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SURVEY

Application aspects of joint anaphoresis/substrate anodization in
production of biocompatible ceramic coatings

KATARINA b. BOZIC!2#, MIROSLAV M. PAVLOVIC!2* GAVRILO M.
SEKULARAC!, STEFAN V. PANIC! and MARIJANA R. PANTOVIC PAVLOVIC!-2#

! Institute of Chemistry, Technology and Metallurgy, National Institute of the Republic of
Serbia, Department of Electrochemistry, University of Belgrade, Belgrade, Serbia and
2Center of Excellence in Environmental Chemistry and Engineering, Institute of Chemistry,
Technology and Metallurgy, Belgrade, Serbia

(Received 18 January, revised 10 February, accepted 8 July 2023)

Abstract: Electrophoretic deposition (EPD) occurs as a cataphoretic deposition
— the coating is deposited on the cathode, and anaphoretic deposition — the
coating is deposited on the anode. The primary purpose of EPD is to obtain
compact and uniform organic/inorganic coatings of the desired thickness and
adhesion on metal surfaces by applying an electric field to the particles of coat-
ing precursor. EPD basic principles for coatings deposition concerning fund-
amental explanations and considerations of practical parameters of the process
are presented. Cataphoretic deposition has become popular because it can apply
organic coatings to complex structures that are otherwise very difficult to coat.
These coatings were found to improve the characteristics of the substrate, such
as biocompatibility, appearance and resistance to the corrosion processes. The
key EPD parameters are composition, pH value and viscosity of deposition
medium, as well as zeta potential of the particles, electric field strength, etc. A
special survey is given to the process of anaphoretic deposition, which is relat-
ively new, and its advantages over cataphoretic deposition are discussed.
Through the process of joint anaphoresis/substrate anodization process, the sur-
face of the substrate is simultaneously anodized and modified by incorporation
of the foreign particles into the anodic layer. The coatings of mixed compo-
sition of better adhesion and corrosion resistance with respect to cataphoretic-
ally-deposited coatings are obtained as result.

Keywords: biomedical implants; titanium; anodization; cataphoresis; anaphoresis.

* Corresponding author. E-mail: miroslav.pavlovic@ihtm.bg.ac.rs
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1. INTRODUCTION

Various techniques are used to apply inorganic/organic composite coatings
to metal substrates: the sol-gel process,! dip coating,? aerosol deposition/plasma
spraying3# and layer-by-layer deposition.5 Electrophoretic deposition (EPD) has
attracted attention as a simple and economical process which offers the possibil-
ity of applying uniform coatings on substrates of complex shapes at room tem-
perature.® In EPD, the charged particles in suspension are attracted to and dep-
osited on an oppositely charged electrode (substrate).”

EPD is a flexible technique suitable for the application of polymers, cer-
amics and composites. EPD involves two processes, electrophoresis and deposit-
ion. A positive or negative charge spontancously generated on the surface of
suspended particles, induces the particle movement towards the oppositely
charged electrode as a pole of the applied electric field, in a process known as
electrophoresis. Some materials already have a charge on their surface due to the
presence of specific functional groups, or a species charge can be generated by
adding to the suspension the ions of high adsorption ability. The second process
is the coagulation of charged particles while they are depositing on the surface of
the oppositely charged electrode. Consequently, a relatively compact and homo-
geneous coating is formed. The most straightforward apparatus for performing
the EPD process consists of two parallel electrodes connected to a power source
and immersed in a suspension of depositing particles.8

The EPD process can be cathodic (cataphoretic deposition) or anodic (ana-
phoretic deposition), depending on the electrode on which the deposition occurs,
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ELECTROPHORETIC DEPOSITION OF THE COATINGS 687

according to the sign of the charge at particle surface. When the particles are
positively charged, the deposition occurs on the cathode (negative electrode), and
the process is called cathodic EPD. Anodic EPD is defined as the deposition of
negatively charged particles on the anode (positive electrode).” Two types of
electric fields can be applied for this process, alternating (AC) or direct (DC).8

2. FACTORS AFFECTING EPD

Two groups of parameters influence the EPD process: suspension-related
parameters and process-related parameters. One of the most critical parameters
for the deposition of uniform coatings is the formation of a stable suspension
with well-dispersed charged particles. Particles are suspended in a medium by the
interplay of three different forces: van der Waals attractive force, electrostatic
repulsive force and a steric force of coagulate formation (not always present). For
a suspension to be stable, electrostatic repulsive and/or steric forces must be
dominant over van der Waals attraction. The charged particles move towards the
appropriate electrode, where they are then electrostatically deposited upon charge
neutralization.”

The main electrophoretic characteristic of a particle under the influence of an
electric field is electrophoretic mobility.? Factors that affect the mobility of
charged particles are mostly related to the particle characteristics in the specific
suspending medium. Electrophoretic mobility (u) is defined by Henry equation:10

— 2 6‘Ogré/
u=3 =01 (xr) (1)
where ¢ is the electric permittivity of vacuum, &, is the relative electric permit-
tivity of the suspending medium, { is the zeta potential, # is the solvent viscosity,
flxr) is the Henry coefficient, which depends on the relation between the thick-
ness of the double layer (1/x) which is created between the electrode surface and
charged particles, and the core radius () of the particle.

According to Eq. (1), the electrophoretic mobility of a particle is directly
proportional to the electric permittivity of the suspending medium, the potential
gradient, i.e., the zeta potential at the particle surface, and it is inversely propor-
tional to the viscosity of the suspension.

2.1. Key parameters related to the suspension

2.1.1. Particle size

The size of the particles deposited by the EPD method is an important
parameter. The finely suspended particles are crucial for obtaining a uniform
coating. Particle size and morphology directly affect the particle electrophoretic
mobility, the coating thickness and the zeta potential.!! It has been found that for
many ceramic systems, a particle size of 1-20 um leads to good deposit pro-
perties.? The increase in the size of the particles leads to suspension inhomo-
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688 BOZIC ez al.

geneity and their precipitation due to the influence of gravity, causing an uneven
coating thickness. In these cases, the mobility of the particles due to electrophor-
esis must be greater than the mobility of the particles under the influence of the
gravitational field. Small particles have a large electrophoretic mobility. How-
ever, if there are larger particles in the suspension, it is necessary to apply a
strong electric field or to increase the zeta potential to achieve good electrophor-
etic mobility.8 The reduction in particle size also allows better control of cracks
that may occur due to coating shrinkage during the drying phase.!2

2.1.2. Dielectric constant of the liquid

The dielectric constant of the suspending medium should have an optimum
value. Liquids with a low dielectric constant value cause low mobility, and there-
fore no deposition can occur. At high values of the dielectric constant, the thick-
ness of the electric double layer decreases due to the high concentration of polar
solvent molecules within, which also reduces the electrophoretic mobility of the
particles, especially for smaller particle size.!3

2.1.3. Viscosity of solvent

Solvent viscosity is an important parameter in the EPD process. According
to Henry equation, the viscosity of a medium is inversely proportional to the
electrophoretic mobility of the particles. A low-viscosity media are required for
successful EPD process and high particle mobility.!4

2.1.4. Conductivity of suspension

The conductivity of the suspension should be in a specific range in order to
be favourable for deposition and should be adjusted to maintain the mobility of
the specific by tunning the excessive number of ions. Electrophoretic mobility
and suspension conductivity are inversely proportional.!> When the conductivity
is very large, the particles move slowly (reduced electrophoretic mobility). On
the other hand, when the conductivity is low, the suspension loses stability due to
the deficit of a particle surface charge.!6.17

2.1.5. Zeta potential

One of the key parameters of the EPD process is the zeta potential or elec-
trokinetic potential of charged particles in solution. Zeta potential is the differ-
ence in electrical potential that is established within the interphase between the
most outer part of the electric double layer formed at the surface of the particle
and a solid/liquid interface.18 It is closely related to the surface properties of sus-
pended particles and medium ionic composition. Direct measurement of the abs-
olute charge on the particles in a liquid media related to an electric double layer
established is not possible. Zeta potential can be calculated from experimental
data using the Helmholtz—Smoluchowski equations. Zeta potential is of great
practical importance for colloidal chemistry and the behaviour of solid particles
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ELECTROPHORETIC DEPOSITION OF THE COATINGS 689

suspended/dispersed in liquids. For example, higher zeta potential indicates that
particles are stable in dispersion, while lower values of zeta potential indicate
lower stability of charged particles in a suspension. When zeta potential reaches a
value of zero (isoelectric point) particles will agglomerate and coagulation will
occur. It is possible to measure the adsorption of other molecules and modific-
ation of the particle surface by measuring the change of their zeta potential in
different media. Additionally, in a few studies, the toxicological potential of
nanoparticles was correlated with their zeta potential values. It is clear that zeta
potential is of great practical importance for electrophoresis and colloidal chem-
istry.19

2.1.6. pH of the suspension

One of the parameters on which zeta potential depends is pH due to high
conductivities of hydrogen and hydroxide ions. If an alkali is added to a sus-
pension containing particles with moderate negative zeta potential, the particles
tend to acquire a more negative charge. If acid is added to this suspension,
neutralization will occur, and consequently coagulation, or even precipitation,
takes place. Similarly, adding more acid will generate a positive charge. There-
fore, the zeta potential is positive at low pH values and negative at high pH
values.20 At higher concentrations, the acid or base will generate more charged
particles in the double layer, which will increase the absolute zeta potential.

2.2. Parameters related to the process

2.2.1. Deposition time

One of the most important parameters of the EPD process is the deposition
time. At constant voltage, the deposition rate during the EPD process is constant
at the beginning and then decreases. This phenomenon is explained by the form-
ation of an insulating layer (coating) on the electrode, which reduces the strength
of the electric field.2! It is crucial to determine the optimal deposition time to
obtain a homogeneous coating without cracks at the defined deposition rate.22

2.2.2. Applied voltage

Although the amount of coating increases with increasing voltage, this inc-
rease deteriorates the coating uniformity. The application of high-strength elec-
tric field accelerates the deposition of particles, which does not allow them to
pack uniformly within the coating. Additionally, the application of high voltages
can increase the currents related to side electrochemical reactions such as hydro-
gen evolution reaction (cathodic), and oxygen evolution reaction (anodic), which
will lead to pronounced release of Hy and O, microbubbles and local change in
pH which will cause cracking of the coating and its mechanical instability.

To avoid these issues, it is suggested to use moderate voltages.23 It was also
determined that the increase in applied voltage increases the surface roughness.
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690 BOZIC ez al.

