the successive increases of FLU
and PIT concentrations, suggesting that there were changes in the microenviron-
ment surrounding Trp residue due to the binding interaction of FLU and PIT with
[-CN. The decrease in the fluorescence intensity with increasing FLU and PIT
concentrations also indicated the energy transfer between the fluorophore in
S-CN with FLU and PIT. Also, we observed the blue shift of maximum emission
wavelength (Aer) about 1 and 3 nm for f-CN with FLU and PIT, respectively,
further indicating that the microenvironment surrounding Trp residue was relat-
ively more hydrophobic upon FLU and PIT binding. The fluorescence quenching
of protein can be classified into three. The static quenching is caused by pro-
ducing a ground-state complex of protein and quenchers. Whereas, dynamic
quenching is caused by protein and quencher conflicts, and coupled dynamic and
static quenching caused both conflict and complexity.26 Both static and dynamic
processes can be defined the Stern—Volmer Equation as follows:27

%:1+KSVCQ =1+kq‘L'0CQ (2)

where Fy and F are fluorescence intensities in the absence and presence of
quencher, Cq is quencher concentration and Kgy is Stern—Volmer constant,
which can be calculated using the linear slope of plot of F/F vs. Cq (of FLU or
PIT) are shown in Fig la and 1b.29 also (inset), respectively. kq is the
bimolecular quenching rate constant and 7 is the lifetime of the fluorophore in
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Fluorescence intensity, a.u.

Fluorescence intensity, a.u.
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Concentration of FLU, pM
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310 330 350 370 0 T T ]
2
Wavelength, nm 250 340 390 440

Wavelength, nm
Fig. 1. Fluorescence spectra of f-CN (10 pM) induced by the different concentration of
FLU and PIT at 298 K, FLU-S-CN (a) and PIT-$-CN (b). Inset: Stern—Volmer plots for the
quenching of f-CN (10 pM) induced by the different concentration of FLU and PIT.
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the absence of quencher: 3.30 ns for f-CN.28 According to the formula, the
Stern—Volmer (S—V) curve of S-CN interacting with FLU and PIT were in a
linear relationship (Fig. 1).2° Also, with the use of the equation we observed that
kq for complex FLU-A-CN and PIT-4-CN is 1.6x1013 and 1.45x1013 M~1 51,
respectively, which is greater than the maximum diffusion collision quenching
rate constant (2.0x1010 M~1 s-1), These results indicate that the static quenching
effect exists in the system of FLU and PIT with 8-CN.30,31

For the quenching process of f-CN, the binding constant (K}) of a complex
of FLU and PIT with -CN can be determined by (Fig. S-2 of the Supplementary
material):27

Fy—F

log =logKy, +nlog Cg 3)

which is equal 7.96x104 and 3.44x10* M1 at 298 K, as shown in Table I, res-
pectively. Also, the number of binding sites (n) obtained for both complexes is
about 1. An n value of approximately equal to 1 illustrated that there was only a
single binding site in the binding of FLU and PIT with 8-CN as shown in Table 1.27

TABLE I. The quenching constants of f-casein by FLU and PIT

Complex Kgy / mM™! R? n Ky / mM-! R?
FLU—f-casein 0.537+0.001 0.9967  1.02+0.02 0.796 0.9962
PIT—f-casein 0.481+0.012 0.9973  0.96+0.02 0.344 0.9939

Energy transfer from B-CN to FLU and PIT

Forster resonance energy transfer (FRET) is a mechanism describing energy
transfer between two light-sensitive molecules. A donor chromophore, initially in
its electronic excited state, can transfer energy to an acceptor chromophore
through nonradiative dipole-dipole coupling.32 Eq. (4) is used to estimate the
spatial distances between the donor (protein) and the receptor (ligand) in which
the efficiency of this energy transfer (£) is inversely proportional to the sixth
power of the distance between the donor and the acceptor:33

6
p=1-1t Ko
Fy Rg +r

4)

where Fy and F are the fluorescence intensity of donor in the absence and pre-
sence of acceptor, respectively. r is the distance between the donor and acceptor,
and Ry is the Forster critical distance when the efficiency (£) is 50 %, which can
be computed as:34

Ro® = 8.8x104K2N4¢ (5)

where K =2/3 is a factor describing the relative orientation of the transition
dipoles of the donor and acceptor, N = 1.53 is the average refractive index of the
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environment in the wavelength range where the spectral overlap is significant,
¢ = 1.49 for casein, which is the fluorescence quantum yield of the donor in the
absence of acceptor.20 Overlap integral J expresses the extent of overlap between
the normalized fluorescence emission spectrum of donor and absorption spec-
trum of the acceptor, which is measured by:34

_XF(M)e(2) 1 m
/= > F (1) A

(6)

Where F(4) is the fluorescence intensity of the fluorescent donor at a wavelength
of 4, and e(4) is the molar absorption coefficient of the acceptor at a wavelength
of 1. (Fig. S-3 of the Supplementary material) show the spectral overlap of fluor-
escence emission of f-CN and absorption spectrum of FLU and PIT, respect-
ively. According to the above equations, Rg = 1.52 nm, » = 1.72 nm, and J =
= 4.55x10716 ¢cm3 L mol~! for f~-CN-FLU and R( = 2.05 nm, » = 2.23 nm, and
J = 2.74x10715 ¢m3 L mol-! for f-CN-PIT were calculated. As the distance
between casein (donor) and FLU or PIT (acceptor) was less than 8 nm with the
rule 0.5Rg <r < 1.5Ry, suggesting that the energy transfer from -CN to FLU and
PIT occurs with high probability and distance, obtained by Forster resonance
energy transfer with higher accuracy.3? The short distance values also suggested
strong interaction between FLU and PIT with residues of f-CN. In addition, the
value of » was larger than the respective critical distance (Rg), indicating that the
fluorescence quenching mechanism of S-CN is inducted by is static quen-
ching 32,35

Synchronous fluorescence spectroscopy

Simultaneous fluorescence spectroscopy is often used to consider changes in
the microenvironment of Tyr (A4 = 15 nm) and Trp (A4 = 60 nm) fluorophores as
well as to study changes in protein structure. The shift of maximum emission
wavelength (1) indicates the change in the polarity of the microenvironment
surrounding Tyr or Trp residues. The red shift of ¢y, indicates the decrease in the
hydrophobicity surrounding Tyr or Trp residue and also the increase in the
stretching extent of the peptide chain. In contrast, a change in blue A¢py, indicates
an increase in hydrophobicity around the residual Tyr or Trp and a fold state for
the macromolecule. The synchronous fluorescence spectra of f-CN with the
addition of FLU and PIT were shown in Figs. S-4 and S-5 of the Supplementary
material. The results revealed that the fluorescence quenching effect of FLU and
PIT on Trp was higher than on Tyr in f-CN. These results indicate that FLU and
PIT are located closer to Trp than to Tyr when binding to f-CN. In addition, in
Fig.S-4, the weak red shift (1 nm) of the Aey, of Tyr residue was observed (1 nm)
with Ade, setting at 15 nm, while the blue shift of the ¢, of Trp residue was
observed (3 nm) with Ade, setting at 60 nm. The adding of the concentration of

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



BINDING OF f-CASEIN WITH FLUVASTATIN AND PITAVASTATIN 1 279

FLU, indicated that the hydrophobic characteristics surrounding Tyr residue and
the folding state of S-CN slightly decreased as the hydrophobic characteristics
surrounding Trp residues and the folding state of f-CN increased. Also, in Fig.
S-5 the red shift (2 and 3 nm) of the A¢y, of Tyr and Trp residues were observed
with Alen, setting at 15 and 60 nm respectively, with adding the concentration of
PIT, indicating that the hydrophobic characteristics surrounding Tyr and Trp resi-
dues and the folding state of S-CN decreased. So, it resulted in the f-CN com-
position change after binding to FLU and PIT.

FTIR spectroscopy

IR spectroscopy has been used as a powerful method to study the secondary
structure of proteins and their dynamics.3¢ Because the IR spectra of proteins
exhibit several so-called amide bands, which represent different vibrations of the
peptide moiety, and there was no major spectral shifting, the protein amide I peak
position which occurred in the region between 1600 and 1700 cm™! (principally
C=0 stretch) and the amide II band 15001600 cm~! (C-N stretch coupled with
N-H bending mode) have been widely used as typical and both are related to the
secondary structure of the protein.3” The amide I bond is useful in studying the
secondary structure because the amide I bond is more sensitive to changes in the
secondary structure of the protein than amide II. Here, the amide I absorption
peak of S-CN shifted from the wavenumber, and the intensity of f-CN was
changed for C=0 stretch (amide I band) at 1646 cm~! and C-N stretching par-
ticipant with N—H bending modes (amide II band) at 1536 cm™!, due to the hyd-
rophilic contacts of FLU and PIT with S-CN. To further investigate the manner
of FLU and PIT interaction, the difference spectra for (protein solution + drug
solution) — protein solution were obtained. The intensity variations of amide |
and amide II bands were monitored upon FLU and PIT complexation, and results
are shown in Figs. S-6 and S-7 of the Supplementary material.

In Fig. S-6a, at low FLU concentration (0.25 mM), a decrease in the inten-
sity of f-CN was observed. The spectral shifting was observed for the protein
amid II bands at 1534 cm~! for f-CN. As FLU concentration increased to 0.5
mM, a decrease of intensity was observed for amide [ and amide II bands at 1644
and 1533 cm! for FLU B-CN. Also, in Fig. S-6b, at low PIT concentration (0.25
mM), a decrease in the intensity of f-CN was observed. The spectral shifting was
observed for the protein amid the I band at 1649 cm~! and amide II at 1514 cm™!
for f-CN. While as PIT concentration increased to 0.5 mM, a rise of intensity
was observed for amide I and amide II bands at 1649 and 1512 cm™!, respect-
ively, for f-CN-PIT. The hydrophobic contacts in the complex of FLU and PIT
with f-CN were analyzed from spectral changes of the f-CN CHj; antisymmetric
and symmetric stretching vibrations, in the region of 2800-3000 cm~!. The CH,
bands of free f-CN at 2872, 2928 and 2957 cm™! shifted to 2872, 2929 and 2956
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cm! and to 2869, 2928, 2955 cm~! with the addition FLU; it that was shown in
Fig. S-7a. With the addition PIT it shifted to 2853, 2928 and 2963 cm! and to
2855, 2925 and 2952 cm!, which was observed in Fig. S-7b. These changes in
the infrared spectra of f-CN confirmed the change in the conformation of f-CN
by the addition of FLU and PIT.20 Similar results are obtained from the fluores-
cence spectroscopy data.

The data in the 1600-1700 cm! region were further analyzed to quantify the
secondary structure content of f-CN using the Fourier self-deconvolution and
second derivative technique. They were estimated as shown in Fig. S-8a and
Table S-I of the Supplementary material; the free f-CN has 28.13 % a-helix
(1646 cm1), 17.67 % p-sheet (1619-1624 cm™1), 22.04 % turn structure (1657
cm1), 7.13 % f-antiparallel (1666 cm!) and random coil 24.43 % (1635 cm™!).
Upon FLU interaction, a decrease of the f-turn and f-anti-parallel occurred for
FLU--CN complex, while an increase of a-helix, f-sheet and random coil were
observed in Fig. S-8b and Table S-1. Also, a decrease of the a-helix, random coil,
[S-turn and fS-anti parallel and increase of f-sheet were observed for PIT-5-CN
complex, Fig, S-8c and Table S-I. The results revealed that the change in the
conformational of f-CN was due to the binding $-CN with FLU and PIT.

Docking studies

In recent years, molecular docking has been used as an important technique
for ligand-protein studies that provides more detailed information about the inter-
action between ligands and proteins.>8 Based on the experiment data, comput-
ational docking studies were made to understand the binding site location and the
best conformation for binding of FLU and PIT to f-CN using binding free energy
evaluation. Using intermolecular energy, internal energy and torsional free
energy, the energies estimated by AutoDock can be described. Among these cal-
culated energies by AutoDock, the first two provide the docking energy while the
sum of the first and third items account for the binding energy.!8 The dominating
conformation of the binding complex of f-CN with FLU and PIT, which was the
lowest binding free energy, was shown in Fig. 2 and Table S-II. In Fig. 3a (FLU-
—(-CN complex), FLU molecule is surrounded by Ile-41 with forming one hydro-
gen bond with a length of 3.25 A (FLU-amino acid) and Leu-6, Leu-9, Val-10,
Ala-13, Leu-14, Arg-40, Leu-60, Lys-63, Ile-64 and Phe-67 by hydrophobic
interaction and free binding energy of —27.58 kJ mol~! as shown in Table S-II.
Fig. 3b (PIT-4-CN complex), shows that the PIT molecule is surrounded by His-
-160, Lys-184, Pro-187 and Pro-196 forming four hydrogen bonds with lengths
of 3.06, 2.91, 3.14 and 2.96 A, and Met-159, His-163, Gln-164, Pro-165, Leu-
-166, Ser-183 and Pro-189 by hydrophobic interaction and free binding energy of
—27.17 kJ mol~!. The binding energy shows the FLU-4-CN is more stable than
PIT--CN complex. It can be seen from Fig. 3a and b that the distance between
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donor and acceptor atoms is from 2.6 to 3.5, which can play an important role in
the binding of FLU and PIT to S-CN. So, it can be concluded that the interaction
between S-CN and FLU and PIT is mainly a hydrophobic interaction and a hyd-
rogen bonding interaction in nature. The docking results reveal that the inter-
actions between FLU and PIT and S-CN are in good agreement with experi-
mental results.

@) ®)

Fig. 2. Structures of complex with lowest binding free energy f-CN-+FLU (a)
and S-CN+PIT (b).
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Fig. 3. Best conformations for f-CN docked to: a) FLU and b) PIT.

CONCLUSION

In this work, the binding interactions of FLU—f-CN and PIT-4-CN were
studied by multi-spectroscopic and molecular docking methods. The results sug-
gested that the intrinsic fluorescence of f-CN can be quenched by FLU and PIT
through the static quenching mechanism. The number of binding sites (n) for
FLU and PIT was found to be about 1. The binding constants, at 298 K, were
determined according to a modified Stern—Volmer equation as 7.96x104 and
3.44x10% M1 for FLU--CN and PIT-B-CN, respectively. The binding distance
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(r9) between FLU and PIT and Trp-residue of f-CN were calculated as 1.72 and
2.23 nm, respectively, according to Forster’s non-radiative energy transfer theory.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11905, or from the corres-
ponding author on request.

U3BOJ
BE3UBAIBE - KA3EUHA 3A ®JIVBACTATHUH U ITUTABACTATUH

HAMID DEZHAMPANAH u OMIDEH RAJABI MIANDEHI
Department of Chemistry, Faculty of Science, University of Guilan, P.O.B. 1914, Rasht 0098, Iran

Y oBOoM pamy cy nmpoydyeHe Be3nBHe HHTepakuuje dayBactatiHa (FLU) U nutaBactaThHa
(PIT) ca rosehum f-kazennom (B-CN) y dusmonoumkum ycimosuma (pH 7,2) nomohy dumyo-
PeCLIeHTHE €MHCHOHE CIEeKTPOCKOIHje, CHEKTPOCKONHje CUHXpoHe duyopecuenuuje, FT
uHppaupsere cnekrpockonyje (FTIR) u MeTomama Mosekysickor JokuHra. 36or ¢popmupama
FLU-$-CN u PIT-4-CN xommiexca, cBojcTBeHa ¢payopecueHnuja f-CN duna je npuryueHa.
bpoj Besanux FLU u PIT no monekyny mpoTerHa (n) Ouo je oko 1, a KOHCTaHTe Be3UBama
FLU-$-CN u PIT-$-CN kommiekca cy dune 7,96><104, OOHOCHO 3,44><104 M7 na 298 K. OBu
pe3ynratu cyrepuuy na je se3uBHu adunurteT FLU nmpema f-CN Behu on BesuBHOT adpuHH-
Teta PIT. Monekysncko mozenoBame Nokasyje pasnuuurta BeanBHa mecta 3a FLU u PIT Ha
S-CN. CBY 0BU eKCliepUMEHTaIHU pe3yiTaTu cyrepuily na f-CN Moske nemoBaTu kao Hocehu
nporeuH 3a gexose FLU u PIT npu HUX0OBOM [OCTaB/balky Ha LIU/BHE MOJIEKYIIE.

(ITpumibeHo. 6. jyHa, pesugupano 30. jyna,npuxsaheno 9. asrycra 2022)
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J. Serb. Chem. Soc. 87 (11) (2022) 12731284
EXPERIMENTAL

Materials

Bovine S-CN (with purity 98 %, Sigma- Aldrich, Germany) was dissolved in phosphate
buffer solution (PBS) with pH 7.2 and anionic strength of 0.1, which was stored in dark at 4
°C. Ethanol (99.6 %) and methanol (99 %) were obtained from Merck Company. As FLU and
PIT were insoluble in water, stock solutions (1 mM) of FLU and PIT in ethanol and methanol
were first prepared, respectively, and then diluted to final concentration with phosphate buffer
solution (PBS). For the preparation of the f-CN solution, the protein solution was filtered
through a porous membrane of 0.45 pm.!'* The stock solution of 8-CN (1 mM) was prepared
in PBS (pH 7.2). Above stock solutions were prepared in redistilled water and were used
freshly after preparation. The concentration of ethanol and methanol in the final solutions was
lower than 2 vol.%.

FLU _\ PIT SH

OH

Fig. S-1. Chemical structure of FLU and PIT.

* Corresponding author. E-mail: h.dpanah@guilan.ac.ir
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Fig. S-2. Double logarithmic plots of log (F,—F)/F against log Cg, derived from the
fluorescence quenching of f-CN (10 uM) induced by the different concentration of FLU
and PIT at 298 K, FLU-$-CN (a) and PIT-5-CN (b).
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Fig. S-3. (a) f-CN fluorescence emission (solid lines) and UV-Vis absorption (dashed lines)
of solutions containing FLU and PIT as ligand measured in PBS buffer pH 7.2 and
Co.on = CpLu =10 pM. Cp.en = Cprr = 10 pM.

TABLE S-I. Secondary structure contents analysis of f-CN, FLU--CN and PIT-4-CN system

Content, %

Structure components

B-CN FLU-3-CN PIT-5-CN
o-Helix 28.73 31.16 24.97
p-Sheet 17.67 25.19 34.28
Random coil 2443 27.4 19.39
p-Turn 22.0 14 18.71
p-Anti 7.13 2.24 2.65
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TABLE S-II. Amino acid residues involved in interaction of FLU and PIT and S-CN with the
free binding energy for the best selected docking positions

Amino acids involved in casein protein bindings AG / kJ mol!
Leu-6, Leu-9, Val-10, Ala-13, Leu-14, Arg-40, Ile-41%*,
FLU-A-CN Leu-60, Lys-63, lle-64, Phe-67 -27.58
PIT-B-CN Met-159, His-160", His-163, Gln-164, Pro-165, Leu-166, Ser- 2717

183, Lys-184", Pro-187", Pro-189, Pro-196"
*Hydrogen bonding was observed with this amino acid
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120 - ® 0pM

(a) 0pM

. 600 1

=}
3 &
E £
g s
£ E 400 |

-]
@ =3
g
= 2
g 2
: :

a 4
= = 200
0+ T T T T T T T T
270 280 290 300 310 250 260 270 280 290
Wavelength, nm Wavelength, nm

Fig. S-4. Synchronous fluorescence spectra of f-CN (10 uM) under physiological conditions
(pH 7.2) in the absence and presence of FLU at room temperature when A4 values were set at
15 nm (a) and 60 nm (b), respectively. The concentrations of FLU were from 0 to 18 uM.

a b
600
80

400

& o
] 2
Fluorescence intensity, a.u.