At low voltages, large particles cannot reach the substrate, and a uniform coating
consisting of small particles is formed. By increasing the applied voltage, the
particles move faster, which results in the formation of a less uniform coating
consisting of large and small particles. In anaphoretic processes at passivating
substrates, there is another issue of the increased rate of anodization of substrate
at high voltages that will lead to simultaneous roughing of substrate and depo-
sition of the rough coatings.24

2.2.3. Conductivity of substrate

The conductivity of the substrate can affect the quality of the coating
obtained by the EPD process. Low substrate conductivity results in non-uniform
coating and slow deposition. Longer deposition times are required to coat poor-
conductive substrates compared to conductive ones. This is explained by the dec-
rease in the electric field similar to the presence of a separator introduced in
modified EPD processes.25

2.2.4. Concentration of a solid phase in the suspension

In general, the mass/thickness of the coating increase with increasing
concentration. On the other hand, with an increase in thickness the cracks appear
frequently, and the morphology of the coating is not uniform at a constant
applied voltage.26 In the case of multi-component systems, the partial rate of
deposition depends on the volume fraction of particles in the suspension. When
the volume fractions of solids is high, the particles are deposited at similar velo-
cities. However, for small-volume fractions, the partial particle deposition rate
depends on the electrophoretic mobility of each particle.?

3. KINETICS OF EPD PROCESS

Various attempts have been made to describe the kinetics of the EPD pro-
cess. Hamaker?7 gave the first model of EPD kinetics for electrophoretic cells
with planar geometry (Eq. (2)).28 According to Hamaker, the deposited mass ()
is proportional to the solid phase concentration of the suspension (Cj), particle
electrophoretic mobility («), the electrode surface area (S), the strength of the
applied electric field (E£) and deposition time (¢):

m=C, ytSEt )

Avgustinik et al.2% checked Hamaker’s law of deposition on a cylindrical
electrode with a coaxial counter electrode and came up with modified equation
for m in which the electrophoretic mobility is represented in terms of the permit-
tivity of the suspending medium (¢ = &e¢p), the zeta potential ({), and the
viscosity of the solvent (#):30

_W|{|eCt

"= S| ®
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ELECTROPHORETIC DEPOSITION OF THE COATINGS 69 1

where V is the voltage, / and @ are the length and radius of the cylindrical elec-
trode, respectively and b is the radius of the counter electrode (b > a).

Hamaker’s equation is applicable only for short deposition times because the
linear variation of deposited mass with deposition time in Eq. (2) implies that all
other parameters are constant during deposition. In order to consider other exp-
erimental conditions, Sarkar and Nicholson3! proposed that for infinitesimal time
intervals, the modified Hamaker equation holds:

O _ rCuSE @)
ot
where < 1 is the efficiency factor suggesting that not all particles brought to the
electrode surface will precipitate, i.e., if all the particles reaching the electrode
surface are incorporated in the deposit: /= 1.17 Based on this assumption, the
authors modelled the variation of the deposited mass as a function of time for
four different conditions, which are shown in Fig. 1.

Fig. 1. Deposited mass as a fraction of
c Cs during EPD for four different dep-
osition conditions: A) constant EPD
current/constant concentration of sus-
pension; B) constant EPD current,
dCy/dt < 0; C) constant EPD voltage/
/constant concentration and D) cons-
Time tant EPD voltage, dCy/df < 0.3!

Relative deposited mass
1

A comparison of curves A and C leads to the conclusion that the rate of
deposition for curve C (constant voltage) decreases initially, whereas it remains
constant in curve A (when deposited under constant current regime), and the
coating yield in curve A case is significantly higher. This deviation of curve C
from curve A is a consequence of the formation of the insulating layer of the
coating which weakens the imposed electric field. This insulating layer causes
significant voltage drop per unit depth of the suspension, with the current dec-
reasing during deposition at constant voltage (curve C).

Biesheuvel and Verweij3? presented the following equation for deposit
growth, based on the Kynch theory of sedimentation32 which describes the bulk
effect of the particle motion in the transport phenomena near the deposition elec-
trode and it is based on the expression of the mass balance of the suspension—
—deposit boundary evolution:
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692 BOZIC ez al.

LS. - )
ot ¢d - ¢s
where 0 is the coating thickness, v is the electrophoretic velocity of particles
close to the electrode, ¢g is the volume fraction of the solid phase in the sus-
pension, and ¢4 is the volumetric parameter related to the deposit. For highly
concentrated suspensions (¢g > 0.2), a correction factor (X):

x=—P_ (6)
Dq — Ps
can be included in the kinetic expression, and original Hamaker equation, Eq. (2),
transforms into:

0
I _ reuse—2
ot ¢d - ¢s
The expression for the strength of the electric field as a function of sus-
pension conductivity (A1) is:33

(7

1
E=— 8
AS ®
where / is the particle migration current.
Finally:

om I ¢
= fHC ©)
dt A ¢d - ¢s

To calculate the yield, Eq. (9) must be solved numerically. The accuracy of
this equation was established using experimental data collected during the
deposition.

Besides the direct current-EPD (DC-EPD) method where the deposition of
charged particles occurs on the oppositely charged electrode in suspension under
the influence of constant electric field there is the alternating current-EPD (AC-
-EPD) method in which the applied voltage is supplied from an AC field. In AC-
-EPD technique, the direction of electric field is reversed periodically which
accounts for oscillation and migration of powder particles in the suspension
between electrodes. It was shown that AC-EPD method leads to denser and less
cracked coatings as compared to DC-EPD at similar thickness, having broader
particle size distribution due to controlled particle migration according to the
wave asymmetry and frequency. Fine tuning the asymmetry of AC wave as well
as the frequency can further improve the coating characteristics.3%35 Most
models that explain the kinetics of the EPD process are based on the DLVO
theory. This theory is named after the researchers Derjaguin, Landau, Verwey
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ELECTROPHORETIC DEPOSITION OF THE COATINGS 693

and Overbeek.30:37 According to this theory, the stability of suspended particles
is determined by the interaction between attractive van der Waals forces and
repulsive electrostatic forces between particles. At appropriate values of the ionic
strength, the electrostatic stabilization of the colloid occurs. On the other hand,
another important factor should be taken into account in the presence of hydro-
philic polymers. In this case, the adsorption of macromolecules on the particles
causes the repulsive forces between them and lead to steric stabilization.38

4. ANOVEL IN SITUMETHOD OF ANODIZATION/ANAPHORETIC DEPOSITION OF
CALCIUM PHOSPHATE COATINGS

Cataphoretic deposition of hydroxyapatite (HAp) coatings on titanium is a
well-known and widely used method.39 However, the disadvantage of this type
of deposition is the poor adhesion of the coating to the substrate. Cataphoretic
coatings are usually sintered to overcome this issue.#0 Sintering of the coating
increases the strength of the metal-ceramic bond. This involves generation of an
oxide interlayer by the oxidation of Ti substrate, which permeates into the dep-
osited coating. It should be noted that HAp is sensitive to high temperatures
because it decomposes into different calcium phosphate structures. Hence the
curing by sintering is not rational procedure to improve the coating adhesion.

Another issue in the production of HAp coatings on Ti substrate is the low
compatibility of physicochemical properties between these two materials. This
causes poor bonding at the HAp/Ti substrate interface, which will lead to the
depletion of the coating from the substrate, and consequently to an acceleration
of the corrosion and biodegradation, as well as deterioration of the mechanical
properties. Many different substrate surface modification techniques, such as
anodization, chemical substrate treatment, spraying, efc., have been investigated
to overcome poor coating adhesion.*! Anodization of the substrate surface is one
of the most commonly used methods due to its simplicity. In many studies, this
method has been used to obtain microporous films of titanium oxide on the sub-
strate surfaces for orthopedic applications.4? In order to improve the adhesion of
the HAp coating on the Ti substrate, Parcharoen et al.43 first treated the Ti sur-
face with alkali and then anodized it before applying the coating on the Ti by an
EPD process. However, in the literature, it is difficult to find any data related to
the simultaneous processes of modification of the surface of Ti substrate and
EPD application of the HAp coating.

Pantovi¢ Pavlovi¢ et al. 4449 have presented a new method of applying cal-
cium phosphate and hybrid coatings based on calcium phosphate ceramics on Ti
substrates. The method is based on the electrophoretic deposition of calcium
phosphate coatings. What is unique about this method is the synergy and simul-
taneous enactment of several processes. The first process is the anodization of the
substrate surface, during which a passive oxide layer is formed on the surface
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(TiOy), which changes the surface structure and increases the surface roughness.
Another process that takes place in parallel is the deposition of a calcium phos-
phate coating onto substrate. Another novelty of this coating synthesis approach
is the application of anaphoretic deposition, which means that the suspension
contained negatively charged particles that were deposited on the working anode,
i.e., substrate (Fig. 2). Joint anaphoresis/substrate anodization process was per-
formed by applying different voltages, namely 30, 60 and 90 V during the anod-
ization process while keeping the applied electric charge on the anode constant.
The polished sample surface appears smooth and homogenized. As the anodiz-
ation voltage increases, the surface roughness increases for 30 and 60 V, respect-
ively. Although the roughness appears higher for 90 V than for 60 V, some flat-
tening of the surface occurs. This flattening is confirmed by linear and surface
roughness analyses.#4

The pH value of the suspension was 10, which is another difference in com-
parison to cataphoretic deposition where, in order to stabilize the suspension, the
pH value is adjusted to very acidic pH values.

Power supply

Coating
oo O Tio,
Cathode o0 O Ti Anode
o o ©
Charged  Fluid Fig. 2. Schematic representation of
particles anaphoretic deposition.

For synthesized HAp/TiO, composite coating on a Ti substrate, using this
new in situ method of anodization/anaphoretic deposition of calcium phosphate
coatings to strengthen the biocompatible composite coating, there is no need for a
subsequent treatments to cure adhesion.

Fig. 3 displays SEM microphotographs of catHAp and anHAp/TiO, coatings
deposited via joint anaphoresis/substrate anodization process. As shown in Fig.
3a, the cataphoretically deposited HAp coating exhibits a large number of cracks.
The granular structure of the catHAp coating can be observed in greater detail in
Fig. 3b at higher magnification. These cracks are primarily caused by the mis-
match in Young’s modulus between the substrate and the coating. The titanium
substrate is more elastic than the hydroxyapatite film, and as ceramic suspensions
typically lose water content during drying, cracks in pure hydroxyapatite coatings
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are inevitable. This water release occurs near the interface between the ceramic
and the substrate, as well as within the bulk material, resulting in shrinkage of the
ceramic coating surface and the formation of cracks even at low temperatures. It
was found that catHAp coatings have very poor adhesion when deposited onto
untreated Ti surfaces. Fig. 3¢ shows the SEM image of anHAp/TiO, composite
coating on titanium deposited deposited via joint anaphoresis/substrate anodiz-
ation process, while Fig. 3d displays the detailed morphology of the composite
coating, with needle-like and granular HAp shapes at higher magnification. The
deposition of anHAp/TiO; is observed without any visible cracks, unlike
catHAp. This is attributed to in-situ deposition of the anHAp/TiO; coating.

[

Fig. 3. SEM microphotographs of: a) catHAp coating, magnification x200, b) catHAp coating,
magnification x1500, ¢) anHAp/TiO, coating, magnification x200 and d) anHAp/TiO,
coating, magnification x2000.4> Reprinted with permission from Elsevier.

Fig. 4 presents an FE-SEM microphotograph showing the morphology of the
anaphoretically obtained HAp/TiO; composite coating (anHAp/TiO3). On the
surface of the coating, there are no visible cracks, unlike the cataphoretically
obtained coating (catHAp). In Fig. 4, needle-like and granular forms of HAp can
be observed, while catHap has a granular structure.4>

It can be concluded that rational preparation of the suspension and the cor-
rect choice of electrolyte, which results in the creation of a stable negatively
charged micelle, leads to the formation of a compact and durable coating on the
substrate. The resulting coating shows good properties for potential use in bone
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implants. The results showed that the new in situ process gives much better
results than the cataphoretic deposition of HAp in terms of adhesion.4> Fig. 5
shows a photograph of anHAp/TiO, composite coating after adhesion testing
according to ASTM D3359-02 standard.

Fig. 4. FE-SEM microphotographs of composite
anHAp/TiO, coating: a) magnification X500 and
b) magnification x5000. Different HAp morpho-
logies can be observed, blue arrow points gran-
ular and red one points needle-like HAp.*> Rep-
rinted with permission from Elsevier.

It was concluded that the adhesion of the anHAp/TiO, coating is level 4
compared to catHAp coatings which have adhesion level 1 or 2 even after the
sintering process.4 According to the ASTM D3359-02 standard, level 5 repre-
sents the best adhesion, while level 0 represents the worst adhesion.

Amorphous calcium orthophosphates (ACPs) are considered to be biomedic-
ally-relevant and bioactive calcium phosphates. ACPs possess adjustable chem-
ical properties, but at the same time, they have glass-like physical properties with
no long-range order in the atomic positions, whether orientational or translat-
ional, as described in reference4’. Under certain conditions, ACPs can easily
transform into thermodynamically stable hydroxyapatite. However, the stability
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of ACPs and their transformation to crystalline HAp phases can be influenced by
various additives and process parameters, as noted in reference.4’

Fig. 5. Optical image of composite anHAp/TiO, coating
after performing adhesion testing according to ASTM D
3359-02.44

The in vitro bioactivity of a substrate refers to its ability to form an apatite
layer when in contact with biological or biological-like fluids. It was shown that
the ACP/TiO, and ACP+ChOL/TiO, composites on Ti substrates can form a
bone-like apatite layer on their surfaces when immersed in SBF solution. To
assess the biocompatibility of these composite coatings, they were immersed in
SBF solution and examined at different time intervals. The surface area physical
appearance and particle size of the ACP/TiO; and ACP+ChOL/TiO; composite
coatings on titanium substrates were characterized using SEM, along with the
morphologies of the surfaces after immersion in SBF solution for various
periods. Fig. 6a and b show the morphology of the ACP/TiO, and ACP+ChOL/
/TiOy composites surfaces before immersion in SBF solution, while Fig. 6¢c—f
display the morphologies of the coatings immersed in SBF solution at different
time periods.

The SEM images indicate that the composite coatings synthesized cover the
substrate surface uniformly and consist of agglomerated nanosized particles with
a size smaller than 100 nm. The ACP/TiO, and ACP+ChOL/TiO; coatings
exhibit two different morphologies. The ACP/TiO; agglomerates appear larger,
resulting in a coarser surface than the ACP+ChOL/TiO; coating. Additionally,
small fractures are visible on the surface of the ACP+ChOL/TiO, composite
coating, but it was found that the adhesion of these coatings is high, with a level
of 5 according to ASTM D 3359-02: Standard Test Methods for Measuring
Adhesion by Tape; cross-cut tape test (B), without any delamination or flaking.
These findings suggest that pores are primarily formed during the one-step in situ
anodization/anaphoretic electrodeposition process.*’
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i

Fig. 6. FE-SEM micrographs presenting the morphology of: a) ACP/TiO, and
b) ACP+ChOL/TiO, on Ti; ACP/TiO, coating on Ti immersed in SBF for: ¢) 72 and ¢) 240 h;
ACP+ChOL/TiO, coating on Ti immersed in SBF for: d) 72 and f) 240 h.#7 Reprinted with
permission from American Chemical Society.

The bioactivity of composite coatings of nano amorphous calcium phos-
phate/chitosan oligosaccharide lactate (ACP+ChOL)/titanium oxide (TiO;) and
ACP/TiO, after immersion in simulated body fluid (SBF) for 72 and 240 h is shown
in Fig. 6¢c—f. XRD diffraction patterns of both coatings show broad amorphous
peaks that can be assigned to ACP, while the ACP+ChOL/TiO, coatings also
show peaks assigned to chitosan. After immersion in SBF, both coatings showed
XRD peaks assigned to hydroxyapatite (HAp), which is an evidence of the coat-
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ings’ bioactivity. The ACP+ChOL/TiO; coating shows greater bioactivity than
the ACP/Ti0O; coating, as it is completely covered with HAp after 72 h of immer-
sion, whereas the ACP/TiO, coating takes 72 h to begin forming a new HAp
layer, and it grows preferentially in a vertical rather than planar direction. The
FE-SEM images of the coatings after 240 h of immersion in SBF show that both
coatings are bioactive, with the newly formed HAp layer covering the entire
surface of the coating. The ACP/TiO; coating has an uneven distribution of HAp
particles, while the ACP+ChOL/TiO, coating has a smooth and even distrib-
ution, and also has the formation of rock-like structures of HAp, which indicates
greater bioactivity and osteoconductivity.*’

A cross-sectional SEM image and its corresponding EDS spectra in the case
of ACP+ChOL/TiO; coating is presented in Fig 7a. Based on the information
provided in Fig. 7a, it can be observed that the ACP+ChOL/TiO; coating has a
compact structure with two distinct morphologies. The first morphology, labeled
v, belongs to the TiO, layer which forms instantaneously when the voltage dif-
ference is applied. The thickness of this layer is 170+15 um, and the EDS spectra
(Fig. 7-a2) show the presence of only Ti and O from TiO,, along with some
traces of Ca and P.

Fig. 7. Analysis of sample surfaces: a) SEM of cross-section of ACP+ChOL/TiO,, a;) EDS
spectrum 1, a,) EDS spectrum 2, b) SEM of ACP+ChOL/TiO, sample after immersion in SBF
for 240 h, b;) EDS spectrum 1 and b,) EDS spectrum 2.47 Reprinted with permission from
American Chemical Society.
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The second morphology, labeled B, belongs to the ACP+ChOL/TiO, coating
and is 120£10 um thick. Its deposition is a diffusion-limited process. The pre-
sence of ACP+ChOL in this layer can be inferred from the labeling, and it is
confirmed by the EDS spectra. The top layer, labeled as a, belongs to the epoxy
resin used to protect the coating while it was cross-cut for the analysis.

The EDS measurements in Fig. 7-bl and b2 show the presence of both Ca
and P, indicating the formation of hydroxyapatite (Cajg(PO4)s(OH);) on the sur-
face of the ACP+ChOL/TiO, and ACP/Ti0, samples after immersion in SBF for
240 h. The Ca/P ratio of the ACP+ChOL/TiO, sample was 1.71 for spectrum 1
and 1.62 for spectrum 2, while the Ca/P ratio of the ACP/TiO2 sample was 1.63.
Although the ideal Ca/P ratio for stoichiometric HAP is known to be 1.67, stable
HAp phases have been found to exist over a range of Ca/P ratios between 1.3 and
1.8. The presence of C from ChOL can also be seen in both spectra in Fig. 7-bl
and b2. These quantitative EDS measurements are important for determining the
elemental composition and Ca/P ratio of the synthesized films and confirming the
formation of hydroxyapatite.

To summarize, the provided data describe the results of SEM and EDS
analyses performed on ACP+ChOL/TiO; and ACP/TiO; coatings, both before
and after immersion in SBF. The SEM images show a compact structure with
two distinguishable morphologies — a TiO, layer formed instantaneously and an
ACP+ChOL/TiO; coating formed via a diffusion-limited process.

Studies also showed that composite coatings of ACP/TiO, and ACP+ChOL/
/TiO7 on titanium exhibit lower corrosion current density values in SBF solution
compared to pure cp-Ti. The inclusion of ChOL in ACP solution improves the
corrosion resistance by creating a stable, consistent coating on the titanium sur-
face, resulting in a barrier layer that inhibits direct contact with the SBF solution.
The ACP+ChOL/TiO, composite coating showed the lowest jorr value
(15.38x1079 A cm™2), which was approximately three times lower compared to
the pure cp-Ti sample. The study suggests that the improved corrosion stability
of the composite coatings can be attributed to the formation of both inhomo-
geneous and homogeneous oxides, as well as ceramic and composite layers.47

Above the mentioned, coating was further developed. Multifunctional hybrid
coating on a titanium substrate that can promote controlled inflammation and
immunomodulation at the implant-tissue interface was developed. The coating
was composed of nano amorphous calcium phosphate and chitosan oligosacchar-
ide lactate, and was decorated with selenium. /n sifu anodization/anaphoretic
deposition was performed in order to create the coating, and then it was inves-
tigated for its immunomodulatory and anti-inflammatory effects in vivo. The
study has found that the ACP/ChOL/Se multifunctional hybrid composite coating
on a titanium substrate has an immunomodulatory and anti-inflammatory effect,
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compared to pure grade 2 titanium implants that are commonly used in medicine
and dentistry.50

5. CONCLUSION

A brief survey of the EPD process with a special attention on fundamental
and applied aspects of the EPD process was described. The fundamental aspects
were discussed with a focus on the basic principles of electrophoretic deposition
and the kinetics of this process. The applied aspects of the EPD process were
discussed with a focus on how practical process parameters influence the coating
formation and its properties. The particular emphasis was given to the production
of biocompatible HAp/Ti coatings produced by the EPD process on Ti substrate
for biomedical applications. In the final section a novel process of anaphoretic
deposition of HAp coatings on Ti was discussed. The advantage of novel HAp
anaphoretic deposition coatings on Ti is the simultaneous oxidation of Ti sub-
strates and the deposition of HAp coatings. As a result HAp coatings with better
adhesion, biocompatibility and corrosion resistance are obtained when compared
to cataphoretically produced HAp coating on Ti substrates. Novel anaphoretic
deposition process of HAp coatings on Ti has excellent potential for further
development through fundamental and applied aspects.

Acknowledgement. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Grant No. 451-03-68/2022-14/
/200026).