Fluorescence intensity, a.u
"
8

245 2‘55 IISS 3‘05
Wavelength, nm Wavelength, nm
Fig. S-5. Synchronous fluorescence spectra of f-CN (10 uM) under physiological conditions
(pH 7.2) in the absence and presence of PIT at room temperature when A4 values were set at
15 nm (a) and 60 nm (b), respectively. The concentrations of PIT were from 0 to 23 pM,
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Fig. S-6. FTIR spectra in the region of 1800-1400 cm! of (a) FLU and (b) PIT for free
B-CN 0.25 mM (1), B-CN -0.25 mM FLU or PIT (2), -CN- 0.5 mM FLU or PIT (3),
dif. f-CN-0.25 mM FLU or PIT (4) and dif. f-CN-0.5 mM FLU or PIT (5).
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Fig. S-7. Spectral changes of casein CH, symmetric and anti-symmetric stretching vibrations
S-CN complex with (a) FLU and (b) PIT for free f-CN 0.25 mM (1), f-CN-0.25 mM FLU or
PIT (2), f-CN-0.5 mM FLU or PIT (3).
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Fig. S-8. The curve-fit for 5-CN (a), FLU-4-CN (b), and PIT-$-CN (c) in the amide I region
from 1700 to 1600 cm™!.
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Nanoemulsification synthesis route for obtaining highly efficient
Ag;PO, photocatalytic nanomaterial
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Abstract: Nanoemulsion technique based on Ouzo effect was applied for the
fast and simple synthesis of Ag;PO, at room temperature. X-ray powder dif-
fraction analysis and Raman spectroscopy reviled that synthesized powder was
single-phase. Using scanning electron microscopy analysis, it was found that
the synthesized Ag;PO, particles were near-spherical shape with an average
diameter of 100 nm. The high value for the specific surface area of obtained
powder was measured by Brunauer—Emmet-—Teller method. Finally, the Ag;PO,
product was used as a photocatalyst for the photodegradation of crystal violet
dye in an aqueous solution. Nanoemulsion strategy procedure provides a
simple pathway to obtain a highly efficient single-phase Ag;PO, photocatalyst.

Keywords: XRD; Raman; BET; BJH; photodegradation.

INTRODUCTION

The assembly of organic dyes and unsafe wastage from industries produce
environmental problems, such as air and water pollution. Many techniques have
been developed for the removal of organic dyes from wastewater, including ads-
orption, photocatalysis, anaerobic treatment, membrane filtration, chemical oxid-
ation, etc.!=3 One of the most promising technologies to address the issues of
environmental pollution is the direct use of sun light energy.# Among them,
semiconductors based photocatalyst used for treating wastewater and organic dye
pollutants under ultraviolet (UV) and visible (Vis) light irradiation are especially
interesting due to their high efficiency, destruction ability, and availability. How-

* Corresponding author. E-mail: prekajski@vin.bg.ac.rs
https://doi.org/10.2298/JSC211103055P
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ever, some photocatalysts can only be excited by UV light. It is well-known that
the UV region occupies only approximately 4% of the entire solar spectrum,
while 43 % of the energy belongs to Vis light. Therefore, the development of
novel photocatalysts, particularly Vis light-responsive catalysts, are necessary for
the efficient utilization of solar energy in photocatalysis, and for these reasons,
there is an increasing interest in pursuing an ideal photocatalyst to effectively
utilize the Vis light of solar radiation.

Among many photocatalyst materials, silver orthophosphate (Ag3zPOg4) has
attracted considerable attention since Yi et al. discovered it in 2010.5-7 In the last
few years, many efforts have been devoted to further improving and optimizing
the photocatalytic activity and stability of Ag3PO4. It was found that photodeg-
radation activity and applications of this phosphate are profoundly dependent on
its size, morphology, and specific surface area, and thus the photocatalytic effici-
ency of AgzPOy4 can be improved by controlling the morphology and crystal
structure of the material. Therefore, great attention has been paid on devising
appropriate synthesis processes for obtaining efficient Ag3PO4 catalysts. Many
methods have been evolved that as result produces various morphologies and
sizes of AgzPOy4, which include spheres,3-10 dodecahedrons,!! tetrahedrons,!!,12
cubes,!3:14 mesocrystals,!! concave trisoctahedron,!5 gyro shape,!® etc. How-
ever, their practical application is restricted because of several limiting factors,
for instance, the tedious work involved in the preparation and removal of the
surfactants and/or templates. Particularly, the templates or surfactants are not
eco-friendly and not suitable for large-scale production.!? Hence, it is still an
important research field to find an economic and green method for controlling the
size and morphology of AgzPO4. Although a large number of modifications have
been adopted in the synthesis techniques, the optimum synthesis conditions are
still required.

In this contribution, the presented work demonstrates the successful syn-
thesis of AgiPOy4 via an effortless and very efficient nanoemulsion synthesis
method, based on the Ouzo effect. Nanoemulsions represent a special class of
liquid disperse systems, with droplet diameters smaller than 100 nm.!8 Spon-
taneous emulsification occurs when a strongly hydrophobic oil is dissolved in a
water-miscible solvent. This effect is nanoemulsification and it is usually called
the Ouzo effect!920 where the Ouzo is a liquor that consists of anise oil dispersed
in ethanol. When water is added to the Ouzo, the dissolved anise oil spontane-
ously nucleates into many small droplets, without the help of a surfactant. These
small droplets scatter light causing the sample to appear milky white. The Ouzo
effect offers the possibility of obtaining a pure nanopowder, without using any
surfactants or templates, because emulsification occurs almost simultaneously in
the entire volume.2!
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X-Ray powder diffraction (XRD) accompanied with the Rietveld refinement
procedure enabled the crystallite size, structure and phase composition of a syn-
thesized sample to be explored. Raman spectroscopy was used in order to con-
firms the composition purity of the obtained sample. The morphological pro-
perties were studied by field emission scanning electron microscopy (FE-SEM)
and Brunauer—-Emmett-Teller (BET) measurements. The pore size distribution
(PSD) was estimated by applying the Barett—Joyner—Halenda (BJH) method. The
photocatalytic activity of as-prepared Ag3PO4 product was investigated by
photodegradation of crystal violet (CV) dye in an aqueous solution. A simple
procedure for the synthesis of the effective photocatalyst was demonstrated.
According to the authors’ knowledge, this method was used for the very first
time for the synthesis of AgzPO4 nanomaterial.

EXPERIMENTAL

Ag;PO, nanoparticles were synthesized using analytical grade AgNOj (Riedel-de Haén,
99 % purity) and (NH4),HPO, (Riedel-de Haén, 99 % purity). Analytical grade acetone was
the solvent used for making the nanoemulsion. For the synthesis, 3/100 mole of AgNO; was
desolved in 0.05 dm? of acetone and then mixed with 1/100 mol of (NH,),HPO, which was
desolved in 0.05 dm? of water (the ratio of acetone and aqueous solution phases in nanoemul-
sion was 1:1). The pH in the aqueous (NH4),HPO, solution was adjusted to 11 with sodium
hydroxide (1 M) prior to mixing. The mixed solutions were stirred for 5 min using a magnetic
stirrer. No surfactant was used in any of the synthesis processes. A nanoemulsion (milky
white, almost transparent liquid) was obtained that was immediately centrifuged to avoid par-
ticle agglomeration and then washed three times using ultra-pure deionized water. Finally, the
slurry of nanoprecipitates was dried in an oven at 50 °C, for 12 h, in order to obtain a dry powder.

The phase purity and crystallinity of the produced powder were examined using X-ray
diffraction (Raguku Ultima IV, Japan). The X-ray beam was nickel-filtered CuKe; radiation
(4=10.1540 nm, operating at 40 kV and 40 mA). The XRD data were collected at 26 from 15
to 80 © at a scanning rate of 2 °min-!. Phase analysis was realized using PDXL2 software (ver-
sion 2.0.3.0),22 with referece to the patterns of the American Mineralogist Crystal Structure
Database (AMCSD).2? Calculation of the average crystallite size (D) was performed using
the Scherrer formula, Eq. (1):24
_ 0.94 1

Pcosl
where A is the wavelength of the X-rays, 6 is the diffraction angle, f is the corrected half-
width for instrumental broadening S = (5, — fs), Pm 1S the observed half-width and f; is the
half-width of the standard CeO, sample.

The specific surface area and the pore size distribution of Ag;PO, were analyzed using
Surfer (Thermo Fisher Scientific, USA). The PSD was estimated using the BJH method?’ to
the desorption branch of isotherms and mesopore surface, and the micropore volume were
estimated using the ag-plot method.2

The morphology of the dried nanoprecipitates was characterized by a Hitachi S-4800
field emission gun scanning electron microscope, with electron energies of 20 kV in high
vacuum. The samples used for FE-SEM characterization were coated with 5 nm thin layer of

hkl

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



1 2 8 8 PREKAJSKI DPORDEVIC et al.

Au/Pd using a standard sputtering technique. The results from FE-SEM measurements showed
a sample area of 2.5 umx2.5 pm (275,000 magnification).

The photocatalytic ability of the synthesized Ag;PO, nanomaterial was studied using the
degradation of the organic dye crystal violet as a test. The examination the photodegradation
of the cationic dye CV was chosen because in all literature data the photodegradation of this
dye by Ag;PO,_ as a photocatalyst is the least researched. Vis irradiation was applied in order
to evaluate the photocatalytic activity of the Ag;PO,4 photocatalyst. The light source was 4 Vis
tungsten—halogen lumps, every with a power of 60 W. A quartz cell was used for the photo-
catalytic degradation test. The reaction was maintained at ambient temperature. The acidity of
the solutions was not additionally adjusted, and pH values were in the range from 6.7 to 7.0.
In a typical experiment, aqueous suspensions of the dye (initial concentration 500 umol dm)
and 50 mg of the synthesized Ag;PO, photocatalyst powder were placed in a beaker. The
volume of the test solution (the CV colour solution) was ¥ = 0.05 dm?. Prior to irradiation, the
suspension was magnetically stirred in the dark for 1 h to ensure the establishment of the ads-
orption/desorption equilibrium. The suspension was kept under constant air-equilibrated con-
ditions. In addition, the same experiment was reperformed in a combination of UV + Vis
irradiation, using 4 UV low-pressure Hg vapor lamps, each with power 28 W, and 4 Vis tung-
sten—halogen lumps, each with power 60 W.

RESULTS AND DISCUSSION
Phase structure and morphology of the porous nanospheres

The crystallinity and phase purity of the obtained product was first examined
by X-ray diffraction. The XRD pattern of the as-synthesized samples (Fig. 1)
revealed that the AgzPO,4 phase was already forming at room temperature. The
synthesized powder is single-phase and all the diffraction peaks can be well ind-
exed to cubic Ag3POy4 (space group P-43n), which is in accordance with the stan-
dard data AMCSD Card No.: 0017250.23 There were no other characteristic
peaks of impurities or secondary phases. The diffraction peaks were broadened
that indicates the presence of small crystallite (nanocrystals) in the sample.
According to the calculation based on the Scherrer Equation, the crystallite size
of as synthesized samples was about 4 nm (Table I). The calculated cell para-
meters were a = b = ¢ = 0.6017208(3) nm. These results are in good correlation
with literature data.27-28

The inset in Fig. 1 represents the crystal structure of AgzPO4 modeled using
Vesta© software version 3.3.2.29 It depicts the cubic structure of Ag3PQy, in
which six Ag atoms occupy only the 6d Wyckoff position and have 4-fold coor-
dination by four O atoms resulting in tetrahedral [AgO4]; the P atoms are each in
[PO4] tetrahedra, while the O atoms possess 4-fold coordination surrounded by
three Ag atoms and one P atom. The isolated and regular [PO4] tetrahedra cons-
truct a body-centered cubic lattice structure. In this modeled structure, the Ag and
P atoms are coordinated with four O atoms, resulting in tetrahedral [AgO4] and
[POy4] clusters. Each [PO4] cluster has in its vicinity three [AgO4] agglomerates
bound by O atoms. The existence of two binding angles (a and f) indicated that
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the [AgO4] agglomerates are highly distorted in the network, because of the
inductive effect caused by the high electronegativity of the clusters.30

.' ) N“_ J_ L b Fig. 1. XRD pattern of the synthesized

AgzPO, Inset: Unit-cell structure show-

amcsd code: ing the polyhedron configuration of the
# 0017250, 1 ILa : cubic Ag;PO,. Red, yellow, and grey
(L 2 30 40 50 80 70 80  gpheres represent O, P, and Ag atoms/

20/° /polyhedrons, respectively.

TABLE I. Calculated crystallographic parameters after refinement using PDXL2 software of
the synthesized Ag;PO, crystal structure

Atom Wickoff position X y z Position occupation
Ag 12h 0.22419 0 0.5 1.5

P 2a 0 0 0 0.5

(0] 8e 0.1467  0.1467 0.1467 2.5

a/nm 0.6017208(3)

Raman analysis

Further, Raman spectroscopic analysis was performed to confirm the pre-
sence of AgzPOy4 single phase. The Raman spectra of an as-synthesized Ag3POy
sample is displayed in Fig. 2. According to literature data,30 AgzPOy4 presents a

912
1004
000 800 1000 Fig. 2. Raman spectra of an as-synthesized
Raman shift, cm” Ag;PO,4 sample.
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total of 18 Raman-active modes. However, in this work, only two Raman-active
modes were identified, both related to the PO43~ clusters. The strong and sharp
absorption peak centered at about 912 cm! is attributed to the PO43~ symmetric
stretching vibration of O-P—O bonds.3! A small and broad peak at 1004 cm! is
attributed to the PO43~ asymmetric stretching vibrations of the same bonds.32
The Raman spectra confirmed the formation of single-phase AgzPQOy4.

Morphology characterization

Further investigation was performed by FE-SEM technologies to charac-
terize the morphology and crystal structure of the as-obtained Ag3zPO4 nanomat-
erial. FE-SEM micrographs of the as-synthesized Ag3zPO4 powder are shown in
Fig. 3, particles with near-spherical shapes with an average diameter of 100-200
nm could be observed. Their morphology also resembles platelets. However,
higher magnification (Fig. 3b) revealed that the particles are more likely irre-
gular-shaped spheres. Some particle aggregation also occurs. The formation of
spherical Ag3POy4 nanoparticles is due to the Ouzo effect, which occurs in the
present synthesis method.33 This characteristic endows the as-prepared Ag3POy
porous nanospheres with a large surface area, which could affect their physico-
chemical properties.

(b)

20.0kV 8.5mm x500k SE(M} ¢ \

8.5mm 2 00kSE(M) s [

Fig. 3. FE-SEM micrographs of an as-synthesized Ag;PO, sample: a) magnification 2000x;
b) magnification 5000x.

Adsorption isotherms — BET experiments

Nitrogen adsorption isotherms for an Ag3PO4 sample, as the amount of N,
adsorbed as a function of relative pressure at —196 °C, are shown in Fig. 4. It
could be seen from the analysis that the adsorption—desorption hysteresis loop of
the sample can be classified as Type IV,34 which is associated with mesoporous
materials (Fig. 4). The shape of the hysteresis loop is of type H3. Isotherms rev-
ealing type H3 hysteresis do not exhibit any limiting adsorption at high P/P,
which is observed with non-rigid aggregates of plate-like particles giving rise to
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slit-shaped pores.35 Specific surface areas calculated by the BET equation, SRgT,
are listed in Table II. The SggT value is 42 m2 g-1. The pore size distribution, as
determined with the BJH method, is shown in Fig. 5. The sample is micro- and

mesoporous with one peak pore radius at 2.0 nm. The median pore radius (rmeq)
is 2.9 nm (Table II).

.
30
25 I
'Tc” 20 4
z |
E 15 4 il
< i
10 4 Il
&-
i _gwutn™
’ --..rno-"""
0 fummn u® 8 ol . ‘ . _Fig. 4. Nitrogen adsorption isotherms of
00 0.2 04 08 08 10 AgiPO4. Black square symbols — adsorp-
PIP, tion, red circle symbols — desorption.

TABLE II. Porous properties of the synthesized Ag;PO,4 nanomaterial

SBET / 1’1’12 g_l Smeso / mZ g—l Smic / 1’1’12 g_l Vmeso / dm3 g-l Vmic / dm3 g_l "med / nm
42 24 18 3.2x107 2.1x10° 2.9

The og-plot, obtained based on the standard nitrogen adsorption isotherm.
The straight line in the medium ag-plot region gives a mesoporous surface area
including the contribution of the external surface, Speq0, determined by its slope,
and the micropore volume, Vyjc, is given by the intercept. The calculated poro-

sity parameters (Smeso> Smics Vmeso, Vmic) are given in Table II. An og-plot ana-
lysis confirmed that the sample was micro- and mesoporous.
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Fig. 5. Pore size distribution of Ag;PO,.
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The specific surface area of a photocatalyst is a major parameter to measure
the characteristics of the material, and its size has a great impact on its photocat-
alytic properties. It was shown that the specific surface areas of samples pro-
duced by the simple nanoemulsion synthesis method have larger specific surface
areas than the products of other methods. For example, starting from the same
components, but using the precipitation method and the ion-exchange method of
synthesis, the authors obtained 8.7 and 1.2 m2 g-! specific surface areas of the
synthesized Ag3zPQy, for the above-mentioned methods, respectively.3¢ On the
other hand, the specific surface area that was obtained using the nanoemulsion
technique was 42 m? g-!, which is 5 times higher than in the case of the sample
obtained by the precipitation method and even 35 times higher than the specific
surface area obtained in samples synthesized by the ion-exchange method. In
addition, the particle size for the precipitation method is mainly centered on 0.3—
—0.4 um, while the ion-exchange method predominantly ranges from 6 to 10 pum.
In the present work, the particle size was the same as the crystallite size (since
the crystallite is not glued together into bigger agglomerated particles). This
smaller size of crystallites (particles) makes a significant contribution to obtain-
ing higher values of the specific surface area. It could be explained by a higher
ratio of surface to volume of the nanomaterials. Namely, it is known that nano-
particles have a relatively larger surface area when compared to the same volume
of material made up of bigger particles. As particle size decreases, the surface
area per unit volume increases. Therefore, materials made of nanoparticles have a
much greater surface area per unit volume ratio compared with materials made
up of bigger particles. As the surface area per mass of a material increases, a
greater amount of the material can come into contact with surrounding materials,
thus affecting reactivity and making the material much more efficient for photo-
degradation of pollutant dyes.

Photocatalytic degradation of crystal violet dye

The photocatalytic activities of the as-prepared AgzPO4 samples were eva-
luated by the degradation of the cationic crystal violet dye. First, blank experi-
ment was performed by irradiating an aqueous solution of the dye derivates in the
absence of photocatalysts and a spectrophotometic analysis of the irradiated
samples did not show any measurable loss of the dye (black squares in Fig. 6)
indicating that irradiation alone is not capable of degrading CV dye. The effect of
Ag3zPOy4 on the removal of CV dyes was investigated and the results are pre-
sented in Fig. 6. First, the photodegradation of CV dye on the synthesized
Ag3PO4 photocatalyst with UV + Vis irradiation was evaluated (red dots in Fig.
6) The Ag3zPO4 photocatalyst exhibited very good photocatalytic activity for CV
dye photodegradation under Vis irradiation. After Vis irradiation for 30 min, 87
% of CV had been photodegraded. The degradation kinetics suppresed slightly
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when only Vis light was used (blue triangles in Fig. 6). These results show that
the synthesized AgzPO4 nanomaterial works as an excellent photo-catalyst.