M3BOJ

ACITEKTH ITPUMEHE IBOJHOT ITPOIJECA AHA®OPE3E/AHOOU3ALIUJE CYIICTPATA
3A ®OPMUPAKBE BUOKOMITATUBUITHUX KEPAMUYKHKX ITPEB/IAKA

KATAPUHA B. BOXWR'?, MUPOCJIAB M. [TABJIOBUR", TABPHJIO M. LIEKYJIAPALI', CTEDAH B. TAHUR'
¥ MAPAJAHA P. TAHTOBUR [1ABJIOBUR"

1I/Iucmuu7ym 3a xemujy, WexHonoTujy u metwanypiujy, Hucliutiiywi og HAUUOHATHOT 3Haudja 3a Peltydnuxy

Cpbujy, Llentuiap 3a enexiuipoxemujy, Ynugepsuiteiti y beoipagy, Beoipag u ZL[eumap U3y3eWHUX 6pegHOCTU

30 XeMUjy U unmerwepuni mueoine cpequne, HHCUTHy i 3a XeMujy, lexHonolujy u mewanypiujy, beoipag
Enextrpodopercko tanoxeme (EPD) mMoxe ce jaBUTH kao KaTadODPETCKO TalOXKEme —
IpeBjaKa Ce TaJI0KH Ha KaTOLH, U aHa(OPETCKO TaloKemhe — IMpeBIaKa Ce TAIOKH Ha aHOIH.
[TpumapHa cBpxa EPD je nmobujame KOMNAKTHUX M YjeIHaueHHUX OPraHCKUX/HEOPraHCKHX
npesiaka kebeHe fieb/buHe U ajixe3rje Ha MeTalHe IOBPLUIMHEe IPUMEHOM eeKTPUYHOT Nojba
Ha 4yecTHlle mpekypcopa mnpesiake. ITpukasanu cy ocHOBHM npuHUMNU EPD 3a HaHOlIeme
npeBlaka KOju Ceé OJHOCE Ha OCHOBHA O0jalllkberma W pasMaTpama [IPakTUYHMUX NapameTapa
npoueca. Karadopercko Tanoxeme MOCTaNO0 je MOMyJIapHO jep MOKe HaHETH OpraHCKe Ipe-
B/IaKke Ha CJI0XKEeHe CTPYKTYpe Ha Koje je HHaye BeoMa TeIIKO HAaHEeTH ITpeBiaKy. YTBpheHo je
Jla OBe IpeBJIaKke MoDOoJblIaBajy KapaKTepUCTHKE MOAJIOTe, Kao MTO Cy OMOKOMIATUOMIHOCT,
W3rJIe ¥ OTIIOPHOCT Ha mpoiece koposuje. Kisyuynu EPD napamerpu cy cactas, pH BpenHocT
W BUCKO3HOCT MeAHjyMa 3a TaJIOKEHE, KAa0 U 3€Ta NOTEHLHjal YeCTULA, jaulHa eJ1eKTPUYHOT
nosea, UTH. ITocebaH OCBPT je ycMepeH Ha mpouec aHadOpeTCKOr TaloXewa, KOju je pena-
THUBHO HOB, U HETOBUM IIpefHOCTUMA. Pacnpasmba ce u 0 katadopeTckom Tanoxemwy. [1po-
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IJlecoM 3IpY’KeHOT Ipolieca aHadopese/aHOAU3alHje CYIICTpaTa, MOBPLUIKHA TI0JJIOTe Ce UCTO-
BpeMEHO aHoau3yje U MonuduKyje yrpahuBameM YecTHIla IpeBIake y aHOOHU ci1oj. [Jodujajy
ce IpeBjake MEIIOBUTOT cacTaBa, Do/be afXesHje W OTIIOPHOCTH Ha KOPO3Hjy Y OFHOCY Ha
KatadopeTCKH HaHeCeHe MpeBake.

(ITpumsbeHo 18. janyapa, pesunupano 10. dedpyapa, mpuxsaheno 8. jyna 2023)
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Abstract. (SR)-Cleistenolide and a few related analogues have been synthesized
starting from d-glucose. The key steps of the synthesis included a Z-selective
Wittig olefination and an intramolecular Mitsunobu reaction with an inversion
of configuration at the C-5 position. In vitro antiproliferative activity of syn-
thesized compounds was tested on a panel of eight human tumour cells and
against a single normal cell line (MRC-5). The majority of tested compounds
showed strong antiproliferative effects on certain human tumour cells and all of
them showed negligible toxicity to normal foetal lung fibroblasts (MRC-5).
The most active compound obtained in this work is lactone 5, which in MDA-
-MB 231 cell culture showed the same activity as doxorubicin (/Csy 0.09 uM).
Strong antiproliferative activities of analogues 2, 5 and 6 were recorded in the
K562 cell line (ICsq 0.21, 0.34 and 0.33 uM, respectively), in which they
showed very similar activities to doxorubicin (/Csy 0.25 uM). A performed
SAR study revealed that a change in the stereochemistry at the C-5 position
may increase the activity of resulting stereoisomers.

Keywords: antitumour agents; sugar J-lactones; (5R)-cleistenolide; Z-selective
Wittig olefination; intramolecular Mitsunobu reaction; SAR analysis.

INTRODUCTION

(-)-Cleistenolide (1, Fig. 1) is a naturally occurring a.f-unsaturated J-lact-
one isolated from Cleistochlamis kirkii Oliver, a plant species that grows in
southeast Africa.! The extract of this plant has been used in Tanzania and Moz-
ambique in traditional medicine for the treatment of infected wounds, rheumat-

* Corresponding author. E-mail: velimir.popsavin@dh.uns.ac.rs
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ism and tuberculosis.? Recently, Pereira et al.3 isolated from the ethanolic extract
of C. kirkii a new natural product (—)-cleistenolide, and eight other compounds of
different structures: chamanetin, isochamanetin, dichamanetin, echunuline, cis-
-solamine, acetylmelodorinol, polycarpol and benzophenone. Noteworthy are
recent findings that isolated fractions, dominated by pyranone (—)-cleistenolide,
showed antibacterial activity against Bacillus anthracis and Staphilococcus aur-
eus as well as antifungal activity against Candida albicans.1>* We have also
confirmed that (—)-cleistenolide and some of its analogues demonstrated antimic-
robial activity against a panel of nine microbial strains. Finally, we were among
the first to discover that (—)-cleistenolide and some new analogues of it may
inhibit the growth of certain tumour cell lines.®~8 After our first report dealing
with this issue,® only one paper has been published on the cytotoxicity of natural
product 1 towards a single malignant cell line.® Herein we describe a new total
synthesis of the (5R)-cleistenolide (2), which is a C-5 epimer of natural product
1. Our new synthesis of compound 2 is based on the chiral pool strategy, which
involves the chirality transfer from D-glucose, which ensures obtaining the target
in an optically pure form. The sequence contains only one step in which three
benzyl-protecting groups are introduced, while their deprotection was carried out
simultaneously with the introduction of acyl groups. Only one synthesis of 2 has
been achieved so far;!0 however, no studies addressing its biological activity
have been published yet. To elucidate the effects of stereochemistry at the C-5
position on the activity of lactones 1 and 2, a study of their in vitro cytotoxicity
on a panel of malignant cell lines was performed.

v 5
OAc OAc

(-)-Cleistenolide (1) (5R)-cleistenolide (2)
Fig. 1. Structures of (—)-cleistenolide (1) and (5R)-cleistenolide (2).

EXPERIMENTAL
General procedures

Melting points were determined on a hot stage microscope Nagema PHMK 05 apparatus,
and were not corrected. Optical rotations were measured on a Rudolph Research Analytical
automatic polarimeter, Autopol IV. IR spectra were recorded on a FTIR Nexus 670 (Thermo-
-Nicolet) spectrophotometer. 'H- and '3C-NMR spectra were recorded on a Bruker AC 250 E
(at 250 and 62.5 MHz, respectively) or a Bruker Avance III spectrometer (at 400 and 100
MHz, respectively) using TMS as the internal standard. Chemical shifts were expressed in
ppm (0 values) and coupling constants (J) in Hz. High-resolution mass spectra were taken on a
Micromass LCT KA111 spectrometer or LTQ Orbitrap XL (Thermo Fisher Scientific Inc.)
mass spectrometer. TLC was performed on DC Alufolien Kieselgel 60 F254 (E. Merck). Flash
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column chromatography was performed using Kieselgel 60 (0.040-0.063, E. Merck). All org-
anic extracts were dried with anhydrous Na,SO,4. Organic solutions were concentrated in a
rotary evaporator under reduced pressure at a bath temperature below 35 °C. The purity of the
synthesized compounds was determined by HRMS or elemental microanalysis and was
greater than 95 % (errors were less than 5 ppm).
Synthetic procedures

Methyl (22)-4,6,7-tri-O-benzyl-2, 3-dideoxy-D-arabino-hept-2-enoate (4). To a cooled (0
°C) and stirred solution of compound 3 in anhydrous DMF (75 mL) was added NaH (1.66 g,
69.16 mmol) and after the vigorous evolution of H, had stopped, BnBr (4.8 mL, 40.3 mmol)
was slowly added over 10 min. After 0.5 h, the cooling vessel was removed and the stirring
was continued for an additional 2 h at room temperature. Anhydrous MeOH (12 mL) was
slowly added to the reaction solution. And after the intense release of hydrogen had stopped,
the mixture was evaporated. The resulting residue was dissolved in small volume of CH,Cl,/
/H,0, poured into H,O (250 mL) and extracted with CH,Cl, (3x40 mL). The organic phases
were combined, washed with 10 % NaCl (3x150 mL), then dried and evaporated. The remain-
ing crude compound 3a was dissolved in 50 % aq. TFA (60 mL) and vigorously stirred at
room temperature for 18 h. The reaction solution was evaporated by co-distillation with tolu-
ene to remove the acid and water, and the resulting residue was dried under high vacuum
overnight. To a stirred solution of remaining crude lactol 3b in anhydrous MeOH (500 mL)
was added NalOy4 (3.68 g, 17.29 mmol) and the stirring at room temperature was continued for
2 h, whereby crude intermediate 3¢ was obtained. The reaction solution was then cooled to 0
°C and methyl 2-(triphenylphosphoranylidene)acetate (7.50 g, 22.46 mmol) was added. After
1 h, the cooling vessel was removed and the reaction was continued at room temperature for
another 3 h. A new portion of reagent (4.05 g, 12.12 mmol) was added and stirring was con-
tinued for additional 20 h. The reaction solution was evaporated and the residue was dissolved
in CH,Cl, and evaporated with silica gel. The residue was purified twice by flash chromato-
graphy (1:1 light petroleum/Et,0) to give pure 4 (4.10 g, 75 % from four steps) as a colourless
syrup, [a]p = —19.1 (¢ 1.0, CHCl3); Ry = 0.32 (3:2 light petroleum/Et,0). Spectral data (IR,
TH-NMR, 13C-NMR and MS) were in good agreement with our previously reported values.®

4,6,7-Tri-O-benzyl-2,3-dideoxy-D-arabino-hept-2-eno-1,5-lactone (5). To a solution of
compound 4 (2.05 g, 4.19 mmol) in CH,Cl, (85 mL) was added TsOHxH,O (0.021 g, 0.105
mmol). The mixture was stirred at room temperature for 96 h, then evaporated and the residue
was purified by flash chromatography (1:1 light petroleum/Et,0). Pure product 5 (1.782 g, 96
%) was obtained as a colourless syrup. Crystallization from a mixture of light petroleum/Et,O
gave analytical sample 5 as a white powder, mp 64 °C, [a]p = —194.6 (¢ 0.5, CHCl,), Ry =
0.30 (1:1 light petroleum/Et,0). Spectral data (IR, H-NMR, 13C-NMR and MS) were in good
agreement with the values we reported previously.®

4,6,7-Tri-O-benzyl-2,3-dideoxy-D-1yxo-hept-2-eno-1,5-lactone (6). To a stirred mixture
of lactone 5 (0.200 g, 0.45 mmol) and LiBr (0.391 g, 4.5 mmol) in CH3CN (5 mL) was added
anhydrous E;N (0.19 mL, 1.35 mmol). The mixture was stirred at room temperature for 24 h,
then acidified with glacial AcOH (2.0 mL) while stirring at room temperature for additional 3
min. The reaction mixture was poured into H,O (80 mL) and extracted with EtOAc (3%20
mL). The organic solutions were combined, dried and evaporated, and the residue was dried
under a vacuum for 4 h. To the stirred solution of the residue in anhydrous EtOAc (25 mL)
was added Ph;P (0.295 g, 1.12 mmol) and 40 % DEAD (0.47 mL, 1.08 mmol) over 3 min.
The reaction solution was stirred at room temperature for 20 h, then evaporated, and the resi-
due was purified on two columns of flash silica (first with 1:1 light petroleum/Et,O, then with
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99:1 CH,Cl,/Me,CO). Pure 6 (0.125 g, 62 %) was obtained as a glassy solid, [a]p = —86.4 (¢
0.5, CHCly), Ry=0.33 (1:1 Et,O/light petroleum).

(5R)-Cleistenolide (2). To a stirred solution of compound 6 (0.100 g, 0.22 mmol), Bz,O
(0.124 g, 0.55 mmol) and BzOH (0.134 g, 1.1 mmol) in anhydrous CH,Cl, (15 mL) was
added anhydrous FeCl; (0.007 g, 0.04 mmol). After stirring at room temperature for 2 h,
FeCl; (0.004 g, 0.02 mmol) and AcBr (0.16 mL, 2.2 mmol) were successively added and the
reaction at room temperature continued for an additional 20 h. The reaction solution was
diluted with CH,Cl, (10 mL), poured into 10 % NaHCOj3; (60 mL) and extracted with CH,Cl,
(3x15 mL). The combined organic phases were washed with 10 % NaCl (30 mL), dried and
evaporated. The residue was purified by flash chromatography (2:1 Et,O/light petroleum) to
give pure product 2 (0.061 g, 76 %) as a colourless solid, which after recrystallization from a
mixture of CH,Cl,/hexane, gave colourless needles, mp 152 °C (phase transition at 140—143
°Q), 1it.1% mp 140 °C (the sample not recrystallized), [a]p = —30.0 (¢ 0.5, CHCI,), 1it.!0 [a]p =
—22.0 (¢ 1.0, CHClLy), R¢= 0.33 (2:1 Et,O/light petroleum).

Analytical and spectral data of the compounds are given in the Supplementary material
to this paper.

Antiproliferative activity

Tested cells. Eight human cancer cell lines were used to evaluate in vitro antiproliferative
activity of tested compounds: myelogenous leukaemia, K562 (ATCC CCL-243), promyelo-
cytic leukaemia, HL-60 (ATCC CCL-240), T cell leukaemia, Jurkat (ATCC CCL-1435),
Burkitt’s lymphoma, Raji (ATCC CCL-86), ER" breast adenocarcinoma, MCF-7 (ATCC
HTB-22), ER" breast adenocarcinoma, MDA-MB 231 (ATCC HTB-26), cervix carcinoma,
HeLa (ATCC CCL2), and epithelial lung carcinoma, A549 (ATCC HTB-38). The toxicity of
each compound was also recorded in the culture of normal foetal lung fibroblasts, MRC-5
(ATCC CCL-185).

MTT test. After cells were exposed to the test compounds for 72 h, antiproliferative act-
ivities were assessed using the standard MTT assay.!! Briefly, cells were harvested, counted
using trypan blue and plated into 96-well microtiter plates (Costar) at the optimal seeding
density of 5x103 cells per well to assure a logarithmic growth rate throughout the assay
period. Viable cells were placed in a volume of 90 pL per well, and preincubated in complete
medium at 37 °C for 24 h to allow cell stabilization prior to the addition of test substances.
The substances, at 10-fold the required final concentration, were added (10 uL well!) to each
well, except for the control ones, and the microplates were incubated for 72 h. The wells
containing cells without tested substances were used as controls. MTT solution (10 pL) was
added to each well 3 h before the end of incubation period. MTT was dissolved in medium at
5 mg mL-! and filtered to sterilize and remove the small amount of insoluble residue present
in some batches of MTT. Acidified 2-propanol (100 puL of 0.04 M-HCI in 2-propanol) was
added to each well and mixed thoroughly to dissolve the dark blue crystals of formazan. After
a few minutes at room temperature, the plates were read on a spectrophotometer plate reader
(Multiscan MCC340, Labsystems) at 540 and 690 nm. The wells without cells containing
complete medium and MTT acted as blanks.

RESULTS AND DISCUSSION
Chemistry

The eight-step synthesis of (SR)-cleistenolide (2) was presented in Scheme 1.
The synthesis commenced from a commercially available D-glucose derivative 3.
The first four steps of the synthesis, the preparation of enoate 4, involve optimiz-
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ation of the corresponding synthetic sequence that we recently published.® In con-
trast to the previous procedure, intermediates 3a, 3b and 3¢ were not purified or
characterized but were used in the following synthetic steps in their crude form.
This provided the key intermediate 4 with an overall yield of 75 % (from four
steps). Closure of the lactone ring was achieved as previously reported (TsOH,
CH,Cly, 1t),° giving the desired d-lactone 5 in 96 % yield. For the configurational
inversion at the C-5 position of 5, a modified two-step procedure was applied,
which involves the sequential hydrolysis of the lactone ring under the basic con-
ditions (Et3N, LiBr, 98 % aq MeCN, rt), and intramolecular Mitsunobu reaction
(Ph3P, DEAD, anhydrous EtOAc, rt).12 The key intermediate 6 was thus
obtained in a yield of 62 % (from 5). The final step in the synthesis involved
replacing the benzyl protecting groups with ester functions. It was achieved by
successive treatment of 6 with BzyO, BzZOH and AcBr in the presence of catalytic
amounts of FeCls. These transformations gave (5R)-cleistenolide (2) in 76 %
yield.

N BnO
HO ‘ O .\\o>< a BnO \ O-.. o>< b \ 0 OH
HO e} ’ BnO el g BnO
HO BnO B0 OH
3 3a 3b
‘c
0
OBn OH OBn OH
OBn O e d
l I Z \ - z \O
; OBn OBn CO,Me OBn OBn
OBn OBn
5 4 3c
\f
o o) o)
OBn OH
g OBn O h o ©o
- X —_— S —_— c
OBn OBn COzH T TS
OBn OBn OAc OAc
5a 6 (5R)-Cleistenolide (2)

Scheme 1. a) BnBr, NaH, DMF, 0 °C, 0.5 h, rt, 2 h; b) 50 % aq. TFA, rt, 18 h; ¢) NalQy,
MeOH, rt, 2 h; d) Ph;P=CHCO,Me, MeOH, 0 °C, 1 h, rt, 3 h, 75 % from 3; ) TsOH, CH,Cl,,
rt, 96 h, 96 %; f) ExN, LiBr, 98 % aq MeCN, rt, 24 h; g) Ph;P, DEAD, anhydrous EtOAc,
rt, 20 h; 62 %; h) Bz,0, BzOH, FeCl;, AcBr, anhydrous CH,Cl,, rt, 22 h, 76 %.

This new synthesis of (5R)-cleistenolide (2) was achieved in eight synthetic
steps and in a yield of 34 %. The first synthesis!? of 2 was achieved in seven
steps and in a total yield of 25 %.
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In vitro antiproliferative activities and SAR analysis

The biological activities of synthesized compounds 1, 2, 5 and 6 were eva-
luated by an in vitro cytotoxicity test against a panel of eight human malignant
cell lines, including human myelogenous leukaemia (K562), human promyelo-
cytic leukaemia (HL-60), T cell leukaemia (Jurkat), Burkitt’s lymphoma (Raji),
ER™ breast adenocarcinoma (MCF-7), ER~ breast adenocarcinoma (MDA-MB
231), cervix carcinoma (HeLa) and lung adenocarcinoma epithelial cells (A549)
and against single normal cell line, foetal lung fibroblasts (MRC-5). Cell growth
inhibition was evaluated using the standard MTT colorimetric assay after expo-
sure of cells to the test compounds for 72 h.!! (-)-Cleistenolide (1), and the com-
mercial antitumour agent doxorubicin (DOX) were used as positive controls. The
results are shown in Table I. According to the resulting /Csq values, all of cell
lines tested were sensitive to the natural product 1, as well as to the synthesized
analogues 2, 5 and 6.

TABLE 1. In vitro cytotoxicity (ICsy / uM)?* of (—)-cleistenolide (1), (5R)-cleistenolide (2),
DOX and analogues (5 and 6)

Compound Cell line

K562 HL-60 Jurkat Raji MCF-7 MDA-MB 231 HeLa A549 MRC-5
12 7.65 121 1422 3694 26.07 2.25 732 1634 >100
2 021 731 1941 247 2128 7.66 645 938 >100
5 0.34 12.55 924 29.66 1.39 0.09 358 1.85 64.39
6 0.33 827 17.03 1.05 20.06 7.04 5.90 17.21 >100
DOX 025 092 003 2098 0.20 0.09 0.07 4091 0.10

“Data taken from reference 6

All analogues (2, 5 and 6) showed strong antiproliferative effects against
K562 cells (IC50 values in the range 0.21-0.33 uM). In contrast, lead 1 showed
significantly lower activity against this cell line (/Cs5g 7.65 uM). The most active
compound in the K562 cell culture was target 2, which showed more than 36
times stronger activity than lead 1. At the same time, analogue 2 showed almost
the same activity as doxorubicin against the mentioned malignant cell line. The
most potent compounds against Raji cells are analogues 2 and 6. Compound 2
was about fifteen times more active than lead 1 while showing similar activity to
doxorubicin. Analogue 6 was the most active molecule against Raji cells. This
compound showed even stronger potency than lead 1 (over 35 times), and about
3 times over doxorubicin. The most active compound in the MCF-7 cell culture is
lactone 5, which showed over 18 time greater potency than lead 1. Also, lactone
5 is the most active compound obtained in this work, given that it showed an

* ]Cs, is the concentration of compound required to inhibit the cell growth by 50 % compared
to an untreated control. Values are means of three independent experiments. Coefficients of
variation were less than 10 %.
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1Cs50 0.09 uM in the MDA-MB 231 cell culture. Compared to lead 1, lactone 5 is
25 times more potent, and shows the same activity as the commercial drug doxo-
rubicin against the mentioned malignant cell line. In HeLLa and A549 cells, lact-
one 5 is consistently the most potent antiproliferative agent, being twice (HeLa)
and 9 times (A549) more active than lead 1. In the A549 cell culture, compound
5 showed, again, almost three times stronger antiproliferative activity than doxo-
rubicin.