0.016 -

0.014 N
I
0.012 | \ = Blank
| e UV +VIS
”E 0.010 - \ —&— VIS
=
— 1 ~
g 0008 - \t\\
£ T~
o 0.006 ‘"“\\\m
0.004 — .
0.002
0.000 —F 11—
0 5 10 15 20 25 30

Irradiation time, min

Fig. 6. Photocatalytic degradation of CV dye by Ag;PO,4 nano-spheres sample, blank experi-
ment (black squares), illuminated with UV + Vis (red dot) and only Vis light (blue triangle).

In the literature data, just a few research papers that deal with photodegrad-
ation of crystal violet dye using Ag3POy4 photocatalyst were found. Luo and co-
authors37 obtained similar results but with two-times higher concentrations of
used photocatalyst. Namely, after Vis irradiation for 30 min, 93.0 % of CV dye
was photodegraded, but the initial concentration of Ag3;PO4 photocatalyst pow-
der was 100 mg of the synthesized AgzPOy4 photocatalyst powder.33 This means
that a more than two-times more efficient material was obtained in the present
work, which could be explained by the morphology of synthesized powders.
Compared to the sample used in the present work, the AgzPOy4 used previously
had a much larger particle size (about 4000 nm) and consequently a much
smaller specific surface area (0.24 m2 g—1).34 These are the reasons for the super-
ior efficiency of the sample that was obtained in this using nano emulsification
technique, also called the “Ouzo effect”.2!

It seems that material synthesis using the nanoemulsion method could be
related to the excellent physical and chemical properties of AgzPQy, e.g.: a
higher value of the specific surface area, the presence of individual crystal
phases, the small size of the crystallite/particles, efc.

CONCLUSIONS

A simple and low-cost nanoemulsion synthesis technique based on the Ouzo
effect has been successfully used for the preparation of a Ag3PO4 photocatalyst.
Single-phase Ag3PO4 was obtained at room temperature, with crystallite size
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~100 nm. The synthesized sample was micro- and meso-porous, with a specific
surface area of 42 m2 g-!. The applied synthesis route gives a material with a
much higher value of the specific surface area in comparison to the other syn-
thesis methods that are described in the literature. This is very important when it
comes to the application of photocatalyst. The particles were spherical in shape,
with the size of about 100200 nm. This research showed that synthesized
AgiPOy4 photocatalyst is efficient for the photodegradation of aqueous CV dye
solutions under Vis light. The present study indicates that this simple, effortless,
and very efficient synthetic process provides a simple pathway to obtain a highly
efficient single-phase AgzPOg4 photocatalyst. For these reasons, it is believed that
this synthesis method could be applied for large-scale production. Plans for the
future are to perform immobilization of photocatalytic material on an extremely
porous filter (e.g., made of Al,O3 ceramic) in order to allow easy extraction of
photocatalytic material from wastewater.
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N3BOJI

CHHTE3A BUCOKO E®MKACHOT Ag;POs POTOKATATUTUUKOI HAHOMATEPUJAJIA
[TPOJECOM HAHOEMYJI3U®PUKAITUJE

MAPHIJA TIPEKAJCKA FOPBEBUR', ATEKCAHIIPA 3APYBUIIA’, AHA KAJIMJAITVC', BUJbAHA BABUR’,
CBETJIAHA BYTYJIUJA', JEIEHA MAJIETAIUIKHR' 1 BPAHKO MATOBUR'

1ﬂa60pau70puja 3a matiepujane, Uncluutiyw 3a HyKkeapHe Hayxe ,Bunua“ — HHCTUy i 0 HAUUOHATHOL
3nauaja Petiyonuxe Cpouje, Ynugep3uitieil y Beoipagy, tiowitiancku pax 522, 11001 Beoipag, Z,HeﬂapWJwau
3a xemujy, ITpupogrno—matiematuuuxu Gaxynieini Ynusepsuttiewia y Huwy, Buweipagceka 33, 18000 Huw u
3Hucruuu7yu7. 3a pusuxy Beoipag, Yrnusep3suiueii y Beoipagy, ITpeipesuya 118, 11000, Beoipag
HaHoemymn3noHa MeTona 3acHOBaHa Ha ,0uzo edekTy" NpUMemeHa je 3a jeJHOCTaBHy U
Opsy cunTesy AgsPOs Ha cOOHOj TeMnepaTypH. AHanuse Judpakuije pEHATEHCKUX AUjarpamMa
npaxa ¥ PamMaHOBe CIIeTPOCKONHMje MoKasalu Cy Jia je CHHTeTHCaHU npax MoHodasaH. Mero-
IIOM CKeHupajyhe enekTpoHCKe MUKpPOCKONHje yTBpheHo je na cy cuHTeTHcaHe yectuie AgsPOq
cepHor obnuka, mpoceuHor mpeunrnka 100 nm. Bucoka BpemHOCT crieljuduUHe MOBPLINHE
nobujeHor mpaxa MepeHa je Brunauer—-Emmet—Teller metonom. JobujeHu HaHomnpax AgsPOs
kopuurheH je kao ¢oTokatanusaTop 3a GoTomerpagauyjy KpUCTaaHo bydoudacte doje y Boje-
HUM pacTBOpHMa. Pe3ynTaTu cy mokasanu MOTIYHY Aerpafanujy Ipu KpaTKOM BpEMEHY 3pa-
yemwa. 3aK/bydyje ce Ia je MeTofla HaHoeMyn3udUKalWje jeIHOCTaBaH HAa4yMH 3a J00Hjame
BUCOKO-edukacHor moHodasHor AgsPO4 oTokaranusaropa.

(TTpumisero 3. Hopembpa 2021, peBuaupaHno 27. jyHa, mpuxsaheHo 28. jyna 2022)
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Corrosion protection properties of polypyrrole coatings formed
onto 316 L SS from a solution containing molybdate and
salicylate
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Abstract: The electrosynthesis of PPy films onto 316L stainless steel from
nearly neutral and alkaline solutions containing molybdate and salicylate is
reported. The corrosion behaviour of the coatings constituted by hollow rectan-
gular microtubes was monitored in Ringer solution using open circuit potential
measurements, polarization techniques and electrochemical impedance spectro-
scopy. The polymer formed in a solution of pH 8 was the most efficient in
terms of corrosion protection. The coating significantly reduced the pitting cor-
rosion of the substrate. The results were interpreted taking into consideration
the polymer electroactivity, the galvanic interaction polypyrrole/substrate and
the nature of dopants. Silver species were effectively immobilized onto the hol-
low rectangular-sectioned microtubes of PPy. The modified coatings demon-
strated that they have a good bactericidal activity against Escherichia coli and
they were also able to protect the substrate against corrosion in Ringer solution.

Keywords: stainless steel; conducting polymer; microtubes.

INTRODUCTION

Stainless Steel 316L (316 L SS) is the most commonly used alloy in medical
implants due to its many features, such as accepted biocompatibility, good mech-
anical and anticorrosive properties and availability at low cost.! It is well known
that the presence of a thin “passive film” upon the 316L SS surface is responsible
of the corrosion resistance of the substrate. Nevertheless, this passive film can be
susceptible to breakdown in the presence of Cl~ and as a consequence, pitting
corrosion is promoted.? In the surroundings of an implant this localized attack

* Corresponding author. E-mail: belen.gonzalez@uns.edu.ar
https://doi.org/10.2298/JSC220420077R
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releases metal ions producing a decrease in biocompatibility, and consequently,
the implant could be rejected.3 To overcome this problem, surface treatment
techniques are used to improve the corrosion properties of the material.* Con-
ducting polymers constitute a physical barrier against corrosive environments,
also helps to stabilize the formation of the passive film and, under certain circum-
stances, they can release corrosion inhibitor anions.> Among all the conducting
polymers, polypyrrole (PPy) is the most attractive option to modify the surface of
implants because of its eco-friendly synthesis, good stability and satisfactory bio-
compatibility.© Corrosion protection of the substrate can be improved if the PPy
dopant is a corrosion inhibitor.”-8 Previously, the electrosynthesis of PPy onto Al
from alkaline solution containing MoO42~ and NO3~ as dopant anions was rep-
oted.” The results obtained showed that MoO42~ remains entrapped into the poly-
mer matrix, giving greater resistance to pitting corrosion in chloride media. In an
earlier study, it was also demonstrated that the electrosynthesis of PPy onto 316L
SS from an alkaline solutions containing molybdate and nitrate reduces the pit-
ting corrosion of the substrate. The results are interpreted in terms of the pas-
sivating properties of the oxide layer formed in alkaline solution. 10

On the other hand, salicylate (Sa) is considered to be a non-steroidal and
anti-inflammatory drug!! and it has also been demonstrated that PPy coatings
doped with Sa anions provides corrosion protection for different metallic sub-
strates.!2-14 Another interesting feature of the Sa anion is that it not only can act
as a dopant of PPy, but also is the responsible of the electrosynthesis of rectan-
gular cross-section microtubes of the polymer.15:16 The effectiveness of micro-
structured PPy films doped with Sa anions in protecting 316 L SS from corrosion
was studied in a chloride environment. The obtained coating was not enough for
the protection of the substrate probably as a consequence of the porous opened
structure of the microtubes, allowing the entry of aggressive ions. In order to
improve the corrosion protection, a system of two layers was electrodeposited
from salicylate solutions of different concentrations. The first layer consisted of
granular PPy and the second one, on the top, was constituted by the PPy with
microtubes. This bilayered coating exhibited an excellent protective behaviour of
316L SS in chloride solution during considerably long immersion time.l7 A
bilayer system onto 316L SS was also studied by our group. A PPy under-layer
was electropolymerized in the presence of MoO42~ and NO3~ and a microtubular
PPy film, from salicylate solution, was formed as a top layer.18

Implant-related infection is recognized as a tragic problem, and patients with
severe infection often require revision surgery.!® Current strategies to prevent or
control implant-related infection include surface coating, modification of surface
chemistry, and modification of surface morphology.20

With the objective to provide antibacterial properties, the immobilization of
metallic species in polymers has been widely studied in our laboratory. Micro-
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structured PPy films were modified with copper species and then were imple-
mented in a laboratory-scale continuous flow system using for disinfection of
well water contaminated with Escherichia coli. The results indicated that the
PPy/Cu-modified electrodes were effective for water disinfection process.2! In
addition, it was also demonstrated that a PPy film doped with Sa is an effective
matrix for the immobilization of Ag species. The PPy-Ag modified electrodes
exhivery good performance toward inhibition of bacteria activity, concluding that
the composite is a promising material for biomedical application.22

According to the revised literature, the protection of 316L SS with PPy mic-
rotubular was only attained through the formation of a bilayer system. Hence, the
purpose of the present work was to investigate the electroformation of simple and
protective PPy films with microtubular morphology on 316L SS. Accordingly,
nearly neutral and alkaline solutions containing MoO42~ and Sa ions were emp-
loyed during the electrosynthesis PPy film. For the development of an antimic-
robial surface, the immobilization of silver species on the microstructured PPy
matrix was also studied. The anticorrosive properties of different PPy films in
Ringer solutions were determined.

EXPERIMENTAL
Materials and methods

Type 316 L SS rods (wt. % are: 17.47 Cr, 10.32 Ni, 1.88 Mn, 1.90 Mo, 0.39 Si, 0.025C
and Fe balance) embedded in a Teflon holder with an exposed area of 0.070 cm? were used as
working electrodes. Before each experiment, the surface was abraded with a 1200 grit finish
using SiC, then degreased with acetone and finally washed with triply distilled water. Follow-
ing this pre-treatment, the electrode was immediately transferred to the electrochemical cell.
Potentials were measured and referred against an Ag/AgCl (3 M) electrode and a platinum
sheet was used as the counter electrode. A conventional three electrode system and a 20 cm?
Metrohm cell were used for the electrochemical experiments. The PPy films were obtained
potentiostatically from a solution containing 0.50 M Py + 0.50 M NaSa + 0.05 M Na,MoO, at
different pH values. The pH of the solution was adjusted by addition of NaOH. The solutions
were de-aerated by bubbling N, before and during the polymerization. Pyrrole (Sigma—
Aldrich) was freshly distilled under reduced pressure before use. Morphological studies of the
films metallised with gold were performed by scanning electron microscopy (SEM) LEO
1450 VP coupled using a probe for energy-dispersive scanning (EDS). Electrochemical
studies were performed with a potentiostat/galvanostat Autolab/PGSTAT 128N with an
electrochemical impedance spectroscopy (EIS) module. The anticorrosion properties of the
coatings were investigated in 50 mL of Ringer solution (composition per litre was 8.60 g
NaCl, 0.30 g KCI and 0.32 g CaCl,-2H,0) by open circuit potential as a function of time
(OCP-time), potentiostatic measurments, potentiodynamic method and electrochemical
impedance spectroscopy. Tafel tests were performed by polarizing from cathodic to anodic
potentials with respect to the open circuit potential at 0.001 V s™!. Estimation of corrosion
parameters was realized by the Tafel extrapolation method. The extrapolation of anodic and
cathodic lines for charge transfer controlled reactions gives the corrosion current density (Joorr)
at the corrosion potential (E,,,). Electrochemical impedance spectra were obtained at the open
circuit potential (OCP) in the frequency range from 10 kHz to 100 mHz, and the signal
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amplitude was 10 mV. To detect the presence of released ions, an inductively coupled plasma
atomic emission spectrometer (ICP-AES) Shimadzu 9000 was used. Electrical conductivity
was measured by the two-probe method using a homemade device. Adherence of the
electrosynthesized coatings to the substrate was evaluated by using Scotch® Magic™ Tape
810 (3 M). The antibacterial activity against a reference strain of E. coli ATCC 25922 was
evaluated by a modified Kirby—Bauer technique.?3 The method was previously standardized
by adjusting the microbial inoculation rate and the volume of the agar medium layer. A
freezing culture of E. coli ATCC 25922 (stored at —70 °C in Tripticase Soy Broth (TSB, BK
046HA, Biokar Diagnostics, Beauvais, France) supplemented with 20 vol. % glycerol (Bio-
pack, Argentina) was used. A loop of frozen cells was cultured in TSB during 24 h at 37 °C.
Upon appropriate dilution with sterilized phosphate buffer saline solution, a suspension of
about 107 cells mL"! was prepared. One millilitre of this suspension was mixed with 25 mL of
Tripticase Soy Agar (BK, Biokar Diagnostics, Beauvais, France) melted and cooled at 43 °C,
and then, placed on a Petri dish. The coated electrodes were pressed onto bacteria-overlaid
agar and were incubated at 37 °C for 24 h. Then they were removed from the agar and placed
in a fresh one. The data were expressed as growth inhibitory zone diameter (mm) for three
replicates.2* Control tests employing unmodified PPy-coated electrodes were also performed.

RESULTS AND DISCUSSION
Polypyrrole coatings

The polymerization solution was prepared from 0.50 M Py + 0.50 M NaSa +
0.05 M NapMoQy, at two different pH values: 8 and 12. It was previously
demonstrated that the solution pH has an influence on the electrosynthesis pro-
cess.!> When the solution pH is 8, the oxidation potential of Py was 0.90 V.10
However, in alkaline solution, there was a competition between the salicylate
oxidation and PPy deposition, and as a consequence the electroformation of PPy
at pH 12 occurs at potentials equal to or higher than 1.3 V. This value was
already determined experimentally in previous work.!5 The j vs. ¢ transients
obtained during the formation of coatings are presented in Fig. 1. As can be seen
in the chronoamperometric curves, during the electropolymerization process,
after charging the double layer, the current density increases with time until
reaching a maximum value. Then j decreases and finally rises again at a slower
rate. As described in a previous work, 16 the behaviour observed in the curves is
associated with the formation of microtubular structures. Under these conditions,
the electropolymerization charge was for 4.3 C cm2 for both coatings. A thick-
ness of approximately 11 um was predicted for the coatings by assuming a film
thickness of 1 pum for 0.4 C cm2 charge.25 Under these circumstances, very
adherent films were obtained. The morphology of the generated coatings was
observed by the SEM technique. For a better understanding, the coatings were
named PPyg and PPy;;. As might be expected, PPyg and PPy, films presented
microstructured morphology due to the high salicylate concentrations.l6 As can
be seen in Fig. 1, the images reveal that most of the structures have rectangular
cross-section with side length changing between 0.5 and 2 um. The external sur-
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face of the microtubes was constituted of the typical globular structure of PPy
and the inner side was hollow. The same porous morphology had already been

obtained for a PPy film electrosinthetized on 316L SS from a solution containing
only Sa.l”

50 100 150 2 250
t/s
Fig. 1. Chronoamperometric curves obtained during the electrosynthesis of PPyg (A) and

PPy, (B) films. SEM images of the films are also presented.
Corrosion test

The variation of OCP as a function of time was used to estimate the cor-
rosion protection offered by the polymer coatings. The OCP vs. time responses
for the different samples after exposure to Ringer solution during 10 days are
presented in Fig. 2. For comparison, the curve of the uncoated steel is also
showed. For the bare 316L SS sample, the OCP value stabilizes after the second
day of immersion at a value around —0.15 V (curve c).
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Fig. 2. Time dependence of OCP in Ringer solution of 316L SS electrode covered by: PPyg
(a) and PPy, (b). The variation for a bare steel electrode is also included (c).
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As can be seen in curve a, the presence of the PPyg film generates an anodic
shift of the corrosion potential even after 10 days of immersion, which is asso-
ciated with an anodic protection mechanism.26-27 However, the OCP vs. time
curve corresponding to the electrode coated with PPy, films (curve b), presents
values close to the bare steel electrode during the first seven days, and then dec-
reases to —0.40 V. These preliminary results demonstrate that the presence of
PPy, did not improve the corrosion protection of the substrate. The quantity of
Fe released after OCP experience was <0.005 mg L-! and 0.084 mg L-! for the
316L SS electrode covered with PPyg and PPyq», respectively. The bare elec-
trode produced a Fe concentration of 1.200 mg L~1. Moreover, the obtained
results confirm that the PPyg films provided an effective corrosion protection of
the substrate.

To acquire more information about the protection level of the PPy films, EIS
measurements were performed. The Nyquist plots were recorded during immer-
sion in Ringer solution under OCP conditions for a period of 10 days (Fig. 3).
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Fig. 3. Nyquist plots registered under OCP conditions in Ringer solution during 10 days for a
steel electrode covered with: PPyg (A) and PPy, (B). The variation for a bare steel electrode
is also included (C). The immersion day is indicated on the curve.
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In the high-frequency region, the impedance spectrum all samples showed a
depressed semicircle associated with a process at the electrode/electrolyte inter-
face. The semicircle diameter represents RcT, interpreted as the charge transfer
resistance of the redox reaction of the polymer.28 In the low-frequency region, a
linear response was observed that is associated with the diffusion of ions into the
polymer. As can be seen in Fig. 3A, the impedance results show that in the case
of the PPyg film, the Rct value increases slowly with immersion days. On the
contrary, the response of the electrode covered with PPy, shows that the RcT
rises noticeably with the exposure time (see Fig. 3B). The Nyquist response of
the uncoated electrode of 316L SS were constituted of a semicircle of 2 Q cm2
in diameter and practically negligible linear part (Fig. 3C). In the case of the
PPyq, film, the increment in Rcr values suggests that the reaction rate of the
redox process of polymer declines over time, probably due to the low conduct-
ivity of the film. As was mentioned above, the electrosynthesis of PPy film from
a solution of pH 12 begins to occur from 1.3 V. At this potential value, it is
expected that the polymer obtained is overoxidized.2® An important characteristic
of overoxidized PPy is its poor conductivity and, in terms of corrosion protection,
this represents a drawback.