As can be further seen from Table I, all synthesized analogues (2, 5 and 6),
as well as lead compound 1, were almost completely inactive toward normal
MRC-5 cells. Compound S alone showed weak growth inhibition of this cell line
(IC50 64.39 uM), with selectivity indices (SI)!3 as follows: 189.38 (K562 cells),
5.13 (HL-60), 6.97 (Jurkat), 2.17 (Raji), 46.32 (MCF-7), 715.44 (MDA-MB
231), 17.99 (HeLa) and 34.8 (A549). On the contrary, the commercial antitumour
agent DOX exhibited a potent cytotoxicity against this cell line. This indicates
the selectivity of synthesized compounds toward tumour cells, which is a desir-
able feature and represents a good basis for the further development of potent and
selective antitumour agents.

In order to correlate the stereochemistry of synthesized compounds with
their cytotoxic activities, we wanted to explore the effects of changing absolute
stereochemistry at C-5 to antiproliferative activity of resulting analogues. The
natural product 1, and lactone 5 have been used as controls in this SAR analysis.
The data in Table I reveal that target J-lactone 2, which has (5R)-stereochemistry,
represents a more potent cytotoxic agent compared to the natural product 1 of
(5S5)-stereochemistry, given that analogue 2 shows stronger activity against 5 of 8
tested malignant cells. Unfortunately, changing the absolute stereochemistry at
the C-5 position (55 — 5R) in lactones of type 5 and 6 is not as effective, as an
increase in activity was detected in only 3 out of 8 cancer cell lines tested (for
more details see Supplementary material). However, these results still indicate
that a change in stereochemistry at C-5 in cleistenolide-type lactones may inc-
rease the antiproliferative activity of the analogues.

CONCLUSION

In this work, a new total synthesis of (5R)-cleistenolide (2) was achieved in
eight synthetic steps and in a total yield of 34 %. In terms of the economy of
atoms and synthetic steps, this new synthesis of 2 utilizes 3 of 4 chiral centres of
D-glucose. Although it was carried out in a sequence that is one step longer than
the synthesis described in the literature,!0 our synthesis is more efficient, at least
in terms of overall yield. The target compound 2 and the corresponding inter-
mediates 5 and 6 were tested for their in vitro antiproliferative activity against a
panel of eight human malignant cell lines as well as one normal cell line. All
tested compounds had different antiproliferative effects on human malignant cell
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lines but had no significant toxicity on normal foetal lung fibroblasts (MRC-5).
The most active compound obtained in this work is lactone 5, given that it
showed an /Csq value of 0.09 uM in the MDA-MB 231 cell culture. Compared to
lead 1, lactone 5 is 25 times more potent and shows the same activity as the
commercial drug doxorubicin against the mentioned malignant cell line. The
obtained results indicate that changing the stereochemistry at the C-5 position
may improve antiproliferative activity toward some of evaluated cell lines. The
obtained biological results further indicated that the change of stereochemistry at
C-5 (from 55 in natural product 1 to 5R in analogue 2) increases the cytotoxicity
of the analogue toward majority of tested malignant cells.

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/12250, or from the corres-
ponding author on request.
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U3BOL
CHUHTE3A ¥ AHTUITPOJIMOPEPATUBHA AKTUBHOCT (5R)-KJIEUCTEHOJINIA U
AHAJIOTA

LIAHJIOP ®APKAII', TOPAH BEHEJIEKOBUE, CJIABAHA M. CTAHHCABJ/bEBUR', BOJAHA M. CPERO
3EJIEHOBUR', MUPJAHA TIOTICABUH', BEJIMUMUP [IOTICABUH"* 1 IUMUTAP C. JAKUMOB®
1YHueep3uu76147 y Hosom Cagy, IIpupogrno—maitiematiuuxy Gpaxyniieid, Jedapmuiman 3a xemujy, buoxemujy u
3awimuiny wusoiine cpegune, Tpi Jocuiteja Odpagosuha 3, 21000 Hosu Cag, ZCpIZCKa axagemuja HaAyKa u
ymetmnocwiu, Knesa Muxauna 35, 11000 Beoipag u 3YHu3€p3umew y Hosom Cagy, Meguyuncku Qakyniteid,
Hnctmuty 3a onkonoiujy Bojsogune, ITywi gp I'ongmana 4, 21204 Cpemcka Kamenuuya

(5R)-KnencTeHonu ¥ HEKOJMWKO CPONHUX aHajora Cy CUHTETH30BaHU Mosasehu on
d-rimyko3e. Kiby4HH KOpalM CHHTE3€ YKJbYYHUBAIU Cy Z-CeleKTHBHY Buturopy (Wittig) onedu-
HallWjy U MHTPaMoOJIeKyJIcky MuuyHodyoBy (Mitsunobu) peakuujy y3 wHBep3Hjy KOHGHUTrY-
pauuje Ha C-5. In vitro aHTUIIpOIUEPATHBHA aKTUBHOCT CHHTETH30BaHUX jeIUbEHA j& TECTH-
paHa Ha MaHesly ofl 0CaM XyMaHHX TYMOPCKHX henuja u mpema jemHoj HopMmainHoj henujckoj
nuadju (MRC-5). BehuHa TecTHpaHuX jenvmera MoKas3asa je CHa)kKHe aHTHIponudepaTuBHe
edekre mpeMa oppeheHUM XyMaHUM TYMOPCKHAM henmdjama, a cBa cy mokasasna 3aHeMapJbUBYy
TOKCUYHOCT peMa HopMmanHuMm henujama derannux gudpodnacra mwiyha (MRC-5). Hajak-
THUBHUje jeIumene 100HjeHo Y 0BOM pafly duo je makToH 5, koju je y henujckoj kyntypu MDA-
-MB 231 noxasao UCTy aKTUBHOCT Kao AokcopyduuuH (ICso 0,09 pM). Jaxe aHTHUnponudgepa-
THUBHE aKTMBHOCTH aHasora 2, 5 1 6 cy 3adenexene y henujckoj xyntypu K562 (ICso 0,21, 0,34
u 0,33 pM, penom), nokasyjyhu npu Tome BeomMa CJIMUHE aKTMBHOCTH AOKCOPyOuuuHy (ICso
0,25 pM). IlpenumunapHa CAP aHanu3a ykasyje na nmpomeHa crepeoxemuje Ha C-5 moxe
nosehaTy aHTUNPONU(EPATUBHY aKTUBHOCT PE3YNTyjyhux crepeorsomepa.

(TTpumiseHo 26. janyapa, peBuaMpaHo 25. MapTa, npuxsaheno 9. anpuna 2023)
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SPECTROSCOPIC DATA OF MAIN COMPOUNDS
Methyl (27)-4,6, 7-tri-O-benzyl-2, 3-dideoxy-D-arabino-hept-2-enoate (4)
OBn OH
TNE Nl 3\ 2
OBn OBn CO,Me
4

IR (film): vy 3479, 1723, 1658, 1604, 1586, 1028 cm .

"H NMR (400 MHz, CDCls, 9): 7.24-7.39 (m, 15 H, 3 x Ph), 7.41 (dd, 1 H,
Jo3=11.8,J;54=9.1 Hz, H-3), 6.02 (d, 1 H, J,5 =11.8 Hz, H-2), 5.42 (bd, J54 =
9.0 Hz, H-4), 4.34-4.75 (m, 6 H, 3 X PhCH>), 3.87 (dd, 1 H, J7,7vb = 12.1, Jo7 =
4.9 Hz, H-7b), 3.73 (m, 3 H, H-5, H-6 and H-7a), 3.69 (s, 3 H, CO,CH>), 2.1-2.5
(bs, 1 H, OH).

BC NMR (100 MHz, CDCls, 6): 166.15 (CO,CHj3), 147.32 (C-3), 138.53,
138.25, 137.95, 128.38, 128.35, 128.25, 128.14, 127.93, 127.82, 127.69, 127.60,
127.50 (3 x Ph), 122.38 (C-2), 77.85 (C-6), 74.49 (C-5), 73.54 (C-4), 73.52,
72.43,71.27 (3 x PhCH,), 70.74 (C-7), 51.44 (CO,CH;).

(H)ESI-HRMS m/z: calculated for [C,0H30 + K'] 515.1830, observed
515.1822.

* Corresponding author. E-mail: velimir.popsavin@dh.uns.ac.rs
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4,6,7-Tri-O-benzyl-2, 3-dideoxy-D-arabino-hept-2-eno-1,5-lactone (5)
(0]

OBn 0”1 |2
7 ‘? 43
OBn OBn
5
IR (film): viax 1731, 1629, 1605, 1497, 1066, 1028 cm L
'"H NMR (250 MHz, CDCls, 8): 7.14-7.52 (m, 15 H, 3 x Ph), 6.99 (dd, 1 H,
J23=9.8, J;4= 5.7 Hz, H-3), 6.20 (d, 1 H, J>5= 9.8 Hz, H-2), 4.46-4.86 (m, 7 H,
H-5 and 3 x CH,Ph), 4.28 (dd, 1 H, J,s= 2.5, J;4= 5.6 Hz, H-4), 4.18 (ddd, 1 H,
J6,7b: 20, J6,7a: 40, J5)6: 9.6 HZ, H-6), 3.96 (dd, 1 H, J7a,7b: 108, J5,7b: 2.0 HZ,
H-7b), 3.82 (dd, 1 H, Js7,= 3.9, J7.7v= 10.8 Hz, H-7a).
3C NMR (62.5 MHz, CDCls, 8): 162.68 (C-1), 143.13 (C-3), 138.25, 138.17
137.69, 128.52, 128.42, 128.13, 128.05, 127.90, 127.75, 127.71, 127.66 (3 x Ph),
124.31 (C-2), 77.91 (C-5), 75.35 (C-6), 73.54, 72.36, 71.38 (3 x CH,Ph), 67.92
(C-7), 65.46 (C-4).
(H)ESI-HRMS m/z: calculated for [CsHyOs + K'] 483.1568, observed
483.1564.

4,6, 7-Tri-O-benzyl-2, 3-dideoxy-D-lyxo-hept-2-eno-1,5-lactone (6)

o}

OBn C_) 1 ‘ 2
7 ? AN
OBn OBn

6

IR (film): vinax 3020, 1731, 1497, 1101, 1027 cm .