On the other hand, for the electrode coated with PPyg, the data obtained
showed a vertical line in the low frequencies range associated with a semi-infi-
nite Warburg impedance. This behaviour indicates a diffusion-controlled region
that involves diffusion of mobile charges in the polymer backbone and mobile
ions throughout the PPy coating.30 In contrast, the data for the electrode covered
with PPy, indicates that a contribution of the diffusional process to the total
impedance was not observed. Thus, the PPyg film presents the best corrosion
performance in terms of OCP-time and EIS results.

In previous work, the OCP response for a 316L SS electrode coated with a
PPy film doped with Sa anions (without MoO42") presented a potential value of
around 0.15 V during 20 days of immersion in 0.15 M NaCl. The concentration
in solution of Fe determined by ICP was <0.10 mg L-!.17 Nevertheless, the EIS
results demonstrated a marked increase of RcT with time, dominating the impe-
dance behaviour of the covered electrode. The contribution of the diffusional
process to the total impedance goes away with exposure time. This EIS response,
contrary to the one obtained for PPyg, indicates that the corrosive species can
penetrate the polymer doped only with Sa and reach the substrate. Then, accord-
ing to these preceding results, it could be concluded that the incorporation of
MoO42~ together with Sa as dopants of PPy film would improve the corrosion
protection of the substrate.

Tafel plots were obtained after OCP stabilization (3600 s) starting from 0.20
to 0.20 V vs. OCP with a potential scan rate of 0.001 V s~1. For uncoated 316L
SS, the j.orr value was estimated by extrapolation of anodic and cathodic Tafel
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lines to the Eqrr (Fig. 4, curve ¢). The j.or values of the PPy coated 316L SS
were estimated by extrapolation of the cathodic Tafel lines back to the cor-
responding values of E o (Fig. 4, curves a and b). According to Fig. 4, the
conducting polymer produces a positive shift in the corrosion potential, although
the corrosion current densities measured were almost three orders of magnitude
higher than those for the uncoated sample (Table I). This result could be inter-
preted considering that the galvanic interaction between the polymer and the
substrate gives rise to oxidation of the substrate and reduction of the polymer,
and this mechanism significantly contributes to the total current measured.3!-32
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Fig. 4. Tafel curves registered in Ringer solution after OCP measurements for a steel electrode
covered with: PPyg (curve a) and PPy, (curve b). Tafel polarization plot for the uncoated
steel is also included (curve c). Sweep rate: 0.001 V s°!.

TABLE I. Corrosion parameters calculated from the Tafel polarization plots for the bare 316L
SS and the substrate covered with PPyg and PPy,

Sample Eeore! V Jeorr / MA cm™2 b,/ V dec’! b,/ V dec’!
PPyg 0.086 0.933 0.28 -0.14
PPy, ~0.075 0.017 0.28 ~0.07
Bare 316L SS —0.26 0.001 0.25 —0.13

More information concerning electrochemical behaviour of the covered elec-
trodes could be obtained through linear polarization in Ringer solution (Fig. 5).
For comparison purposes, the response of bare steel is also presented. As can be
seen in curve c, the current density increases at 0.35 V, denoting the onset of
pitting corrosion. In the case of the covered samples, peaks associated with rev-
ersible and irreversible oxidation of the PPy were observed at approximately 1.0
V. At more positive potentials, for the electrode covered with PPy, (curve b),
the current density rises abruptly with oscillations denoting the onset of a pitting
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corrosion process. On the contrary, the electrode covered with PPyg could be
polarized to very high positive potentials without any sign of substrate dis-
solution.
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i \\ @ Ringer solution at 0.001 V s! for a bare
‘,."‘ b EES— steel electrode covered with: PPyg
q (curve a) and PPy, (curve b). The data
Y . N N for a bare steel electrode is also included
E/V vs. Ag/AgCl (curve c).

In order to evaluate the protection level under more drastic conditions, the
current density-time response was recorded at a potential more positive than the
one corresponding to the pitting potential of the bare sample (1.0 V ws.
Ag/AgCl). In Fig. 6, curve c, current density oscillations around a value of 100
mA cm2 were observed. This response could be attributed to pitting corrosion of
the substrate. In contrast to this, the measured currents for the electrodes modi-
fied with PPyg and PPy;» are much lower than that corresponding to the
uncoated electrode.
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Fig. 6. Chronoamperometric curve obtained at 1 V vs. Ag/AgCl in Ringer solution for a bare
steel electrode covered with: PPyg (curve a) and PPy, (curve b). The figure inset is the result
for a bare steel electrode (curve c).
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As could be seen in curve b), the response for the electrode covered with
PPy, shows that the current density remained at 0.7 mA cm2 for 17 min, but an
abrupt increase is observed later, probably due to the attack of Cl- ions on the
316L SS. However, in the data presented in Fig. 6, curve a, the current density
measured for the electrode covered with PPyg remained low even after 60 min of
applying a constant potential value of 1.0 V (vs. Ag/AgCl), which indicates that
the polymer electrosythesized at pH 8 onto 316L SS is a protective film. The
ICP-AES analysis indicated that the amount of Fe released during the chrono-
amperometric experience in Ringer solution was <0.005 and 0.039 mg L-! for
316L SS electrode covered with PPyg and PPyq,, respectively. The uncoated
316L SS electrode released an amount of Fe of 2.760 mg L-1. The data con-
firmed that the dissolution of the substrate was significantly reduced in the pre-
sence of the PPyg film.

When the anticorrosion performance of the polypyrrole films were com-
pared, it could be concluded that the coating electrosynthesised in a solution con-
taining MoO42~ and Sa ions at pH 8 exhibits the best protection performance.
These results could be explained in terms of the conductivity of coatings. The
conductivity values obtained were 27.2 and 6.6 S m~! for PPyg and PPy, films,
respectively; and they are within the interval already reported for PPy doped
films.33 These values were estimated considering a film thickness of 11 pm.25
The difference between the obtained values could be associated with the potential
of electrosyhntesis. An increase in the electropolymerization potential results in a
decrease in the conductivity of the studied PPy films. As was mentioned pre-
viously, the PPy, film was electroformed at 1.3 V and at this potential value, it
is expected that the polymer obtained is overoxidized, probably due to the form-
ation of a carboxyl group on the pyrrole ring that disrupts the conjugation of the
PPy chain.?? In addition, galvanic coupling is the most usual corrosion protection
mechanism of conductive polymers. The cathodic reaction implicates the reduct-
ion of the coating accompanied with the release of the doping anions, whereas
the anodic reaction includes the oxidation of the substrate. Then, the O, red-
uction occurs on both the conductive polymer and metal surfaces, promoting the
re-oxidation of the polymer film. At least this interaction led to the formation of a
protective layer at the metal—film interface.34:35 This proposed protection mech-
anism requires an electroactive polymer. Hence, it can be stated that the PPy film
obtained at pH 8 gives the best corrosion protection of 316L SS in comparison
with PPy, due to the higher conductivity in the film. In addition, the effective
corrosion inhibition provided by the PPyg could be explained by considering, in
the first instance, the galvanic interaction between the electroactive polymer and
the substrate. Under these circumstances, the preservation of a passive protective
oxide film is promoted. Additionally, due to its large size and negative charge,
Mo0Q42- remains trapped in the polymer matrix, avoiding the entrance of chloride
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ions. Nevertheless, the inhibitors might be released eventually and contribute to
the corrosion protection of the alloy.

Silver immobilization

With the aim of providing bactericidal properties to the obtained films, the
capacity of the polymer matrix to immobilize metallic species was studied. As
commented previously, the electrode covered with PPyg presented the best cor-
rosion behaviour in Ringer solution and those, it was selected for metallic immo-
bilization experiments. The immobilization procedure was already described in a
previous work?2 and consisted in dipping the electrode covered with PPyg film in
0.05 M AgNO3 during 5 h in the dark under OCP conditions. The modified poly-
mer was named PPygAg. The analysis by SEM shows the existence of rectan-
gular structures coexisting with rosette-like deposits of 1 um of diameter. As
could be seen in Fig. 7A, the deposits present a highly rough surface and this
type of morphology was previously observed in silver microstructures.36 An EDS
analysis (Fig. 7B) demonstrates that the deposits were constituted of silver and
the signal of Mo confirms that molybdate is entrapped into the PPyg matrix. It
was proposed that the salicylate anion fulfils an important function in the immo-
bilization of silver species onto the coating. Metallic cations present in the sol-
ution were concentrated in the film as a result of the interaction between Sa~ and
Ag™. Metallic silver was then deposited as a result of a redox reaction between
non oxidized segments of the polymer and Ag™.

Ag B

Mo

Intensity, a. u.

0 Cr Fe

0 2 a 6 8 10 12 14

Energy, keV

Fig. 7. SEM image (A) and EDS examination (B) of the 316 L SS electrode covered with
PPygAg.

The antibacterial activity of PPygAg films against the Gram-negative bac-
terium E. coli was investigated by determining the width of the inhibition zone
around the modified electrode. Antibacterial activity of unmodified PPyg film
against E. coli ATCC 25922 consisted of an inhibition zone of approximately
4 mm surrounding the sample. Previously, it was shown that salicylate has not-
able antibacterial activity and it was also shown that this inhibitory effect is
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concentration dependent.2?2 Nevertheless, the inhibition area is notoriously inc-
reased (12 mm) when PPygAg was analysed. The antibacterial properties of
PPygAg film could be described by the insertion of the released Agt and colloid
silver particles through the bacteria cell wall.37

In order to determine the corrosion properties of the 316L SS electrode cov-
ered with PPygAg film, the OCP—time dependence and the polarization curve at
1.0 V vs. Ag/AgCl were registered in Ringer solution. The obtained curves are
shown in Fig. 8. In the first sight, the measured potentials were nobler than the
potential of bare steel electrode (—0.15V) even after 10 days of immersion, sug-
gesting that the film was an effective protective coating (Fig. 8A). The result is
supported by the determination of the amount of iron released in Ringer solution.
A concentration less than 0.005 mg L1 was obtained after 10 days of immersion;
this value is identical to the one previously reported for the unmodified PPysg.
The amount of Fe released from PPygAg and PPyg during the immersion is much
lower than that found for the bare electrode (1.200 mg L-1). The data would con-
firm that the corrosion protection properties of PPyg are not altered by the pre-
sence of silver species. In addition, the j vs. ¢ transient shown in Fig. 8B is
denotes that the density current values remained well below the values obtained
for the bare electrode (see Fig. 6, curve c), even after 60 min of experience. The
ICP-AES analysis of the amount of Fe released into the Ringer solution gave a
value of 0.132 mg L. Although this concentration is greater than that obtained
previously for the unmodified PPyg, the data confirms that the dissolution of the
alloy was reduced by the presence of PPygAg film, taking into account the
measured Fe concentration for the bare electrode (2.76 mg L-1).
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Fig. 8. A)Time dependence of OCP in Ringer solution of a 316L SS electrode covered by
PPygAg. B) Chronoamperometric curve obtained at 1.0 V vs. Ag/AgCl in Ringer solution of a
316L SS electrode covered by PPygAg.

CONCLUSIONS

Single-layer polypyrrole coatings with microtubular morphology were
obtained from solutions containing molybdate and salicylate at two different pH
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values by a potentiostatic technique on 316L SS. All the corrosion procedures
performed were to evaluate the degree of protection of Al 316L SS coated with
polypyrrole films electrosynthesized from salicylate and molybdate solutions at
different pH values demonstrated that a PPyg coating could completely protect
the substrate against pitting corrosion in Ringer solution, even when the coated
sample is polarized to a potential higher than the breakdown potential of the bare
substrate (1 V (Ag/AgCl 3M)). One possible reason for the best corrosion pro-
tection properties of PPyg is the electroactive polymer ability and the galvanic
interaction with the substrate. In addition, the fixed negative charge of MoO42~
avoids the entrance of chloride into the polymer matrix and also the release of
corrosion inhibitor anions from the polypyrrole matrix helps with the protection
of the substrate. Silver species were effectively immobilized onto the hollow rec-
tangular-sectioned microtubes of PPy. The antibacterial test against E. coli for
PPygAg samples demonstrated that they have good bactericidal activity and were
was also able to protect 316L SS against corrosion in Ringer solution. Thus, this
film has potential applications as a biomaterial with antibacterial properties.
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!Chemical Engineering Department, Institute of Electrochemical and Corrosion Engineering, National
University of the South, CONICET, Bahia Blanca, Argentina u *Department of Biology, Biochemistry and
Pharmacy, Institute of Biological and Biomedical Sciences, National University of the South, CONICET,

Bahia Blanca, Argentina

Y pany je omucaHa eneKkTpoxeMmHjcka CHHTe3a (GUIMOBA MOnUNuposna Ha Hephajyhem
yenuKky 316L U3 pacTBopa OIMMCKUX HEYTPATHUM M alKaJIHUX KOjU Cy CafipKasld MOaubaaTe U
canuuunaTte. KoposuoHO NMoHalawme Npeslaka Koje Cy OWIe cauuibeHe Off WYIJbUX NpaBo-
YTaOHUX MHUKDOLIEBH je mpaheHo y PUHrepoBoM pacTBOPY MepemeM MOTeHIIHjala OTBOPEHOT
KOJIa, TNONApHU3allHOHUM MepewmHMa U CIIeKTPOCKONHjOM eNeKTPOXEMHjCKe HMIIeaHLuje.
[MTonumep koju je bopmupaH y pactsopy pH 8 je oo HajedukacHUjU y 3aIITHTH Of KOPO3Hje.
[Ipesnaxa je 3HauajHO CMamMsIa MUTUHT KOPO3Wjy noxsore. Pe3ynraty cy AWCKYTOBaHH Yy3U-
Majyhu y 003up enekTpoXeMHjCKy aKTHBHOCT MOJUMepa, rajBAaHCKY HHTepakuujy usmehy
NIOJIUNIMPOJIa U MOAJIOTe ¥ MPUPOJY AonaHTa. XeMHjcke BpcTe cpedpa cy epukacHO UMOOUIN-
CaHe y UIYN/bUM IPAaBOYTaOHUM IIeBUMa Moiunuposia. MogudukoBaHe mpeBiake Cy moxasane
nobpa daxrepuunaHa cojcrBa mpema Escherichia coli u Takohe 3amrtuty nogsore on xopo-
3uje y PUHrepoBOM pacTBopy.

(ITpumsbeno 20. anpuia, pesusupato 11. jyna, npuxsaheno 23. cenremdpa 2022)
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Abstract: The amount of nineteen elements in eleven different lichen species,
six fruticose (Bryoria capillaris, Bryoria fuscescens, Cladonia rangiformis,
Ramalina capitata, Usnea chaetophora and Evernia prunastri) and five foliose
(Hypogymnia tubulosa, Lobaria pulmonaria, Peltigera horizontalis, Umbilic-
aria cylindrica and Umbilicaria crustulosa) from five natural areas of the Bal-
kan Peninsula (Serbia and Bulgaria) were determined by using inductively
coupled plasma optical emission spectrometry (ICP-OES). Among macronut-
rients, the highest content was observed for Ca and K, while Mg and Na were
represented in the smallest amount. Fe, Mn, Zn and Ba were the most abundant
trace elements in contrast to Cd and Co, whose concentrationc were the lowest.

Keywords: heavy metals; ICP-OES determination.

INTRODUCTION

Lichens occur in all terrestrial ecosystems, including extreme ones. They rep-
resent the symbiotic association of fungi and algae with a simple anatomy, without
a waxy cuticle layer, stomata and root system. An alga as a photobiont performs
photosynthesis and provides the lichen with nutrients while a fungus as a myco-
biont absorbs water with nutrients from the substrate. As a result, lichens are auto-
trophic and can grow on rocks, roofs, tree trunks, leaves of plants in the tropics
and even on porcelain, glass, paper, cloth, resin, bones, charcoal, etc. They are
long-lived perennial organisms and because of weak photosynthesis they grow
very slowly.!-2

Lichens are used as medicines, food, fodder, dyes perfume, spice and for mis-
cellaneous purposes. More than one thousand primary and secondary metabolites

* Corresponding author. E-mail: ivana.zrnzevic@pmf.edu.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC220223049T
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with some biological activities such as antioxidant, antibiotic, antimycotic, anti-
viral, anti-inflammatory, analgesic, antipyretic, etc., are known in lichens.>

The accumulation of metals in lichens depends on many factors, such as the
availability of metals, lichen characteristics, climate conditions, etc. The changes in
elemental bioavailability (essential and toxic to metabolic processes) depend on
factors such as a rapid increase of population, urbanization, industrialization; the
use of chemicals in the industry, nuclear energy, and thermic power stations; dec-
reasing green areas, the destruction of forests and erosion; changes in climate etc.
Air, water and soil pollution are related to these factors. Being non-biodegradable,
heavy metals tend to accumulate in living systems and have a long half-life in soil.
Fungi, mosses, lichens and plants have been used to detect the deposition, accu-
mulation and distribution of metal pollution either as the bioindicators/biomonitors
of air quality or as the bioaccumulators of atmospheric pollutants.

Lichens depend on mineral nutrients from a wet atmospheric deposition
(precipitation, fog, dew) and a dry atmospheric deposition (sedimentation, gase-
ous absorption). Intracellular spaces of the lichen thallus can accumulate and ret-
ain metals by trapping insoluble particles, extracellular ion exchange processes,
adsorption and active uptake. Lichens tolerate high concentrations of heavy
metals by sequestering them as oxalate crystals or lichen acid complexes. As
slow-growing and long-living organisms, lichens offer long-term knowledge
about levels of heavy metals and other pollutants in the atmosphere.2

Lichens have cation exchange properties and take up rapidly soluble elements
over the entire thallus surface. Slower and more selective uptake mechanisms also
exist. Soil particles and aerosols adsorbed to the surface also contribute to the total
element concentrations in the thalli. The exchangeable fraction of metals decreases
when the thalli become air-dried. In humid regions, a high correlation exists
between the levels of air pollutants and lichen physiology. They can easily lose
water but can just as easily compensate it. Because of their high surface/volume
ratio they are under the strong influence of atmospheric deposition which is the
reason of their use for the biomonitoring purposes. Lichens and mosses have a
higher capacity for metal accumulation and are probably most frequently used for
biomonitoring. Lichens were found to be more sensitive than mosses to emissions
of S and atmophile elements (Hg, Cd, Pb, Cu, V, Zn), while mosses showed a
higher concentration of lithophile elements and dust (Al, Cr, Fe, Mn, Ni, Ti). Also,
epiphytic and corticolous lichens were preferred to prevent particles coming from
the ground.4

Lichens as species with wide geographical ranges are widely used for the
determination of sulfur dioxide, trace metals, organochlorines, radionuclides.
When the amount of harmful substances becomes toxic, lichens die, which is the
reason of their absence in heavily polluted areas, but they are nevertheless used
for biomonitoring in these areas as well by using so-called transplant techniques.
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One of these techniques consists in exposing bags containing lichens to the atmo-
spheric deposition in the studied area to measure the concentrations of the con-
taminants affecting the samples.>

Transportation, industrial activities, fossil fuels, agriculture and other human
activities may cause environmental pollution. Biological material is often used
for pollutants’ monitoring. A high sensitivity of lichens to pollutants, particularly
airborne pollutants, is well-known. Metal content of lichens vary mostly with the
changes in metal amounts in the atmosphere. The metal content of lichens is usu-
ally inversely proportional to the distance from pollution sources. Particulate
emissions from local farming (pesticides and fertilizers), traffic, landfills and ind-
ustries can be transported by the wind. The direction of the dominant wind is
important for the removal of atmospheric pollutants and the metal composition of
lichen species.®

The wind is a driving force that resuspends natural soil material into a fine
mixture of light particulates (dust) transportable over a long distance and preci-
pitable on lichens.? Dongara et al.” defined roadway dust as a mixture of different
particulates from the Earth’s crust (quartz, calcite, feldspars, gypsum, Al, Fe, Ti,
Sc, V, Cu, Mn, K, Mg, Na, P, S) and particulates of anthropogenic origin. Paoli et
al8 confirmed that the high concentration of lithogenic elements in lichens is
associated with high levels of depositions from airborne soil dust (Fe, Cd, Cr, Ni).

The aim of the present work was to determine the elemental composition of
different lichen species from different locations and substrates and to perform the
relevant conclusions and/or assumptions about the main factors which may affect
this composition, such as lichen taxonomy and live forms and the substrate on
which they grow (soil, rocks, tree bark).

EXPERIMENTAL
Reagents

Multi-element standard solutions for ICP, III and IV and single standard solutions of Si
and P (TraceCERT, Fluka Analytical, Switzerland) were used as a stock solution for calib-
ration. A nitric acid (Merck, Darmstadt, Germany) was used for complete mineralization of
analyzed samples. Certified Reference Material Strawberry Leaves (LGC7162) was used for
accuracy testing.

Instrumentation

iCAP 6000 inductively coupled plasma optical emission spectrometer (Thermo Scien-
tific, Cambridge, UK) which combines an Echelle optical design and a charge injection device
(CID) solid state detector was used, under the optimal operating conditions, for elements
determination. iTEVA operating software was used to control all functions of the instrument.
The Mettler Toledo analytical balance (Switzerland) was used to measure the mass. High pur-
ity water (conductivity, 0.05 pS cm™) was obtained using the MicroMed high purity water
system, Thermo Electron LED GmbH (Germany).

Operating conditions of ICP-OES. All of measurements were done under the next oper-
ating conditions of instrument: flush pump rate 100 rpm, analysis pump rate 50 rpm, RF
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power 1150 W, nebulizer gas flow rate 0.7 L min’!, coolant gas flow rate 12 L min’!, auxiliary

gas flow rate 0.5 L min’!, dual (axial/radial) viewed plasma mode and sample uptake delay 30 s.
Method validation. The calibration lines were constructed at four wavelengths for each
element (Table I).

TABLE I. Analytical lines, correlation coefficients (#), limits of detection (LOD), ratio of the
slopes of the external calibration lines and slopes of the lines where the prepared sample sol-
utions have been added to the calibration standards (Slope.,/Slopeg,,) for determined
elements in analyzed lichen species and results of methods accuracy; ND — not determined,
Recovery = 100(Found amount/Certified amount)

Element Wavelength - LOD Slopec/Slopean A@ount, mg kg™ Rec(?very
nm ppm Certified Found %
Al 396.152  0.999873 0.001762 0.98 1000* 890+8 89.0
B 249.773  0.999971 0.000747 0.97 ND 3242 -
Ba 455.403  1.000000 0.000052 1.12 107+10 97+4 90.6
Ca 393.366  0.999929 0.000101 1.03 15300+£700 13800+800 90.2
Cd 214.438  0.999759 0.000100 0.97 0.17£0.04  0.18+0.03 105.9
Co 228.616  0.999986 0.000348 0.96 0.47+0.11  0.42+0.04 89.4
Cr 357.969  0.999888 0.001692 0.97 2.15¢0.34  2.25+0.02 104.6
Cu 324754 0.999948 0.000584 1.08 10° 11.2+0.2 112.0
Fe 259.940  0.999999 0.000514 1.06 818+48 750420 91.7
K 766.490  0.980135 0.034503 0.99 19600+1000 18000+1000 91.8
Mg 279.553  0.999843 0.000132 0.98 3770+170  3900+200 103.4
Mn 257.610  0.999924 0.000094 1.04 17110 180+5 105.3
Na 589.592  0.999992 0.000537 1.02 2107 18848 89.5
Ni 231.604  0.999924 0.000475 0.97 2.6+0.7 2.9+0.6 111.5
P 213.618 0.998743 0.004315 1.06 2600+230 24004200 92.3
Pb 220.353  0.999952 0.002293 0.96 1.8+0.4 2.0£0.2 111.1
Si 288.158  0.999803 0.002780 1.06 ND 7702 -
\'% 292.402  0.999945 0.000522 1.05 1.8 1.68+0.02 933
Zn 213.856  0.999909 0.000115 0.98 2445 22.4+0.2 93.3

*Non-certified concentration

The selection of the analytical emission line was made based on the sensitivity of the
analytical lines, the correlation coefficients, as well as based upon the tables of known inter-
ferences, baseline shifts and the background correction (the highest signal-to-background
ratio) which was manually selected for the quantitative measurements. The possible matrix
interferences were examined by comparing the calibration slopes of the so-called external
calibration lines (Slope.,) to slope of the standard addition method lines where the prepared
sample solutions have been added to the standards for calibration (Slopeg,,). Values of ratio
Slope,ai/Slopeg,m, closer to 1 indicate a negligible matrix effect at selected wavelengths. In
order to test the accuracy of the methods, certified reference material strawberry leaves
(LGC716) was used.’

Samples

Eleven lichen species were collected from five different locations on the Balkan Penin-
sula (Serbia and Bulgaria) and were identified and stored in the herbarium at the Department
of Biology, Faculty of Sciences and Mathematics, University of Nis. The lichen species,
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family, genus, sampling sites, substrate and sampling year are given in Table II. A composite
sample of several thalli of each investigated lichen were collected using plastic gloves and a
stainless-steel knife. The soil and rock particles and the old parts of lichens were removed.
The samples were dried at 40 °C to a constant weight and then ground in a mill. One gram of
the obtained powder was weighed and treated with 30 ml of conc. HNOjs, left overnight, and
heated on a hot plate until the nitrogen vapor stopped forming or until a clear solution was
obtained. After complete mineralization, the obtained solutions were filtered and made up to
50 ml with deionized water.!?

TABLE II. Descriptions of analyzed lichens and collecting sites

Species Family Genus  Thallus type Sampling  Habitat  Voucher

sites type number

Usnea chaeto- Parmeliaceac ~ Usnea Fruticose = Bulgaria, Bark ofthe 9377
phora Stirt. Pirin, Pinus spp.
Bryoria fuscens- Parmeliaceae  Bryoria Fruticose Bansko 9378
cens (Gyel) Brodo
et Hawksw.
Bryoria capillaris Parmeliaceae  Bryoria Fruticose 9376
(Ach.) Brodo et
Hawkisw.
Ramalina capit- Ramalinaceae Ramalina  Fruticose Serbia, Siliceous 9374
ata (Ach.) Nyl. Stara rocks
Umbilicaria cru- Umbilicariacea Umbilicaria  Foliose Planina, 9373
stulosa (Ach.) Babin zub
Frey
Umbilicaria cyl- Umbili-  Umbilicaria  Foliose 9375
indrica (L.) Duby  cariacea
Hypogymnia tub- Parme-  Hypogymnia Foliose Serbia, Bark of the 10355
ulosa (Schaer.) liaceae SeliCevica, Pinus spp.
Hav. Donje Vlase,

Grcke pojate
Cladonia ran- Cladoniaceae Cladonia  Fruticose- Serbia, Suva On the 10889
giformis Hoffm. squamulose  planina, ground
Peltigera hori-  Peltigeraceae  Peltigera Foliose Duga below 10890
zontalis (Huds.) Poljana Quercus
Baumg. cerris
Evernia prunastri Parmeliaceae  Evernia Fruticose Serbia, Bark of the 10892
(L.) Ach. Vlasinska  Pinus spp.

visoravan,

Vlasina Rid
Lobaria pulmo-  Lobariaceae  Lobaria Foliose  Serbia, Stara  Beech 10891
naria L. (Hoffm.) Planina, trunks,

Babin zub basal parts

Statistical analysis

All measurements were carried out in triplicate and presented as the mean + standard
deviation (SD). Shapiro-Wilk test of normality, ANOVA with Tukey’s post hoc test, the Pear-
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son’s correlation study and hierarchical cluster analysis were done using a statistical package
IBM SPSS 20, US.

RESULTS AND DISCUSSION

The contents of determined elements in eleven samples of lichens shown as
mean values of triplicate determination with standard deviations are presented in
Tables I1I and IV. A one-way analysis of variance (ANOVA) with Tukey’s post-
-hoc test was used to establish which metals significantly differed in the mean
content between the all analysed samples and the results of this statistical method
are also given in these tables.

Table III. Content of determined elements+SD, mg kg, in analyzed samples of fruticose
lichens (standard deviation for triplicate determination; mean values in the same row with the same
letters indicate no significant differences (p < 0.05); a is always lower than b and b is always lower
than c, etc.

Lichen
Element Usnea Bryoria Bryoria Ramalina Cladonia Evernia
chaetophora  fuscescens capillaris capitata  rangiformis  prunastri
Al 366+4™° 26143 18042 1665+8 2103+11 356+5°°
B 535£0.08°  6.42+0.04°  17.49+0.09  4.16£0.09°  5.8+0.1°° 8.6+0.2
Ba 11.24£0.06"  6.73+0.05  34.840.1  10.87+0.02° 32.5+0.2  6.33+0.08"°
Ca 3570+36° 2234+7° 3345+17° 31524234 2223+26° 3643+18°

cd 0.174+0.014%%% 0.148+£0.005° 0.078+0.001 0.444+0.001 0.405+0.008 0.179+£0.015¢
Co 0.189+0.028*4 0.781+0.01 0.011.0+0.0001 0.663+0.026 1.167+0.016 0.238+0.006%%"

Cr 1.16£0.02°  0.63+0.07°  0.50+0.02°  4.27+0.07° 4.18+0.08°  2.78+0.08°
Cu 6.18+£0.09°  5.68+0.03 7.6£0.1 10.04+0.02  8.29+0.06° 6.2+0.1°
Fe 31944 25442 166.9+0.8 208948 2358411 471440
K 223946 2376242 2250422%¢ 1199413 1489+18 163949
Mg 580+6° 47549 524+5° 612+7 7462 480427
Mn 77.5+£0.8 45.0+0.5 48.1£0.2  37.74£0.05 25242 32.140.2
Na 9.75+0.07° 9.7+0.2° 15.4£0.2 7.7+02°  3.66£0.03"  3.68+0.04°
Ni 1.124£0.04°  1.17+0.03*  0.78+0.02  2.66+0.05 3.71+0.08  5.01+0.06
P 991+34%¢ 116715 1074+7° 6163 1020+21%%f 589+5¢
Pb 3440250 6.53+0.05"  3.5£0.4%°¢  18.10+0.07 3.12+£0.07%%°  4.4+0.2
Si 63+7 45.7+£0.6 150.320.9 94.3+0.3  24.7+£0.2° 27.140.6°
\Y 0.778+0.005  0.49+0.03 0.38+0.04  4.70+0.02  5.34+0.05  0.93+0.06
Zn 28+1 33.4+0.4 42.6+0.3° 37.2402°  24.8+0.2 19.1£0.2

It is evident from the obtained results that the contents of the investigated
macroelements follow this decreasing order: Ca > K > P > Mg > Na in six
samples and K > Ca > P > Mg > Na in three samples. The order is quite similar
in the rest of the samples — the most abundant are Ca and K and the least
abundant were Mg and Na. The regularity observed in the case of macroelements
is considerably less pronounced in other tested elements. Fe, Mn, Zn and Ba are
the most abundant trace elements while Cd and Co are present in the lowest
content. P. horizontalis has the highest content of most elements (Al, Ba, Co, Cu,
Fe, K, Mn, Ni, P). U. cylindrica is the next in the sequence with the highest
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content of Cd, Cr, Mg, Pb, V. Unlike them, B. capillaries contains the smallest
quantities of most elements (Al, Cd, Co, Cr, Fe, Ni, V). The slightest variations
are in the content of macro elements and among them the lowest are in Ca while
they are the highest in the case of Co, Mn, Cr, Fe, Si even up to two orders of
magnitude. It is evident, from the results of the One-way Anova, that the
investigated species show the smallest differences in the content of Pb, P, Cd, Co
and Ca and the biggest in the content of V, Si, Ni, Mn and Zn.

TABLE 1V. Content of determined elements=SD, mg kg'!, in analyzed samples of foliose
lichens; SD — standard deviation for triplicate determination; mean values in the same row
with the same letters indicate no significant differences (p < 0.05); a is always lower than b
and b is always lower than c, etc.

Lichen

Element  Umbilicaria Umbilicaria Hypogymnia Peltigera Lobaria

crustulosa cylindrica tubulosa horizontalis pulmonaria
Al 421+4 1914+8 578+4 2627+13 365430
B 22.6+0.7 4.4+0.32 13.3£0.2 9.5+0.6 12.4+0.2
Ba 5.72+0.04¢ 23.840.2 19.15+0.07 83.8+0.8 30.7+0.2
Ca 12934290 1309+10b 13843+82 3220+344 3314+43¢
Cd 0.202+0.001%4f  0.567+0.01¢  0.214+0.005>  0.560+0.013¢ 0.369+0.022
Co 0.144+0.022b¢  2.290+0.01 0.285+0.01¢  2.492+0.022  0.179+0.0142bf
Cr 0.99+0.08¢ 11.90+0.08 1.88+0.09 5.77+£0.09 3.02+0.024
Cu 8.1540.04b 9.30+0.09¢ 8.61+0.06 17.1£0.8 9.03+0.04¢
Fe 47748 2293+9 766+6 3413+35 466+5b¢
K 3138+11 1763+13 2238+9bic 6458+88 2631+6
Mg 71545 1793+11 570+8¢ 1419410 531420
Mn 18.23+0.09 58.4+0.3 23.64+0.07 729+12 30.1+0.22
Na 11.62+0.09 10.60+0.06 7.56+0.04°¢ 4.71+0.03 6.61+£0.02
Ni 0.967+0.007 4.7440.04 5.52+0.05 7.87+0.08 2.31+0.02
P 1572+4 1224410 1004+72b 2063+32 1055+10%f
Pb 14.55+0.054 22.4+0.4 14.3+0.24 7.02+0.09h 3.03+0.2bf8
Si 245+2 86.1+0.4 123+3 17.3+0.1 73.0+£0.5
A\ 1.47+0.02 8.28+0.04 1.94+0.01 7.76+0.08 1.28+0.04
/n 128.9+0.3 56.2+0.1 43.39+0.06° 37.2+0.82 26.34+0.07

Bargagli et al.10 determined the total concentration of macro- and trace ele-
ments in thalli of epilithic U. decussate from thirty-seven sites of ice-free areas
from continental Antarctica in a period of ten years. No impact of human act-
ivities was detected, and the investigated time period did not show significant
variations in this terrestrial ecosystem. They concluded that the ad/absorption of
soil and rock dust particles (atmospheric deposition) is the main source of macro-
and trace elements. The higher average contents of lithophilic elements (Al, Fe,
and Mn) are probably due to a greater amount of dust particles in lichens’ thalli
than to changes in the environmental bioavailability of metals. The average con-
centration of Pb, Cu, Zn, Cr, Mn, and Fe were among the lowest ever reported for

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



1320 TOSIC et al.

lichens of genus Umbilicaria. The higher content of the most elements was found
in two types of lichens from genus Umbilicaria (U. crustulosa and U. cylindrica)
analyzed in our work compared to the average contents of the examined species
in the work of Bargagli et al.10 Icel and Cobanoglu# analysed ten air pollutants in
eight naturally growing lichens sampled at ten urban and suburban sites in the
city of Istanbul using atomic absorption spectrometry and the concentrations are
as follows: Mn > Zn > Pb > Cu > Al > Ni > Cr > Fe > Co > Cd. Some obtained
average values are much smaller than in our study (Al and Fe); some are higher
(Cu, Mn, Zn, Ni, Pb and Cr) and some are the same (Cd and Co). The behavior is
the same if the same species tested in both studies are compared (Cladonia sp.,
H. tubulosa, E. prunastri). Pb in one sample reaches a value of 119 pg g1, which
is 5 times more than the maximum determined in our study. Icel and Cobanoglu®
also used reference material IAEA 336 lichen (£. prunastri) as a control material
and based on the obtained contents concluded that quite high levels of the ele-
mental pollution in the area, especially for Pb, Cr and Cu, exist. Compared to the
values in this reference material, the results in our study show some significantly
increased levels in: R. capitata (Al, Fe, Pb); U. cylindrica (Al, Fe, Cr, Pb, Co); C.
rangiformis (Al, Fe, Co, Mn); P. horizontalis (Al, Fe, Co, Cu, Mn); U. crustulosa
(Pb, Zn); H. tubulosa (Fe, Pb). Dogrul et al.!l found the following amounts of
some heavy metals as pollutants in seven types of lichens: Cu (137.94 ug g1);
Mn (466.67 pg g 1); Cd (3.22 ug g 1); Zn (1037.56 pg g 1); Pb (225.85 pg g'1);
Cr (28.90 ug g!); Co (1.60 pg g!) and Ni (11.40 pg g!) in the industrial
regions which are greater than in the investigated samples from the Balkan
Peninsula even up to 10 times for Pb, 8 times for Zn and Cu and 6 times for Cd
which indicates the importance of the air pollution impact.

Aslan et al.12 determined the contents of six elements (Fe, Ba, Sr, K, Ca and
Ti) in eight lichen species from rural and subrural sites of different regions in
Turkey as well as in their substrates-soil, rocks, and bark of Pinus Silvestre and
noticed that lichens may reach high levels of some metals even when these plants
are growing in rural and isolated sites. The most abundant elements are Ca, K
and Fe which is in accordance with the results of this work but the determined
contents are higher (1.595-13.984 % for Ca; 2.615-9.190 % for K and 0.920-
—6.705 % for Fe). The same examined species, R. capitata, contains 36 times
more potassium, 10 times more calcium and 5 times more iron compared to our
research which is probably the consequence of different atmospheric depositions
caused by different substrate compositions and weather conditions. The concen-
trations are as follows: 2.615-9.190 % K; 1.595-13.984 % Ca; 0.041-0.205 %
Ti; 0.920-6.705 % Fe; n.d.—0.021 % Sr and n.d.—0.023 % Ba. They noticed that
two crustose species (R. melanophthalma and R. chrysoleuca) which were col-
lected from the same region and the same substrata accumulated a slightly differ-
ent amount of Ca and Fe which is a probably consequence of different metal-

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



COMPOSITION OF SELECTED LICHEN SPECIES 1 321

-accumulating capability while some other crustose species (L. muralis) which
are from a different habitat had a different amount. Because of this, they con-
cluded that lichens do not get any metals from their substrata, they accumulate
only atmospheric depositions and distinct metal/accumulating capabilities of
lichen species exist. They explained some greater metal contents by the foliose
structure of this species as an additional factor which was noticed also in our
work. All the largest certain contents, except sodium, are in foliose species.

Aslan et al. determined the following concentrations in six lichen species:
3.707-5.210 % K; 1.410-6.563 % Ca; n.d.—0.069 % Ti; n.d.—2.022 % Fe and
n.d.—0.021 % Ba. They noticed that some samples have similar levels of metal
concentration while some have higher or lower levels which supports the hypo-
thesis that lichens get very little or no metals from their substrates. The different
element concentrations in these species are a consequence of a different thallus
structure as well as different conditions of collection stations. The higher values
of some elements may be the result of a large surface area, larger intercellular
space in medulla and cortex of some species, while the higher value of potassium
is explained by using some potassium containing fertilizers in these areas. The
higher values in some fruticose as compared to some others indicate the import-
ance of station selection in determining metal content in lichens. One of the spe-
cies, E. prunastri, was examined in both studies. The contents of the investigated
elements determined in the research of Aslan et al.® are higher: 20 times for K, 6
times for Fe and 4 times for Ca compared to our research. The situation is the
same when comparing contents in species that belong to the same genus: U. flo-
rida and U. longissimi with U. chaetophora and H. physodes with H. tubulosa.
These facts also support the above mentioned: the great influence of the different
conditions at sampling sites.