"H NMR (400 MHz, CDCls, 9): 7.25-7.43 (m, 15 H, 3 x Ph), 6.85 (dd, 1 H,
J3=10.0, J;4=2.2 Hz, H-3), 5.99 (dd, 1 H, J,5=10.0, /4 = 1.8 Hz, H-2), 4.34—
4.84 (m, 8 H, 3 x CH,Ph, H-4 and H-5),4.01 (td, 1 H, J67.= 6.2, Jo 7, = 6.0, J5 6 =
1.9 Hz, H-6), 3.88 (dd, 1 H, Jo7 = 5.8, J7a7v = 9.8 Hz, H-7b), 3.84 (dd, 1 H, Js 7.
= 64, J7a,7b =928 HZ, H—7a).

BCNMR (100 MHz, CDCl;, 8): 162.43 (C-1), 146.07 (C-3), 137.94, 137.78,
136.91, 128.51, 128.36, 128.31, 128.13, 127.94, 127.87, 127.78, 127.68, 127.63
(3 x Ph), 120.24 (C-2), 80.08 (C-5), 74.68 (C-6), 73.49, 72.64 and 71.6 (3 %
CH,Ph), 69.03 (C-7), 68.80 (C-4).

(H)ESI-HRMS m/z: calculated for [C,sHxOs + Na'] 467.1834, observed
467.1827.
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(@] O
©)ko Q1‘2
7 ‘:554 3
OAc OAc

(5R)-Cleistenolide (2)

IR (film): Vinax 1744, 1604, 1176 cm ™.

"H NMR (400 MHz, CDCls;, d): 7.40-8.05 (m, 5 H, Ph), 6.77 (dd, 1 H, J,5=
10.0, J54= 2.7 Hz, H-3), 6.10 (dd, 1 H, J,4= 1.9, J,5=10.0 Hz, H-2), 5.57 (ddd,
1 H, J,4=1.9, J54=2.6,Js5=8.5 Hz, H-4), 550 (ddd, 1 H, J55=2.2, Jo7b=5.3,
Jo7a= 1.3 Hz, H-6), 4.74 (dd, 1 H, Jss= 2.2, J15= 8.5 Hz, H-5), 4.61 (dd, 1 H,
J6,7b = 53, J7a,7b =11.7 HZ, H-7b), 4.56 (dd, 1 H, Jﬁja = 73, J7a,7b =117 HZ, H-
7a),2.10 and 2.13 (2 x 5, 3 H each, 2 x COCH;).

BC NMR (100 MHz, CDCl;, 9): 169.91 and 169.64 (2 x COCHs;), 165.83
(COPh), 160.89 (C-1), 144.09 (C-3), 133.25, 129.91, 129.31, 128.45 (Ph), 121.82
(C-2), 77.80 (C-5), 67.80 (C-6), 63.20 (C-4), 62.40 (C-7), 20.60 (2 x COCHj3).

(+)ESI-LRMS m/z: 363 [M + H'].

Combustion analysis for CigH30g: Calculated: C 59.67, H 5.01; found: C
59.49, H 4.89.

(5R)-Cleistenolide (2)

SAR ANALYSIS
0 0 0 0 o] o]
N R s R
OAc OAc OAc OAc OBn CBn 0OBn OBn
{—)-Cleistenolide (1) (5R)-Cleisienolide {2) T 8

Fig. S-1. Structures of compounds used for SAR analysis

TABLE S-1. In vitro cytotoxicities used for SAR analysis.

Compounds - [Cso (uM)
K562 HL-60 Jurkat Raji  MCF-7 MDA-MB 231 HeLa A549
1 7.65 1.21 1422 3694 26.07 2.25 732 16.34
2 0.21 7.31 1941 247 2128 7.66 6.45  9.38
5 034 1255 924  29.66 1.39 0.09 3.58 1.85
6 0.33 8.27 17.03  1.05  20.06 7.04 590 17.21

The structure-activity relationships were accessed as follows: the /Csy values
of two compounds were compared, and the A log /Cs, was calculated (A log ICs
is a difference between the log ICs values of an analogue and the corresponding
control compound). Positive A log ICsy values show a decrease of

Available on line at www.shd.org.rs/JSCS/
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antiproliferative activity, whereas negative values indicate an increase in the

activity upon the structural modification being considered. The results are
presented in Fig. S2.

MA549 MHela WMDA-MB 231 EMCF-7 ®@Raji MJurkat ®HL-60 K562

4

5&6

1&2

-2 -1 0 1l 2
A log (IG5 / pM)

Fig. S-2. The effect of stereochemistry at the C-5 position on the cytotoxicity of
stereoisomers.
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NMR SPECTRA OF MAIN COMPOUNDS

250 MHz 'H NMR Spectrum of compound 5 (CDCls)

GBK15, PTSAXH20, GBSTR24, COCL3
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62.9 MHz "°C NMR Spectrum of compound 5 (CDCls)

GBK15, COCL3. PTSAXH20. GBSTR24
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400 MHz '"H NMR Spectrum of compound 6 (CDCls)

GBK15L, CDCL3.10.3.17.

LA

1

T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

100 MHz "*C NMR Spectrum of compound 6 (CDC}3)

0.96 —
0.84 —

RN N\ 2
OBn O 1
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6
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400 MHz 'H NMR Spectrum of compound 2 (CDCl3)

GBK3E,CDC13, 25.3.17.

=5
OAc OAc

(5R)-Cleistenolide (2)
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100 MHz "*C NMR Spectrum of compound 2 (CDCls)

GBK3E,CDC13, 29.3.17.

AT T

>5 8
OAc OAc

(5R)-Cleistenolide (2)

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60

0] O

5 3

OAc OAc

(5R)-Cleistenolide (2)

TABLE S-II. Comparison of NMR data of final product 2 with published values (CDCls)

C/H 8H (.], HZ) 8(:

This work Ref. 1 This work Ref. 1
1 — 160.9 160.9
2 6.10 dd (1.9,10.0) 6.12dd (1.7, 10.0) 121.8 121.9
3 6.77 dd (10.0,2.7) 6.79 dd (10.0, 2.8) 144.1 144.1
4 5.57ddd (1.9,2.6, 5.59dt(2.0,2.0, 63.2 63.3

8.5) 6.3)

5 474 dd (2.2,8.5) 4.75dd (2.0, 8.5) 77.8 78.0

Available on line at www.shd.org.rs/JSCS/
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TABLE S-II. Continued

C/H oy (J, Hz) d¢c
This work Ref. 1 This work Ref. 1
6 5.50ddd (2.2,5.3, 5.52ddd (19,53, 67.8 67.9
7.3) 7.0)
7a 4.56dd (7.3,11.7) 4.58dd (7.3, 11.5) 62.4 62.4
7b 4.61dd (5.3,11.7) 4.63dd (5.3,11.5)
2.10and 2.13 (2 x 2.13 and 2.15 (2 % 20.6 20.7
Me 5) 5)
MeCO — — 169.6 and 169.9 169.7 and 170.0
Ph 7.40-8.05 m 7.46-8.01m 128.4,129.3,129.9, 128.5,129.4, 129.7,
133.2 1334
PhCO — — 166.0 165.9
REFERENCES
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(https://dx.doi.org/10.1002/ejoc.201403123).
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peptide-peptoid linkages®
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Abstract: The present work describes the synthesis of a new class of glycolipids
with systematic variations in the linkage region, as well as in the aglycon part
using Cu(I) catalyzed click reaction. The linkage region between sugar and the
aglycon part was diversified using amide, amido-triazole and 5-benzoyl tri-
azole moieties. The structural diversity of glycolipids was further amplified by
incorporating several polar peptide foldamer groups such as triazole, amide,
peptide, or N-aryl peptoid in the aglycon part. The newly designed glycolipids
were derived from the amalgamation of different peptide bond mimics. This
work reports the first use of N-aryl peptoid in the synthesis of glycolipids. The
newly synthesized glycolipids were characterized using different spectroscopic
and spectrometric analyses. The impact of the amide bond as well as the
triazole ring in the linkage region on the morphology of the glycolipids was
analysed by comparing their self-assemblies using SEM analysis. The geomet-
ries of the glycolipids were also optimized using density functional theory and
the optimized structures were found to be minima in the potential energy sur-
faces.

Keywords: click reaction; [3+2] cycloaddition; triazole-amide; 5-benzoyl triazole;
N-aryl peptoid; SEM study.

INTRODUCTION

Glycolipids, an important class of biomolecules on the cell surface, have
found a wide range of potential biological applications in addition to their applic-

* Corresponding authors. E-mail: (*)laxminarayanchem@gmail.com;
(**)sns.chem@buodisha.edu.in

* Dedicated to late Prof. Duraikkannu Loganathan.
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ations in detergents, agro-food chemicals, and cosmetics. 10 The glycan compo-
nent of glycolipids has the affinity and the selectivity for different peptides and
proteins, by virtue of which, glycolipids have the potential to be used as non-
toxic and non-ionic surfactants for the extraction and the crystallization of int-
egral membrane proteins. The bioactivity of glycolipids and their application as
surfactants depends on the glycan part, the lipid chain, and the type of linkage
between them, which emphasizes the need for the development of new methodol-
ogies for the synthesis of a series of glycolipids with diverse structures.” Among
various methods reported for the synthesis of glycolipids, triazole ring containing
glycolipids, synthesized by Cu(l) catalyzed click reaction of azide and alkyne$-11
under aqueous conditions, has found the maximum acceptance in recent times,
due to the easy synthetic method, higher yield and better proteolytic stability.
Since the triazole ring is an isosteric replacement of the trans amide bond, it can
act as a linker between the sugar and the aglycon part for the synthesis of N-
-linked glycoconjugates.!2-19 The C-5 proton of the triazole ring can be replaced
by a suitable electrophile by the click reaction of azide and alkyne using Cu(l)
catalyst under anhydrous conditions. Based on these assumptions, the authors
have synthesized several glycoconjugates such as glycopeptoids,2? halogenated
glycolipids,2! and aromatic glycoconjugates (Fig. 1).22

Our Earlier Work

N=N N=N

N=N \ / i
/ _N . N
GIC/N\)\/NW( Gle \!)\L'P'd clc—N A ~ar
o X
Ar 0
Glycopeptoid Haloglycolipid Aromatic Glycoconjugate

Present Work

N:‘N H /N::N
N‘:N

H
N N N L
Gle™ “Lipid  Gle” N (
Iy TP
o Lipid

Triazole-amide
Bis triazole-amide

cic—N N pe N
[ R N =N
Ar o o) J Lipid

5-Benzoyl triazole
Bis triazole N-arylamide

Fig. 1. Structural diversity in glycoconjugates using amide and its isosteres.