Stamenkovié¢ et al.2 determined the content of 19 heavy metals in two epi-
phytic lichen species Evernia prunastri (L.) Ach. as fructose and Parmelia
sulcata Taylor as foliose from two southeast places in Serbia and found that P.
sulcata contains higher amounts of most of the elements which is in accordance
with the higher affinity for metal uptake by folio species in our study. Comparing
the content of the tested metals, a higher content of Fe, Mn, Ni, Cr, Ba and
especially Pb in E. prunastri is observed in our study which confirms the signi-
ficant influence of various factors on the amount of metals in the lichen in addit-
ion to the dominant influence of the type of lichen.2 The concentration of the
terrigenous element Fe was the highest determined at both locations, from 273.11
to 810.36 pg g ! of dry lichens followed by Zn, Mn, Cu, Ba, Ti. The elevated
values of Co and Cr were present, 1.17-2.74 and 1.40-1.70 pg g1, respectively.
They also detected some amounts of Ag, Pb and Hg in some samples (1.63, 1.38,
1.38 pg g1, respectively). The results of this indicated that P. sulcata showed a
tendency to accumulate Fe, Ni, and Ti despite the E. prumastri which prefer-
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entially concentrated Cu in both areas unlike the results in our research which
show a slightly increased affinity E. prunastri towards the accumulation of Ni in
the group with other fruticose species. These facts indicate that the interspecific
differences in heavy metal accumulation are related to their morphological, ana-
tomical, and physiological features, such as metal-absorbing abilities, surface area,
size of intercellular space, permeability of cell membrane and pH values. The
concentration of potential toxic heavy metals (Cr, Ag, Pb and Hg) were approx-
imately the same in both species in both areas. Fe, Ni and Ti displayed a significant
and Cu, Ag, Pb and Ag slight positive correlation with each other which indicates
their association in lichens, while Ba with Co, Cr and Zn; Cu with Fe; Ni with Mn
and Ti with Cu showed a slight negative.!3

The element concentration data were submitted to the Pearson’s correlation
coefficient analysis, and the coefficients matrix is shown in Table S-I (available as
Supplementary material) with a significant correlation at p < 0.01 and p < 0.05. It is
evident that a good correlation exists between the elements which are naturally
present in the soil and rocks, i.e., alkali and alkaline earth metals, iron, silicon,
aluminium, vanadium, copper, cobalt, chromium, nickel, efc. Pb does not correlate
with any element, Zn correlates only with Si, and Cd only with Al, and they are
assumed to be of dominantly anthropogenic origin, especially Pb. Stamenkovi¢ et
al.2 noticed that some of the elements showed a negative correlation with each
other, meaning they are probably competing for the same cell wall exchange sites.
Bargagli e al.10 found that the relationships between lithophilic elements from soil
and rock dust particles were the most significant.

The hierarchical cluster analysis of the samples (Fig. 1) based on the content
of all of the investigated elements shows the existence of several clusters and sub
clusters which include different lichen species, family and genus; different samp-
ling sites, thallus types and habitat types. A cluster analysis was performed on the
data sets using Ward’s method with squared Euclidean distances as a measure of
similarity between the element concentrations.

Regardless of the obvious involvement of all these factors on the content of
minerals, the following observations are evident. The greatest similarity exists
between the samples belonging to the same family. All five members of the Par-
meliaceae family are in the same cluster, in two close sub clusters. Also, all the
species in this cluster which belong to the epiphytic lichens grow on the barks as
same substrate. The remaining species are classified in the other two clusters and
their common features are also substrate, soil, or rocks. It can be concluded that
the species of lichens and at the same time type of habitant are the main factors
which influence the mineral content. The hierarchical cluster analysis of the
samples (Fig. 2) based on the content of heavy metals only shows a greater simil-
arity between different types of samples, from different locations and substrates,
which may indicate the absence of some pronounced pollution.
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Usnea chaetophora =

Bryoria capillaris —

Lobaria pulmonaria

Evernia prunastri —

Bryoria fuscescens 1

- Hypogymnia tubulosa

Umbilicaria crustulosa I

Ramalina capitata

Cladenia rangiformis —

Peltigera horizontalis

Fig. 1. Hierarchical dendrogram for investigated lichens based on all metals’ contents.

Evernia prunastri —

Lobaria puimenaria —

Umbilicaria crustulosa —

Hypogymnia tubulosa

Usnea chaetophora —

* Bryoria fuscescens —

Bryoria capilaris —

Ramalina capitata 1

Umbilicaria eylindrica

Claclonia rangiformis —

Peltigera horizontalis

Fig. 2. Hierarchical dendrogram for investigated lichens based on heavy metals’ contents.

Stamenkovié¢ et al.?2 found the distinction between the soil origin, i.e., litho-
genic (Mn, Cu and Ti) and the atmospheric elements (Ni, Co, Cr, Ag, Pg and Hg)
under the anthropogenic influence and the long-distance atmospheric transport of
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particulates from vehicle exhaust emissions using cluster analysis. Mn and Cu
can partly come from fertilizers and manures.

CONCLUSION

The obtained results show that the most common macroelements are calcium
and potassium while iron, manganese, zinc, and barium are the most abundant
trace elements. Also, P. horizontalis has the highest content of most elements
while B. capillaries contains the smallest quantities of most elements. The results
of this research as well as the results of other authors’ research point to the fact
that many factors influence the content of elements in lichen samples such as:
species, family, genus, thallus type, metal bio-absorbing capabilities of lichens,
sampling site, habitat type, weather conditions, state of environmental especially
pollutants present in atmosphere. Based on the results of the hierarchical cluster
analysis, it can be concluded that the species of lichens, and at the same time, the
type of habitant, i.e., substrate (soil, rocks, barks) are the main factors which
influence the mineral content of the investigated lichens.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11647, or from the corres-
ponding author on request.
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U3BOJ
EJIEMEHTAJIHH CACTAB OJABPAHHX BPCTA JIMIIIAJEBA KOJU PACTY HA
BAJTKAHCKOM IIOJIYOCTPBY

CHEXAHA TOIIWER, AIEKCAHIPA ITABJIOBUR, UBAHA TUMHUTPUJEBHWR, UBAHA 3JIATAHOBHURE,
BUOJIETA MUTUR u TOPIAHA CTOJAHOBUR

Yuueepsuiteii y Huwy, ITpupogno—matiematuuuxu paxynimeii, Jetiapiman 3a xemujy, Buweipageka 33,
18000 Huw

Kopuurhewem OnTHYKe eMHCHOHE CIIEKTPOMETpHje Ca WHOYKTHBHO CIIPETHYTOM IUIa3-
moMm (ICP-OES) onpehen je campxaj 19 enemenaTta y 11 pasnuuuTvxX BpCTa JMIIajeBa, MIECT
(dpytuko3nux (Bryoria capillaris, Bryoria fuscescens, Cladonia rangiformis, Ramalina capitata,
Usnea chaetophora w Evernia prunastri) u net ¢onuosuux (Hypogymnia tubulosa, Lobaria pul-
monaria, Peltigera horizontalis, Umbilicaria cylindrica v Umbilicaria crustulosa), caKyTubeHHX
ca MeT IPUPOJHHUX cTaHMWTaA Ha bankanckom momyoctpsy (Cpbuja u Byrapcka). Mehy mak-
POHyTpUjeHTHMa, HajBehu canpxxkaj je 3adenexed 3a Ca u K, nok cy Mg u Na 3acTyn/seHu y
HajMamw0j konuuuHU. Fe, Mn, Zn u Ba cy dunu Haj3aCTyI/b€HUjH €IEMEHTH y TparoBuma 3a
pasnuky o Cd u Co unja je KOHIEeHTpanKja dusa HajHIKA.

(TTpumisero 23. pebdpyapa, peBuaupaHo 6. maja, mpuxsahexo 11. jyna 2022)
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Table S-1. Pearson's correlation coefficients between element concentrations in lichens

Al B Ba Ca Cd Co Cr Cu Fe K Mg Mn Na Ni P Pb Si V Zn
Al 1
B -456 1
Ba .637° .007 1
Ca -.115-225 222 1
Cd .893"-.454 544 -130 1
Co 869" -.456 .637 -215 831 1
Cr 727" -480 322 -276 856 815" 1
Cu.758"-.013 .870 .065 .732 .697" 449 1
Fe .996"-.431 .666 -.095 901 .874" .723" .805" 1
K 348 266 .788 .108 294 473 .047 .784" 399 1
Mg.735"-253 521 -.345 784 .904™" .894™ .612" .739" 395 1
Mn .726" -.144 .899 202 .549 707" 279 .8517.750"".827" 506 1
Na -.450 .445 -244-.196-.433 -284 -203 -305 -.460 -.130 -.032 -429 1
Ni .661" -.265 .607 -.069 .616 .669" .557 .689" .703" 462 .563 .655 -.650" 1
P 390 .341 .686-251.332 .558 .172 .678" .412 .891" 559 .713" .089 304 1
Pb 316 -.071-205-.650 435 346 .573 .183 330 -.153 .522 -.196 .219 .188 .039 1
Si -.403 .792 -.342-466-.354 - 440 -281 -.182 -.398 -.089 -.138 -.455 .696" -.481.127.401 1
V 956" -.433 .571 -.249 934 .9217".882" 719" .954™ 303 .883"".608" -.318 .663".401.494 -307 1
Zn -.104 .680 -.196-.623-.077 -.072 -.046 .035 -.101 .166 .176 -.158 .481 -.259 .441.495.861"-.006 1
*Correlation is significant at the 0.05 level (2-tailed); **Correlation is significant at the 0.01 level (2-tailed).

* Corresponding author. E-mail: ivana.zrzevic@pmf.edu.rs
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Optimization of the slaughterhouse water treatment rate by a
new Marinobacter carbonoclasticus SF and its biosurfactant
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2Materials and Environment Laboratory (LME), Yahia FARES University, Faculty of
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Faculty of Technology, Department of Industrial Chemistry,19000-Blida, Algeria
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Abstract: The aim of this study consists of the production of a bio-surfactant
from a new bacterial strain, Marinobacter hydrocarbono clasticus SF (96.76 %
similarity) isolated from soil contaminated by hydrocarbons in Hassi-Messaoud
(Southern Algeria) to treat liquid effluent from slaughterhouse water. The char-
acteristics of organic matter biodegradation tests were discussed. Despite the
high pollutant load and the unfavorable physicochemical composition of the
effluent, the specific growth rate of the isolated strain after 10 days of incub-
ation in the range of 0-30 g L' of NaCl was at neutral pH 7.4 and temperature
of 45 °C. The best bio-surfactant production yield was obtained after 72 h of
incubation and under the optimal production conditions such as diesel as car-
bon source, ammonium chloride as nitrogen source, and a C/N ratio of 5. The
bio-surfactant produced is of glycolipid type with a low critical micellar con-
centration (CMC), good emulsifying power, and chemical and functional stab-
ility. Significant pollutant removal efficiency was obtained using the bacterial
strain (up to 82 %) and the bio-surfactant (up to 96 %). Several anions, such as
nitrates, phosphates, ammonium, and suspended solids, were measured.

Keywords: effluent; isolate; characterization; glycolipid; depollution.

INTRODUCTION

Water is a staple of most major feed processing companies. This water
loaded with organic matter is discharged into the environment. It therefore
becomes a major source of pollution for the receiving environment.

* Corresponding author. E-mail: ferhatsamira@yahoo.fr
https://doi.org/10.2298/JSC211029023M
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To reduce the risk of contamination, wastewater must be treated by physical,
chemical and biological methods. Slaughterhouses produce wastewater from
slaughterhouse washing operations containing blood, triperia-tubular washing
water and digestive contents, barn washing water, yard and truck washing water,
as well as water from various devices and installations.

These effluents have a reddish appearance and are heavily loaded with frag-
ments of meat, fat, excrement, stomach contents, trimming debris, blood clots,
pieces of horns and hooves, scum, faeces, and straw. The volume of wastewater
is linked to the number of slaughtered animals and varies according to the size of
the slaughterhouse, the mode of operation and especially the type of slaughtered
animals. The main problem of slaughterhouse effluent is the treatment of fats and
organic matter that are present in large quantities.! Several authors were inter-
ested in aerobic? and anaerobic3 processes for the characterization and the treat-
ment of this type of wastewater.

Unlike other developed countries, Algeria provides little information on the
quality of slaughterhouse wastewater, its characterization, and its treatment.®>
The treatment of this effluent is strongly recommended because it can be respon-
sible for an irreversible ecological imbalance as well as the eutrophication of the
waters of the receiving environment.

Microorganisms can remove hydrophobic organic compounds (HOCs) con-
sidered as contaminants because they harm the environment and human health.5
Thus, the biodegradation of HOCs by hydrocarbonoclaste bacteria requires spe-
cific cellular functions to allow their assimilation and transport into the cyto-
plasm where they are metabolized.®

This type of bacteria, such as the genus Marinobacter, has been studied with
the aim to characterize the biosurfactants and their properties that they excrete.’
Biosurfactants are one of the main products of the bioeconomy because of their
diverse economic activities,’ low toxicity and useful physicochemical properties,
they are promising for the environment bioremediation activities, including oil
spill clean-up, removal of heavy metal contaminants and wastewater treatment.8

Among biosurfactants, rhamnolipids and other natural biosurfactants that can
replace conventional surfactants could play a crucial role in the decontamination
of contaminated water and soil.? It should be noted that there is a strong world-
wide demand for surfactants in the various fields mentioned above.

Slaughterhouse treatment using the original bacterial strain Marinobacter
carbonoclasticus and the biosurfactant produced from this strain were considered
as alternatives to physicochemical methods used in wastewater treatment because
synthetic surfactants are threatened with extinction due to the depletion of fossil
sources. In this study, a bacterial strain M. carbonoclasticus SF was isolated from
oil-contaminated soil in southern Algeria and identified by 16S rRNA sequencing.
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The parameters influencing the growth of the isolate were determined. This
review aims to discuss the most significant factors that influence and enhance
microbial growth and the activity of this strain to treat slaughterhouse water as
well as its power to produce biosurfactants. The impact of different parameters,
such as pH, temperature and salinity, on the stability and emulsifying activity of
the produced biosurfactant were investigated. Quantitative methods allowed the
use of the isolated bacterial strain and the biosurfactant to be confirmed for the
treatment of slaughterhouse water by measuring the chemical oxygen demand
(COD), the biological oxygen demand over 5 days (BODs), as well as the rate of
phosphates, nitrates, ammonium and suspended solids.

EXPERIMENTAL
Sampling of slaughterhouse water

The sample was taken at the exit of the slaughterhouse in Medea (Algeria), placed in
inert polyethylene bottles, and stored at 4 °C. The analyzes were performed on the same day.

Isolation, growth conditions and identification of bacteria

Soil samples contaminated with hydrocarbons were taken in the region of Hassi-Mes-
saoud (southern Algeria), transferred directly into sterile bottles, and stored in the dark at 4 °C
until their use. The samples were pre-treated to determine pH, salinity, and electrical conduct-
ivity. Approximately 10 g of sediment, diluted 10 times with sterile water, was subjected to
mechanical agitation for 24 h, then centrifuged at 4500 rpm for 20 min and filtered through a
millipore filter (0.45 pm).!0 The pH was measured using a Metler Toledo pH meter com-
prising a selective electrode in contact with the solution. The conductivity was measured using
a Consort C831 type conductivity meter (multi-parameter analyzer). The salinity (S) of the
solid sample was obtained by comparing the result of the conductivity (o) to the conductivity
() of a 32.43 g L' KCl solution according to:!!

_ 350
K

S (1)
where S is the salinity of the sample; o is the conductivity of the sample in mS cm!; x is the
conductivity of a 32.43 g L' KClI solution.

The successive dilution method was used for the isolation. Thus, two grams of preserved
sample were placed in 50 mL of basic enrichment culture medium containing 1 vol. % crude
oil, then incubated at 37 °C at 180 rpm (shaker rotary, GFL3005, Germany). Transplanting
was performed several times under the same conditions.

The SF bacterial strain used to produce the biosurfactant was maintained on nutrient
agar. Crude oil was used as the sole carbon source in a minimum culture medium to enrich the
strain for 14 h at 37 °C.12 The optimal conditions for growth of the isolated bacterial strain
(pH, temperature and salinity) were determined by measuring the specific growth rate (Vp.x)
according to:

_ log DO —1log(DO 7))
i @
where 7 is the initial incubation and 7; the incubation time (h).

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



1 3 3 O MIHOUBI et al.

Analysis of the 16S rRNA gene sequence as well as physiological and biochemical char-
acteristics allowed the SF strain to be identified. The isolated strain underwent phylogenetic
analyses by DNA sequencing corresponding to the 16S subunit of 16S ribosomal RNA (16S
rRNA). For this, several steps were necessary.'3 The extraction of the genomic DNA (centri-
fugation, incubation and finally the resulting pellet containing the DNA was suspended in 20
pl of sterile water then stored at —20 °C) allowed genotypic identification of the isolated
strain. Electrophoresis, quantification of genomic DNA extracted on agarose gel, and poly-
merase chain reaction (PCR) amplification of the 16S rRNA gene were performed using two
universal primers, one forward (Fall25: AGAGTTTGATCCTGGCTCAG) extended from
base position 8 to 27, and the other reverse (Ral126:

AAGGAGGTGATCCAAGCC, extended from base position 1.541 to 1.525, designed
from the conserved zones within the rRNA operon of Escherichia coli.'* An automatic sequ-
encer automated 3100 genetic analyzer (Applied Biosystems) from the Biotechnology Centre
of Sfax (CBS, Tunisia) for the analysis of electrophoresis and the quantification of the PCR
product, Restriction analysis of the amplified ribosomal DNA, their purification and the 16S
ribosomal DNA sequence. The sequence results were imported into BioEdit v5.0.9 and the
complete or partial sequence of the fragment was reconstructed. Searching BLAST (blast,
non-redundant) with the complete sequence, via GenBank,!? identified the strain studied by
comparison with the closest strains.

Production of biosurfactant

The bacterial strain isolated from the soil, identified previously, was kept in Petri dishes
containing nutrient agar, recultivated monthly and stored at 4 °C. The culture medium used for
production of the biosurfactant was incubated in Luria-Bertani broth consisting of 10 g of
peptone: 5 g of yeast extract and 5 g of NaCl at pH 7. After 6 h incubation, a volume of gas oil
at 1 vol. % was added followed by incubation for 72 h, shaking at 200 rpm and at a tempe-
rature of 45 °C. After centrifugation at 6000 rpm for 20 min, the biomass was separated from
the supernatant containing the biosurfactant.

Optimization of operating parameters for biosurfactant production

Selection of carbon source and concentration. The type of carbon source used in biopro-
cesses is of paramount importance, it greatly influences the production yield, the quality, and
the quantity of the biosurfactants produced.!3 In the present study, four carbon sources (1 vol.
% were used to select the optimal source and to ensure maximum biosurfactant production:
vegetable oil, olive oil, crude oil and hexadecane (Merck, Darmstadt). All substrates were
sterilized using a 0.22 um filter. The concentration of the optimized carbon source was deter-
mined by varying the concentration within a range of 0.5, 1, 2 and 3 %. The reduction in sur-
face tension was measured with a tensiometer (TSD132389, Gibertini, Italy), which was also
used with the emulsification index as a tool for selecting the carbon source and its concen-
tration for optimal biosurfactant production.!?

Selection of nitrogen source and concentration. Besides the carbon source, bacteria need
nitrogenous substances to synthesize their proteins. Different sources of nitrogen (2 % g L)
were added to the culture medium: NH4Cl, NaNO;, NH4;NOj; and urea. After optimization, its
concentration was determined in the range 1, 2, 3 and 4 %.

Optimization of the C/N ratio. Several C/N ratios of 5, 10, 30, 40 and 50 were studied by
varying the concentration of the carbon source while keeping the concentration of the nitrogen
source constant.
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Kinetic study of the production in a free cell. A culture was prepared with the optimal
synthesis conditions determined with the aim to study the kinetics of biosurfactant production
by following the variations of the surface tension and of the emulsification index for a period
ranging from 0 to 120 h.

Biosurfactant separation and purification. After optimal incubation of the production
culture medium, the separation of the biosurfactant was performed by three-volume acetone in
an ice water bath, kept for 24 h at 4 °C and followed by centrifugation at 200 rpm. The pro-
duct was then dissolved in distilled water and recovered several times in acetone. The
obtained crude biosurfactant was considered to be a partially purified.

Characterization of the biosurfactant. The characterization of the obtained biosurfactant
was performed by first determining the surface tension of the biosurfactant and the emulsific-
ation number E,4. The emulsification index is defined as the ratio between the length of the
total phase of the mixture (supernatant-hydrocarbon/oil) and the emulsified phase in which
equal volumes of supernatant and hydrocarbon or oil (4 ml) were placed in a test tube and
mixed with a vortex (VTX 400, France) at the maximum speed for 2min.

Analysis by FTIR was performed to determine the functional groups present in the bio-
surfactant product and to allow a preliminary structural characterization. A quantity of the pre-
cipitate obtained after drying the biosurfactant was dissolved in potassium bromide (KBr)
(1/100 ratio), then the cell containing this mixture was placed in the light path that had a
wavenumber between 500 and 4000 cm’!.16

The critical micellar concentration (CMC) is an important parameter. The CMC corres-
ponds to the lowest value of the surface tension of the biosurfactant. Above this concentration,
no effect was observed on the surface activity. The CMC value was determined by plotting the
surface tension against the concentration of biosurfactant in the solution.!” In a test tube, a
quantity of the separated precipitate was dissolved in distilled water. The mixture was manu-
ally stirred for 30 s and left to stand for 5 min. The emulsifying power of the biosurfactant
was determined by mixing equal volumes of the supernatant and the hydrocarbon/oil (kero-
sene, heptane and olive oil), then stirred for 2 min at maximum speed and left to stand for 24
h. The interfacial tensions were again measured.

The surface tension values were calculated at different temperatures (20, 50, 70 and 120
°C), pH (2 to 11) and salinity (5 to 100 %) by incubation of the supernatant in the culture
medium for 20 min.

Slaughterhouse water treatment

Characterization of the sample. The pH hydrogen potential was determined using
WTWProfiLine pH 3310 pH meter. The measurement was performed with moderate stirring.
The conductivity expressed in millisiemens per centimeter was measured using a Hanna Ins-
truments HI8633 portable conductivity meter. Suspended solids (SS), refers to particles with a
size between 10 nm and 1 um, determined by vacuum filtration. They were determined by fil-
tration through glass fibres using a vacuum filtration apparatus.!”

The COD was determined according to the method described by Rodier,!” under very
precise operating conditions, Organic materials contained in the water were oxidized by an
excess of potassium dichromate in an acidic medium and in the presence of silver sulphate
and mercury sulphate. The BOD; reflects the amount of biodegradable effluent.

The amount of oxygen consumed was determined by incubating a volume of effluent for
5 days at 20 °C in the dark. The trace elements contained in the dosed effluent, such as nit-
rates, phosphates and ammonium, were determined using a typical spectrophotometer (DR/
/4000 V spectrophotometer, 230 Vac, Hach, USA) and glass cells with a capacity of 25 mL;
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detection in the visible range 300—-1000 nm. Analysis of the compounds was realized after
complexation with an added reagent that develops a colour. The nitrate assay was performed
at 415 nm, ammonium at 655 nm, and phosphates at 880 nm.!3

Treatment with biosurfactant and isolated strain. The slaughterhouse water was treated
with 0.1 g of the obtained biosurfactant dissolved in 5 ml of distilled water, introduce into
500 mL of waste (slaughterhouse), incubated at 45 °C and at a speed of 150 rpm. Sampling
and analysis were performed every 24 h for 7 days. In addition, water treatment was by the
isolated strain. The microorganism used was the isolated aerobic bacterial strain Marinobacter
hydrocarbonoclasticus. An amount of bacterial species was placed in LB medium and incub-
ated on an orbital shaker at 45 °C and 150 rpm for 48 h. 3 % of the medium were put into 500
mL of polluted waste water, incubated at 45 °C and 150 rpm. A sample was taken every 24 h
for measurement and analysis.

RESULTS AND DISCUSSION
Phylogenetic analysis

Molecular identification of the biosurfactant producing isolate was per-
formed by sequencing the 16S rRNA gene and comparing to sequences from the
NCBI 16S rRNA database with the 16S rRNA sequences of the isolate and the
closely related strain. A rooted phylogenetic tree was constructed that is illus-
trated in Fig. S-1 of the Supplementary material to this paper. Analysis of the 16S
rRNA gene sequence as well as physiological and biochemical characteristics
allowed the strain SF to be identified as an Marinobacter hydrocarbonoclasticus
species. Strain SF exhibits 99.76 % similarity using BLASTn with the type of
strain of M. hydrocarbonoclasticus, ATCC 27132T (GenBank accession No.
ABO021372). The data were made available to ENA in Europe and to the ADN
database in Japan.19

The accession number of the isolated strain SF is KX959991. A wide variety
of Marinobacter species were described. Marinobacter sp. strains were collected
from various locations around the world, exclusively from marine or halophilic
habitats, with diverse physiochemical characteristics including seawater, sedi-
ments, marine hot-water springs, sea ice, deep seafloor, saline soil and offshore
oil-producing well. Consistent with their habitat, most Marinobacter strains are
moderate halophiles. Similarly, two new strains, SLO14B61AT and SLO14B11A,
were isolated from an oil-polluted saline soil from Gudao in the coastal Shengli
oil field, located in eastern of China. These two strains belonged to Marinobacter
species.20 Yi-Jing Luo et al.2! were able to isolate Marinobacter shengliensis sp.
from saline soil contaminated with oil, the isolates were found to grow at 10—40
°C (optimum 35 °C), pH 6.0-9.0 (optimal pH 8.0), and NaCl concentrations of
0.5-18.0 % (optimum 3.0—6.0 % NaCl). The specific growth rate was calculated
according to Eq. (2). According to Fig. S-2a of the Supplementary material, it
was observed that after 10 days of incubation, the SF strain grew over a pH range
between 6 and 10.5, with a growth optimum at pH 7.4. Additionally, it is able to
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grow over a temperature range of 15 to 50 °C, with an optimum at 45 °C, as
shown in Fig. S-2b.

The NaCl concentration for the growth of the SF strain was between 0 and
100 g L-! with optimal growth between 0-30 g L-1. No growth was observed at
an NaCl concentration of 110 g L1, as shown in Fig. S-2¢c. Bacteria usually grow
and live in an environment with a temperature range between 10 and 45 °C and
in the pH range of 6-9.5.22 The NaCl content is important for M. hydrocarbono-
clasticus, because it can affect both the shape and flagellation of these cells.23

Production of biosurfactant

The production and characterization of a biosurfactant by the isolated strain
SF by free cells was studied in batch cultures using the medium (LB) under
conditions of temperature of 45 °C, pH 7.4, salinity of 30 % and a stirring speed
of 200 rpm.

To date, the bacterial strain M. carbonoclasticus isolated from Algerian soil
contaminated by hydrocarbons capable to produce biosurfactants has not been
exploited. The strategy adopted was stepwise optimization and hence, by varying
only one factor at a time, the kinetics of biosurfactant production were estab-
lished. The optimum carbon source was gasoil at a concentration of 1 vol. %, a
surface tension of 27.94 mN m~! and an E»4 of 75 % and a yield of 3.3 g L1

There was also high induction of biosurfactant on all the hydrocarbons tested
on diesel fuel (4.11 g L-1).24 In the present study, ammonium chloride was used
as source of inorganic nitrogen (ST =28.59 mN m~! with an E,4 of 68 %). SF
species can grow on all four nitrogen sources, but ammonium chloride is the
most efficient nitrogen source (2 %) compared to ammonium nitrate, sodium nit-
rate and urea.

The choice of inorganic source over organic nitrogen depends on the com-
position of the medium or the microbial strain.25

The synthesis kinetics were followed by a culture of the species M. carbono-
clasticus SF in a medium containing diesel as the carbon source and NH4Cl as
the nitrogen source with different C:N mass ratios. The optimized C:N ratio 5:1
was achieved. This is the optimal condition for enhanced biosurfactant by M.
carbonoclasticus SF. In a similar study conducted by Jimoh and Lin,!3 they
found that a diesel fuel: (NH4)2SOg4 ratio of 3:1 resulted in the greatest pro-
duction of biosurfactant.

The production of the biosurfactant started from the first hours of incubation,
proven by the decrease in surface tension. This led to the use of a preculture that
gives an appropriate and significant initial inoculum under optimal fermentation
conditions favouring the production and a short lag phase.

After 72 h of fermentation, the production of the biosurfactant reached its
maximum (S7 = 27.94 mN m~!) with a stable emulsion (Ep4 = 75 %). For 120
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hours, monitoring the pH showed the stability of the biosurfactant and its pro-
duction that is associated with the increase in biomass, as shown in Fig. 1. It is a
production associated with growth (secondary metabolism).

—a— pH
8+ —e— Amount of biomass, g L-1| - 10

Amount of biomass, g L-1

¢ 2 40 & & 0 1D Fig. 1. Variation of pH and biomass with
t/h time.

Preliminary characterization of the biosurfactant

The results of a structural analysis of biosurfactant are shown in Fig. S-3 of
the Supplementary material. A band greater than 3200 cm~! was visible, indi-
cating the presence of free hydroxyl groups of the rhamnose ring (-OH). Abs-
orptions bands at around 2960 cm™! are attributed to the symmetric C—H stretch
of CH, and CHj3 groups of the aliphatic chains. Carbonyl ester groups are pre-
dicted by vibrations at 1100 cm~1. The valence carbonyl band was found at 1685
cml, corresponding to CO strain vibrations. The deformation vibration at 1450
cm~! confirms the presence of alkyl groups. A similar study conducted by Ron
and Rosenberg.26 showed that almost all biosurfactants have an ester or carbo-
xylic acid group in their structures and confirm the presence of bonds formed
between carbon atoms and hydroxyl groups in the chemical structures of the gly-
cosidic part. The biosurfactant obtained from the bacterial strain isolated from
soil contaminated by hydrocarbons is initially a glycolipid. The determination of
the biosurfactants CMC is crucial since there is no further modification in the
surfactant activity above this concentration.2 It is obvious from Fig. 2 that the
surface tension decreased with increasing biosurfactants concentration until
reaching 28.5 mN m~! for a biosurfactant concentration greater than or equal to
850 mg L1,

Therefore, the critical micellar concentration (CMC) of the obtained product
was 850 mg L-!. Raddadi et al.27 isolated 16 Marinobacter sp. such as strains
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from harbour sediments. They found CMC values greater than 900 mg L-1. Com-
parable results were found by Zenati et al.28 for M. carbonoclasticus SDK644
isolated from a marine environment. The CMC was 788 mg L1,
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The CMC is an index used to evaluate the surfactant activity and is the mini-
mum concentration of biosurfactants necessary to reach the lowest values of sur-
face tension, from which begins the formation of micellar aggregates. The inter-
facial tension of the mixture (supernatant/hydrocarbon or oil) showed a lowering
capacity of the surface tension from 28 to 12 mN m!, The decrease in interfacial
tension and the uniformity of the bubbles confirm the good emulsifying power of
the biosurfactant on oils and hydrocarbons with good stability. The biosurfactant
has a foaming power and foam stability was observed within 10 min. The bio-
surfactant produced was thermostable. Several studies showed that the glycol-
lipids were unaffected by the rise in temperature (121 °C).2% Moreover, the surf-
actant properties of the biosurfactant isolated from the SF strain remained stable
in the pH range 2-11 and at a salinity of 5 to 100 mg L-!. Hentati et al.30 con-
firmed the stability of biosurfactants produced by a bacterial strain Bacillus stra-
tosphericus, at different temperatures (4 to 121 °C) and pH (2.1-12) and salinity
(0 to 150 %). A thermophilic and halotolerant strain of Pseudominas aeruginosa,
isolated from petroleum contaminated soil, produced a biosurfactant when grown
in media containing salinity in the range of 0-6 %.3!

Slaughterhouse water treatment

Characterization of the sample. Some parameters which characterize the
slaughterhouse waters were determined at pH 7.5 and a temperature of 11.5 °C.
These parameters and their effluent water limit values are given in Table 1.
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Indeed, the blood present in this type of effluent mainly contains protein
complexes (fibrogen, coagulation protein, antibodies, efc.) that are active at neut-
ral pH. The slaughterhouse waste is characterized by high alkalinity, high chem-
ical oxygen demand, high volatile content, high ammonium, and phosphorus
content.33 The high BODs value can be explained by the abundance of organic
matter (rumen debris), by the concentration of this effluent and by the blood of
slaughterhouse waste as well as the COD value. The COD/BODs ratio of 1.13 is
less than 3 in line with that of predominantly domestic urban wastewater.32
Therefore, the wastewater from this urban discharge has a high organic load, and
is easily biodegradable and hence biological treatment of slaughterhouse water is
suitable. To characterize industrial pollution, the BODs/COD ratio must be con-
sidered, the latter being equal to 0.88, the polluted water is loaded with OM,
unstable water with the risk of odour release.

TABLE I. Physicochemical parameters of slaughterhouse water and their limit values

Values COD/mgL! BODs /mg L'! cgg / mg L
Limit3? 800 250 200
In slaughterhouse waters 1920 1700 12.5

Treatment with biosurfactant and isolated strain

With isolated strain. M. hydrocarbonoclasticus exhibits significant enzym-
atic activities, which allow the bacteria to degrade hydrophobic substances in an
aerobic environment.3* Therefore, M. hydrocarbonoclasticus can be considered
as a potential bioremediation agent. Good results were obtained using this strain
for the treatment of polluted water. Pollution by organic matter contained in an
effluent can be evaluated by the chemical oxygen demand (COD). According to
Fig. S-4a of the Supplementary material, in the light of the results found, it was
noticed a considerably remarkable decrease in COD from the first day with a
purification efficiency of 80 % (COD) and 85 % (BODs), which explains the
purifying power of the Marinobacter sp. used. At the end of the treatment, the
obtained COD value is within the standards required for discharges. Likewise,
for BODs, given the high biodegradability of the effluent to be treated. Rates of
up to 81 % reduction in organic matter (OM) contained in the slaughterhouse
water were obtained, which allow to conclude the effectiveness of the biological
treatment method. The disadvantages of this method, it presents problems related
to the reduction of the concentrations of activated sludge, the need for super-
vision by experts in the design of biological systems and the high cost of the
elimination of large quantities of effluents from sludge during treatment. Gnowe
et al.35 in their study, used the biological treatment method for the treatment of
slaughterhouse water. Organic matter reduction rates of up to 81 % were
obtained. This percentage is demonstrated in Fig. S-4b. Moreover, as shown in
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Figs. S-4c and d, the presence of ammonium and MO in the medium facilitated
the bioelimination of phosphates (dephosphatation), the suspended solids inc-
reased considerably with increasing quantity of nitrates and decreasing quantity
of ammonium. This is due to the nitrification of the wastewater which consists in
an oxidation of ammoniacal nitrogen into nitrites, which in turn oxidize and
transform into nitrates.3¢ After the second day (homogeneous sample), suspended
solids increased markedly. This could be explained by the formation of aggre-
gates during the treatment (concentration of pollution in the form of sludge) The
reduction in phosphates and ammonium, with the formation of nitrates (nitrific-
ation) created a favourable environment for the biodegradation and reflect the
good purifying capacity of the strain used. Wastewater temperature values of less
than 30 °C were recorded, they are considered as the limit values for direct dis-
charge into the receiving environment, The pH values varied slightly and rem-
ained around 7.5. When the pH was lower than 5 or higher than 8.5, the growth
of microorganisms was directly affected. The electrical conductivity reflects the
degree of overall mineralization, the measured values varied between 0.88 and
3.5 mS cm!. This increase can be explained by the formation of new ions during
the oxidation of organic matter and by substantial variation of the mineralization.

With biosurfactant. The slaughterhouse water treatment was performed using
a biosurfactant produced from the bacterial strain M. carbonoclasticus SF. The
good results shown in Fig. S-5a of the Supplementary material confirmed the
effectiveness of the use of the biosurfactant in the field of polluted water treat-
ment.

As illustrated in Fig. S-5b, the obtained purification efficiency was 82 and
96 % for COD and BOD:s, respectively. A decrease in the concentration of phos-
phates and ammonium, an increase in nitrates and a large amount of suspended
solids were observed. The study conducted by Al-Wahaib et al.37 on different
media to produce biosurfactants using strains of Marinobacter sp. found that
biodegradation efficiencies were of 90, 84, 76 and 72 % for crude oil, diesel, C32
and C40, respectively. An excellent treatment of contaminants was found. This is
due to the low CMC value and the good emulsifying power of the biosurfactant
obtained.37

CONCLUSION

The strain isolated from Algerian soil polluted by hydrocarbons was a Mari-
nobacter carbonoclasticus SF. The latter was able to grow on a minimum culture
medium consisting of diesel as a carbon source (1 %), ammonium chloride as a
nitrogen source (2 %), and a C/N ratio of 5 under optimal conditions of pH 7.4, a
temperature of 45 °C, and salinity of 0-30 %. The isolated strain showed its
ability to produce a glycolipid-type biosurfactant after 72 h of incubation, a sur-
face tension of 27.94 mN m~! was obtained and an emulsification number of
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75 %. The CMC of the biosurfactant was 850 mg L-! and a yield of 3.3 g L1,
The obtained biosurfactant was both thermally and chemically stable. Physico-
chemical pollution parameters of the wastewater from the municipal slaughter-
house of the city of Medea (Algeria) have values that relatively exceed the limit
values for discharges into the receiving environment (Oued Lahrech) which rep-
resents a real risk that requires a thorough treatment. The water treatment trials
resulted in significant depollution rates, whether by the isolated bacterial strain
M. hydrocarbonoclasticus SF (more than 81 %) or by the biosurfactant produced
by this strain (more than 96 %).

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11335, or from the corres-
ponding author on request.
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carbonoclasticus SF U (bETOBOTI BUO-CYP®AKTAHTA

NADIA MIHOUBI', SAMIRA FERHAT', REDHA ALOUAOU!', ABDELLAH IBRIR', MOHAMED NEDJHIOUI*
u ABDELMALEK BADIS®
'Biomaterial and Transport Phenomena Laboratory (LBMPT), Yahia FARES University, Faculty of
Technology, Department of Process Engineering, 26000-Medea, Algeria, *Materials and Environment
Laboratory (LME), Yahia FARES University, Faculty of Technology, Department of Process Engineering,
26000-Medea, Algeria u *Natural Products Chemistry and Biomolecules Laboratory (LNPC-BioM), Saad
Dahleb University, Faculty of Technology, Department of Industrial Chemistry,19000-Blida, Algeria
Llum oBe cTynuje je mpousBoimwa 0uo-cypdakTaHTa M3 HOBOI coja dakrepuja, Marino-

bacter hydrocarbonoclasticus SF (96,76 % CIMYHOCTH), U30JI0BAHOT U3 38MJbHIITA KOHTAMUHHU-
paHor yroBojoHunuma y Hassi-Messaoud (JyxHu Asxup), 3a npeunmhaBame TEUHHX
edyeHTa U3 Boje Koja mO7a3W M3 KiIaHHULe. Pa3MoTpeHe Cy KapaKTepHUCTHKEe TecToBa OWo-
pasrpanme OpraHcke marepuje. Ymnpkoc BenukoMm onrtepehewy 3arahyjyhum matepujama u
HEMOBOJbHOM (DHU3NUYKO—XEeMHUjCKOM cacTaBy ediryeHTa, cnenuduyHa Op3vHa pacra H30I510-
BaHOT coja nocie 10 nana uHKydanuje duna je Ha HeyTpanHoM pH 7,4 u Temnepartypu on 45
°C, y oncery or 0-30 g L™ NaCl. Hajbomm nponsBoiHN MpUHOC HU0-cypdaKkTaHTa je MOCTUT-
HYT HakoH 72 h nHKybauyje U nos ONTHMATHUM YCIOBHMA Kao LITO Cy SU3eT Kao U3BOP yIJbe-
HHUKa, aMOHHjYM-XJIOpUT Kao u3Bop asorta U ogHoc C/N op 5. IIpousBeneHu duo-cypdakTaHT
TJTUKOJTATTHAAHOT THIIA Ca HUCKOM KPUTHYHOM MUIIEJIApHOM KOHIeHTpauujoM (CMC), nodpum
eMyJITAlIUOHUM CBOjCTBMUMA U XeMHjCKOM U (PYHKIIMOHATHOM cTabunHourhy. 3HauajHa edu-
KaCHOCT yKJamama 3arahyusaya IIOCTUrHYyTa je KopuirhemeM Dakrepujckor coja (no 82 %) u
duo-cypdaxranTa (1o 96 %). sMepeHa je KOHLEHTpalja HEKOIUKO joHa, Kao IITO Cy HUT-
pat, docdary, aMOHHjyM, Kao U CYCTIEHA0BaHe UBPCTE CYICTaHLE.

(TTpumisero 29. okrobpa 2021, peBuanpano 5. MapTa, npuxsaheHo 7. mapra 2022)
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Optimization of the slaughterhouse water treatment rate by a
new Marinobacter carbonoclasticus SF and its biosurfactant

NADIA MIHOUBI!, SAMIRA FERHAT'*, REDHA ALOUAOUI!, ABDELLAH IBRIR!,
MOHAMED NEDJHIOUI? and ABDELMALEK BADIS?

! Biomaterial and Transport Phenomena Laboratory (LBMPT), Yahia FARES University,
Faculty of Technology, Department of Process Engineering, 26000-Medea, Algeria,
’Materials and Environment Laboratory (LME), Yahia FARES University, Faculty of
Technology, Department of Process Engineering, 26000-Medea, Algeria and 3Natural
Products Chemistry and Biomolecules Laboratory (LNPC-BioM), Saad Dahleb University,
Faculty of Technology, Department of Industrial Chemistry, 19000-Blida, Algeria

J. Serb. Chem. Soc. 87 (11) (2022) 1327-1340
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100 L Marinobacter algicola strain 407-13(AJ294359)
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Marinobacter daepoensis strain SW-1567 (AY517633)
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Marinobacter lutaoensis strain TS05" (AF288157)

Nonomuraea pusilla strain IFO 146847 (D8541)
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—
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Fig. S-1. Phylogenetic tree based on 1500 nucleotides of the 16S rRNA gene sequence of the
SF strain, showing its phylogenetic position among related species of the genus Marinobacter.
Bootstrap percentages are given at node level. Access numbers (Genbank) are given in
brackets. Scale bar equals approximately 2 % nucleotide divergence.

* Corresponding author. E-mail: ferhatsamira@yahoo.fr
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Fig. S-3 FTIR spectra (500-4000 cm™') of biosurfactant product.
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Fig. S-4. Variation in the level of a) COD, BODs, b) phosphates, ammonium, c) nitrates and
d) suspended matter; after 120 h of treatment with isolated marinobacter SF.
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DIVISION OF ANALYTICAL CHEMISTRY
EUROPEAN CHEMICAL SOCIETY

EUCHEMS NEWS
European Analytical Column No. 50°

SLAVICA RAZIC'*#, MARCELA A. SEGUNDO?**, DIANE TURNER3***,
MANUEL MIRO#* and ANTJE J. BAEUMNERSA

! Department of Analytical Chemistry, Faculty of Pharmacy, University of Belgrade, Vojvode
Stepe 450, 11222 Belgrade, Serbia,?Department of Chemical Sciences, Faculty of Pharmacy,
University of Porto, R Jorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal, 3 Anthias
Consulting Ltd., 1 Hamden Way, Papworth Everard, Cambridgeshire, CB23 3UG, UK, ‘FI-
TRACE group, Department of Chemistry, University of the Balearic Islands, Carretera de
Valldemossa km 7.5, E-07122 Palma de Mallorca, Spain and *Institute of Analytical
Chemistry, Chemo- and Biosensors, University of Regensburg, Universitdtsstr. 31, 93053
Regensburg, Germany

The European Analytical Column is the voice of the Division of Analytical
Chemistry (DAC) as a Professional Network of chemical societies and their
members working in all fields of analytical sciences within the European Chem-
ical Society (EuChemS). The strategy for 2021-2023 comprehends the pro-
motion of Analytical Chemistry to a wider community, co-operation with other
Professional Networks and to support members’ activities, particularly through
Study Groups and Task Forces. This year we have invited active scientists to
share their thoughts about the near future of Analytical Chemistry. Please help us
to expand this discussion among the community and feel free to share your
opinion and thoughts through our social media and networks!

1. DAC-EUCHEMS ACTIVITIES

One of the main activities of DAC-EuChemS is the promotion of organiz-
ation of Euroanalysis conference. Every two-years, one of the participating sci-
entific chemical societies will host Euroanalysis, with active involvement of local
scientists in the organization. Euroanalysis XXI is scheduled to 2023 and it will

* Correspondence E-mails: (*)slavica.razic@pharmacy.bg.ac.rs; (¥*)msegundo@ff.up.pt;
(***)dct@anthias.co.uk; (*)manuel.miro@uib.es; (*)antje.bacumner@ur.de

# Serbian Chemical Society member.

* Reprint from Analytical and Bioanalytical Chemistry, https://doi.org/10.1007/s00216-022-
-04373-0, with permission from Springer.
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take place in Geneva, Switzerland, under the auspices of the Swiss Chemical
Society (https://www.euroanalysis2023.ch/), organized by Prof. Eric Bakker
(University of Geneva), Dr. Marc Suter (EAWAG), Dr. Franka Kalman (HES
Sion) and Dr. Bodo Hattendorf (ETH Zurich).

Other ongoing activities of DAC-EuChemS are performed within Study
Groups. These include “Bioanalytics”, “Chemometrics”, “Education”, “Electro-
analytical Chemistry”, “History”, “Nanoanalytics”, “Quality Assurance”, and
“Sample Preparation”. Please visit the DAC-EuChemS website for updated rep-
orts (https://www.euchems.eu/divisions/analytical-chemistry/) and contact the
Heads of the Study Groups in order to have more information or to participate in
their activities.

Collaboration with other Professional networks within EuChemS is also
sought. In particular, exchange of invited lectures and organization of special
thematic sessions in is planned to take place in the 18th International Conference
on Chemistry and the Environment (https://icce2023.com/) and Euro Food Chem
XXII conferences, organized by the Division of Chemistry and the Environment
(DCE-EuChemS) and by the Division of Food Chemistry (DFC-EuChemsS),
respectively.

Lastly, one of DAC-EuChemS objectives is to support its delegates on the
organization of local events open to the international community through dis-
semination of the event within the Professional Network, including online events.
The Steering Committee of DAC-EuChemS will be happy to receive input for
additional activities. Feel free to contact one of the following persons: Slavica
Razi¢, University of Belgrade, Serbia (Chair), Marcela Segundo, University of
Porto, Portugal (Secretary), Martin Vogel, University of Miinster, Germany
(Treasurer), Jifi Barek, Charles University, Czech Republic, Charlotta Turner,
Lund University, Sweden, Sibel A. Ozkan, Ankara University, Turkey, and
Franka Kalman, University of Applied Sciences and Arts of Western Switzer-
land, Switzerland.

2. ANALYTICAL CHEMISTRY IN 2030: A GLIMPSE OF OPPORTUNITIES AND
CHALLENGES

In the second part of this column, we would like to share our thoughts of the
present state and future perspectives of Analytical Chemistry, as views of our
guest authors, Diane Turner, Manuel Mir6 and Antje Bacumner. In that sense and
order, and without ambition to cover all fields, let us tackle some of general and
particular points and impacts in a few research areas. And, maybe, just maybe, to
open the discussion with the next edition of EAC.

Analytical chemistry is used in most industries from petrochemical to clin-
ical and consumer products to food and environment. In academia, not only is it
extensively researched and used in chemistry departments, but also in engineer-
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ing, earth sciences, planetary sciences, archaeology, biology and beyond. The
uses of analytical chemistry are many, from quality control to the identification
of components in a sample mixture, and the most important questions when
thinking and preparing for sample analyses is why you are performing their
analysis and what questions you are seeking to answer. The results from sample
analysis can be used to determine the next steps in a manufacturing environment,
to decide if a product is safe for use or to consume, to present in a PhD thesis or
as evidence in a court of law.

There has, for many years, unfortunately been a large gap between using
analytical chemistry in an academic setting compared to using it in regulated ind-
ustry. Even though method validation and quality control are taught at univer-
sities, it has been a long-time coming in reaching research projects, with many
publications not showing or even mentioning any basic quality control. There are
many aspects to consider when developing a method and validating it, from
sample collection, storage and transportation, to sample preparation, sample ana-
lysis, data analysis and reporting, the use of blanks, standards, internal standards,
the consideration of different sample matrices and method performance para-
meters. Then there is on-going quality control and quality assurance (QC/QA)
with system suitability checks, analytical quality control (AQC) standards, replic-
ates, checks for carryover and extraction efficiency and the monitoring of a wide
range of other method performance parameters, dependent on the analytical tech-
nique employed and the variables that can affect the results of that technique.
When performing quantitative sample analysis there are a lot of standard QC
procedures that can be followed, but many of these can be extended into quali-
tative analysis too. If two samples appear to give different results, are they truly
different or is the method not robust and there is poor accuracy and/or precision
due to the analytical instrument or any of the steps from sample collection
through to reporting? Is a compound genuinely not in a sample or is it below the
method detection limit? If so, what is the method detection limit, not just the
instrument limit of detection? What is the uncertainty of your result?

For many projects a full method validation to ISO 17025 standards is not
required however, a method should always be checked that it is suitable for the
sample(s) and compound(s) to be analysed. Generally, the more samples to be
analysed, especially if the matrix varies, the more validation and on-going quality
control is needed to ensure that not only is the method suitable but remains suit-
able and gives the correct results for all samples. At the start, a well-thought-out
plan for method development, validation and quality control is needed and that
needs to be referred to and evidenced in any reporting, whether that is a pub-
lication, poster or a document for court. The current drive towards proof of the
quality of results is welcomed and in the not-too-far distance future could be
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mandatory for all analytical methods in research as well as industry, especially if
presenting into the public domain.

Considering another perspective and its multidisciplinary nature, analytical
chemistry is proven superb to tackle the current societal challenges as recently
demonstrated by the fast development of sensing platforms in response to the
demands occasioned by the SARS-CoV-2 pandemic. The intimate relationship
between analytical chemistry and material science ranging from paper-based (flu-
idic) systems to nanotechnology including silica, polymeric and metal nanopar-
ticles trigger the development of simple point-of-need/care sensing devices for
customized screening applications. Nanotechnology actually is acting as a bridge
to expand analytical chemistry to a plethora of companion disciplines to help
answering scientific challenges. Theranostic applications are clear examples on
how the interplay between analytical chemistry, nanoscience and biosciences
offer unrivalled opportunities against relevant biomarker identification. Inspired
by the industry 4.0 technological pillars (e.g., internet of things), wearable sen-
sors and remote sensing approaches enable real-time identification of changing
physiological/environmental conditions, yet further developments are still called
for to improve detectability and selectivity issues. Instrumental developments for
confirmatory results are linked to efforts toward designing advanced mass spec-
trometry analysers to leverage imaging, ambient detection and collision cross-
sections for reliable high-throughput analysis.

Material science has impacted the entire analytical process right from the
first step of sampling to offer new devices for in-situ sample preparation and
microextraction for targeted or suspect analysis to the detection step by exploit-
ing the unique plasmonic and electrochemical features of nanoparticles and nano-
clusters. A technological breakthrough in this field, mostly linked to polymers
but also to noble metal chemistry, which nurtured analytical chemistry is the so-
-called “Additive Manufacturing” (i.e., 3D-printing). Advanced technologies
such as laser sintering, photopolymer inkjet, low-force stereolithography and
fused deposition modelling are revolutionizing several subdisciplines, such as
microfluidics, electrochemical and optical sensing, and sample preparation in
terms of fast prototyping of devices and straightforward printing of electrodes
and optical detection components, aided by the plethora of functional materials
available with distinct optical, conducting and thermal properties and chemical
resistance that can be simultaneously processed. We foresee that higher reso-
lution printers at affordable prices with improved minimum printing size features
in X, Y and Z axes will be available in most of the analytical chemistry labs and
also technological companies in the near future, because mass production and
commercialization of 3D printed analytical devices are becoming a reality.

Going via next road of highly potential science, the field of biosensors is
currently seeing a dramatic increase in societal interest and demands for imp-
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rovement much beyond the current state of the art. Wearables and point-of-care
tests (POCT) receive the greatest public attention due to the increasingly ubi-
quitous availability of simple, portable, read-out devices (cell phones, watches)
and the critical need for POCT during the recent pandemic. In the future, such
sensors must achieve lower limits of detection than they provide today, they must
allow for multiplexing and especially enable quantitative detection with high
reliability and not only provide qualitative or semi-quantitative results. Since the
absolute requirement for simplicity of use puts strict limits on technologies used
within such sensors, one can predict innovation and advancements to not be
derived necessarily from new detection principles, but rather from improved sig-
naling agents, advanced (nano)materials, and artificial-intelligence-assisted read-
out apps.

Furthermore, the improvement of sample preparation strategies for bio- and
chemosensors in general will be of great demand. It is obvious that good results
cannot be obtained from a badly acquired sample, and some sample clean-up
through centrifugation, multiple pipetting steps and the like is difficult to imple-
ment in most applications and cannot be employed at all in wearable sensors.
Thus, in the next 2-5 years, analytical and engineering research should focus on
overcoming these ubiquitous challenges that are limiting most of the current bio-
and chemosensors targeting on-site applications.

As mentioned earlier, another area of great development in the coming years
will be the move toward digitalization, particularly as far as bio- and chemo-
sensors are concerned regarding their integration into the internet-of-things, dig-
ital diagnostics, telemedicine, and remote environmental and food monitoring. As
much as physical sensors are seamlessly integrated into large systems, also bio-
and chemosensors will continue moving in this direction. Alongside this will
come a need to develop sensor technologies that allow for easy mass production,
use of sustainable materials and production technologies, and result in products
that do not increase the environmental burden caused by their waste. Considering
that a dramatic increase in the use of bio- and chemosensors is predictable, these
last points need to become design criteria in the development of innovative new
bio- and chemosensors in the coming decade.

We can continue our walk from one to another area of Analytical Chemistry
and ask ourselves is the sky the limit? It's allowed in our minds but advance-
ments in other scientific fields, such as material science, physics and biology will
certainly have their impacts and pave the road in advancements of analytical
chemistry in close future. Far future? We do not dare to think about it yet. We
can follow the best science, that is sure...

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.






Journal of
the Serbian
Chemical Society

g 00071+ mw“”e\” JSCS-info@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 87 (11) 1347-1348 (2022)

IN MEMORY TO
Professor Nikos Katsaros (1938-2022)

On January 19, 2022, our dear colleague, and friend, Professor Nikos
Katsaros passed away. He worked at the “Demokritos” Natural Sciences Res-
earch Center and was the former President of the Association of Greek Chemists
(AGC, EEX).

Nikos Katsaros was born in Gimari, Corfu, in 1938, lived and grew up in
Athens. He studied at the University of Athens, where he was admitted 2°d in the
Department of Chemistry out of 750 candidates and received his B.S. degree in
chemistry in 1961. He completed his studies at the University of Massachusetts,
USA, wherefrom he received an M.S. in 1967 and a Ph.D. in 1968. He then
served as a Visiting Research Fellow at Brookhaven National Laboratory, Upton,
NY, USA. In 1969, he joined the University of Georgia, USA, as an Assistant
Professor of Chemistry. In 1970, Nikos was appointed Researcher at the “Demo-
kritos” Nuclear Research Center. In 1972, he served as Visiting Research Fellow
at Imperial College London, United Kingdom. From 1976 to 2004, he worked as
a Principal Researcher at the National Center for Natural Sciences Research
(EKEFE) “Demokritos”. Also, in 1983—1998, he served as Visiting Professor of
Chemistry at the University of Maryland, USA.

From 1989 to 1993 he served in the Hellenic Ministry of Industry, Energy
and Technology, as Secretary General for Research and Technology and in
2004-2005 as President of the Hellenic Food Organization (EFET). Professor
Katsaros served for four terms as President of the Association of Greek Chemists
(AGC) and twice as its Vice-President. He was also a member of the Chemistry
Europe Fellow and was honored in 2020 for his services. He was the Honorary
Member of the Serbian Chemical Society.

His research interests included inorganic biochemistry, food chemistry, food
safety, radiochemistry, environmental chemistry, and toxic waste management.
He published over 200 scientific articles and texts on these subjects. Prof. Katsa-
ros was the member of Editorial Board of the Journal of the Serbian Chemical
Society.
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The field of education has always been at his heart and therefore he had
unceasing activity either in organizing and participating in Postgraduate Pro-
grams of Greek Universities (loannina, Patras and National and Kapodistrian
University of Athens), or in teaching at private colleges such as Deree College
and New York College, where he worked until recently as Head of the Depart-
ment of Human Nutrition and Life Sciences.

Nikos Katsaros was distinguished for his intelligence. He was an emblematic
president of the EEC, AGC. He had distinct qualifications, which he used in his
studies, in research, in his scientific activities and in his social struggles. In the
context of the activities of the Association of Greek Chemists, he had the ini-
tiative of organizing many Panhellenic Chemistry Conferences, Greece—Cyprus
Chemistry Conferences and the establishment of the institution of the Panhellenic
Student Chemistry Competitions.

As part of European and Western Balkan community, he, as president of the
Association of Greek Chemists, was founder and main driving force of series of
International Conferences of the Chemical Societies of the South-Eastern Euro-
pean Countries (SEEC). As a consequence of this visionary approach the confer-
ences brought together and interconnected SEEC chemists into close partnership
where from the scientific collaboration on many bilateral and multilateral pro-
jects emerged.

While being president of AGC in spring 1999 he, and complete AGC leader-
ship, made a self-organized visit to Serbian Chemical Society bringing dioxin
standards and HPLC/MS spare parts to our institutions analyzing the toxic chem-
ical effects after NATO bombing of Serbia. Also, the AGC management insisted,
and visited freshly bombed HCIl, ammonia and chlorine production sites at Petro-
hemija, Pan¢evo, and bombed oil refinery in Novi Sad. This friendly gesture of
Nikos, and AGC, will be kept in Serbian chemists’ hearts forever.

We, your colleagues, your friends and associates say goodbye today to Nikos
Katsaros, a worthy scientist, family man, visionary and useful social worker.

Have a nice trip, kiss Nikos, dear colleague, and late partner.
May your memory be eternal.

Prof. Panayotis P. Siskos
Prof. Bogdan A. Solaja
Prof. Branislav Nikoli¢
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