In addition to the rigid glycan part and the highly flexible aglycon part in
glycolipid, the controlled flexibility of the linkage region by virtue of the res-
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tricted rotation in the amide bond and its foldamers plays an important role in
deciding its biological activity.23-24 The present work has explored the use of
Cu(l) catalysed click reaction for the synthesis of diversely functionalized tri-
azole-linked glycolipids, where the linkage between the sugar and the lipid part
has been modified using amide-linked triazole, 5-benzoyl triazole and bis-triazole
rings connected by either amide or N-aryl amide bond.25 Given the crucial role
exemplified by amide bonds in controlling the structures and activities of pro-
teins, the amide bonds and their isosteres like triazole rings are paramount
constituents in drug molecules. A combination of the amide bond and triazole
ring (i.e., triazole—amide) in the linkage between sugar and lipid will introduce
different conformations and modes of interaction with other molecules. This is
the first report on the synthesis of an N-aryl peptoid-linked glycolipid by mod-
ifying the linkage region between the glycan and the aglycon part. The present
work aims at the impact of the modification of the linkage region on the mor-
phology of the glycolipids.

EXPERIMENTAL
Experimental details and additional data are given in Supplementary material to this
paper.
RESULTS AND DISCUSSION

In order to demonstrate the impact of amide and its isosteres on the morpho-
logical properties by virtue of noncovalent interactions, triazole-linked glycocon-
jugates were synthesized using Cu(l) catalysed click reaction with the systematic
variation in the alkyne or reaction condition. For the synthesis of triazole-amide
linked glycolipid 4, per-O-acetylated f-p-glucopyranosyl azide 3 was reacted
with propiolamide 1 in presence of Cu(l) as the catalyst, generated in situ by the
reaction of CuSO4 and sodium ascorbate in an aqueous acetone medium. The
propiolamides 1 and 2 were previously synthesized by a reaction of the corres-
ponding amine with dicyclohexylcarbodiimide (DCC)-activated propiolic acid
(Scheme 1). The formation of compound 4 was confirmed by NMR spectroscopy
and ESI-MS HRMS. In the H-NMR spectrum of 4, the triazole proton appeared
as a singlet at 8.47 ppm whereas the —NH proton of the amide bond appeared as a
triplet at 7.27 ppm. The anomeric proton appeared as a doublet at 5.98 ppm. The
C-5 and C-4 carbon of the triazole ring appeared at 144.1 and 124.4 ppm, res-
pectively, in the 13C-NMR spectrum.

To introduce more structural diversity in the glycolipid, azidoacetamide-
-based triazole—amide linked glycolipid 6, where the sugar moiety is linked to the
triazole ring with an extra amide group spacer, was synthesized using a similar
procedure as that of 4. Per-O-acetylated S-p-glucopyranosyl azidoacetamide2® 5
was reacted with n-octyl propiolamide 1 in presence of Cu(l) as the catalyst
(Scheme 1). The C—H proton of the triazole ring in 6 appeared as a singlet at 8.31
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ppm in the 'H-NMR spectrum. The NH proton of the anomeric amide bond
appeared as a doublet at 7.56 ppm and the NH proton of the triazole—amide
appeared as a triplet at 7.29 ppm.

0]

Ha G oot 3G, TEC /LHACnuznﬂ
Dry DCM, 0 °C - RT

1 (n=7), 2 (n=11)
(o]

A O/&’ ///LHACfnlb O.ﬂ.(:0 i
1 =
B —

H .
OAc CuSO, (20 mol%) 5 e %\'NVLF”“
3 Sodium ascorbate (40 mol%) 4 o
Acetone : Water (2 : 1)
0

OAc OAc
o] /\NA(: H 0
H rals |3
S AN Gl i N =y
OAc \‘g/\ 3 OAc E/\N N_ _CiHys
: CuSO; (20 mol%) g 7 ~
o]

5

Sodium ascorbate (40 mol%)
Acetone : Water (2: 1)

Scheme 1. Synthesis of triazole-amide-linked glycolipids.

A crucial role is played by the aromatic proton of the triazole ring in control-
ling its structure and activity. These protons can act as participants in noncov-
alent interactions (e.g., C—H---O interactions) with other molecules. Replacement
of the triazole proton with other functional groups, for instance, the benzoyl
group will not only mutate the steric as well as the electronic atmosphere of the
triazole ring but will also change its interaction with other molecules which is
important for the activity of biomolecules like glycolipids. Keeping this in mind,
glycolipids with 5-benzoyl triazole linkage were synthesized by the electrophilic
addition of benzoyl chloride to the copper-triazolium intermediate, formed in situ
by [3+2] cycloaddition reaction of azide functionalized sugar and alkyne func-
tionalized long chain alkane under anhydrous condition. Azide 3 was reacted
with propiolamide 1 and benzoyl chloride in presence of Cu(I)Br and diisopro-
pylethylamine in dry acetonitrile (Scheme 2) which gave 5-benzoyl triazole-
-linked glycolipid 7 upon purification. In the 'H-NMR spectrum of 7, the
absence of the triazole proton and the appearance of carbonyl carbon of the 5-
benzoyl triazole group at 186.2 ppm in the !13C-NMR spectrum confirmed the
formation of the 5-benzoyl triazole ring. The formation of 7 was further
confirmed by the ESI-MS HRMS spectrum. Glycolipid 8 with a longer lipid
chain was synthesized by reacting protected glycosyl azide 3 with propiolamide 2
under similar reaction conditions as that of 7.
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For the introduction of another amide bond between the sugar and 5-benzoyl
triazole ring, azidoacetamide 5 was reacted with propiolamide 2 and benzoyl
chloride using Cu(I)Br and DIEA in dry acetonitrile (Scheme 2). The NH proton
of the triazole—amide group appeared as a triplet at 7.20 ppm whereas the NH
proton of the anomeric amide group appeared as a doublet at 7.06 ppm in the 1H-
-NMR spectrum. In the 13C-NMR spectrum of 9, the carbonyl carbon of the 5-
-benzoy] triazole group appeared at 186.8 ppm.

0
PAE /}/“\HAC"H”H _Cul)Br, DIEA__
u r
A?\%mnz * 4 (n=7), 2 (n=11)

OAc ac ctunltnle Im‘ CnH2n+l
3 a 0 °C-RT
: ) ~Cl

7 (n=T), 8 (n=11)
o
//U\N
OAc = H
03 i Cu()Br, DIEA A OmH B
‘ oac ) M o Aco N A=A

H
J acoemnlmle OAc Y\H/ N__CiiHz
5 C-RT 0O
@JLO
[0}
9

Scheme 2. Synthesis of 5-benzoyl triazole-linked glycolipids.

P
Cy4Hazs

The reactivity of the triazole ring will be changed by the substitution of its
proton by the benzoyl group, whereas on the other side, the presence of an
additional triazole ring in the existing molecule may support its binding with
other molecules or acquaint supplementary traits to its structure and activity. For
the synthesis of bis-triazole linked glycolipid, azide functionalized triazole linked
glycoconjugates 14 and 15 were synthesized for further reaction with alkyne
functionalized long chain alkanes. Propargyl amine was reacted with chloroacetyl
chloride in the presence of potassium carbonate to give the corresponding chloro-
acetamide 10 which upon reaction with per-O-acetylated f-D-glucopyranosyl azide
3 in presence of Cu(l) furnished triazole-linked chloroacetamide 12. Further
reaction of 12 with sodium azide in a mixture of acetone and water (2:1) at 60 °C
resulted in the formation of the corresponding azidoacetamide 14 (Scheme 3).

To use the structural and conformational features of N-aryl peptoids as a
linkage in glycolipids known in the literature of peptidomimetics, bis-triazole-
-linked glycolipid was synthesized with an N-aryl peptoid backbone. Azidoacet-
amide functionalized N-aryl peptoid glycoconjugate 15 was synthesized for fur-
ther click reaction with alkyne functionalized lipid. The synthesis started with the
monoalkylation of aniline using propargyl bromide (1.1 equiv.) in the presence of
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potassium carbonate, followed by a reaction with chloroacetyl chloride, to give
N-propargylated N-chloroacetamide of aniline 11 (Scheme 3). The reaction of 11
with per-O-acetylated S-D-glucopyranosyl azide 3 using copper sulphate and
sodium ascorbate in an aqueous acetone medium gave triazole-linked N-aryl gly-
copeptoid chloroacetamide 13. The chloroacetamide 13 was reacted with sodium
azide in a mixture of acetone and water (2:1) at 60 °C to give the corresponding
azidoacetamide 15 (Scheme 3). Unlike N-alkyl peptoids which exist as a mixture
of cis and trans isomers, N-aryl peptoids prefer to exist as trans isomers. In the
IH-NMR spectra of 14 and 15, the triazole protons appeared as singlets at 7.84
and 7.97 ppm, respectively.

Cl Cl
= \g/\ =~ N
NH;, —————— ==
== _NH, KoCOa DCM, L %/\CI
0°C-rt,24 h
10

1. '///\Br

K;C04CHCN, 0°C - 1t, 12 h
: S
NH, 2 Cl\n/\c-},l]“{:-rt, 24h \\/N\g\(j
Q

0

MO% R Cuso;, (20 mel%)

Aco Ny + \“::\/N\[(\C, Sodium ascorbate (40 mol%)
o acetone: H;0 (2 :1)

3 r, 24 h

10 (R=H), 11(R=Ph)

OAc NaN
o] N R s OAc
mﬁ)’m N=N | Acetone: H;0 (2:1) 0 N=N R
cO. N N SRR . AgD o h
DAc A ~r ¢l T eoe°c,2an Aco . ”\)\,N\g/\na
0

12 (R=H), 13(R=Ph) 14 (R=H), 15(R=Ph)

Scheme 3. Synthesis of azide functionalized triazole linked glycoconjugates.

The triazole-linked azidoacetamide functionalized glycoconjugate 14 was
reacted with n-octyl propargyl ether 16 using Cu(l) catalyzed click reaction to
give bis-triazole linked glycolipid 17 after purification by column chromato-
graphy (Scheme 4). In the !H-NMR spectrum of 17, two triazole protons
appeared as singlets at 8.32 and 7.86 ppm, whereas the NH proton of amide
appeared as a singlet at 7.33 ppm.

The reaction of 14 with propiolamide 2 by Cu(l) catalyzed click reaction
gave bis-triazole-linked glycolipid 18 (Scheme 5). There are two types of triazole
rings and two amide bonds in 18, one of them is a triazole-amide. In the !H-
-NMR spectrum of 18, two triazole protons appeared as singlets at 8.29 and 7.85
ppm whereas the two NH protons of two amide bonds appeared as multiplets in
the range of 7.26-7.18 ppm.
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A bis-triazole-linked glycolipid with an N-aryl peptoid backbone was des-
igned by replacing the NH proton of the amide bond connecting two triazole
rings with a phenyl group. The synthesis was done by Cu(I) catalysed click react-
ion of triazole-linked N-aryl glycopeptoid azidoacetamide 15 with propiolamide
2 to give bis-triazole linked glycolipid 19 after purification (Scheme 5). The two
triazole protons of 19 appeared as singlets at 8.20 and 7.91 ppm, and the NH
proton of the triazole-amide appeared as a triplet at 7.11 ppm in the 'H-NMR
spectrum.

Propargy! bromide
o .
HO™ ~C7Hs Nl Dry DMF, 0 °C - RT 07 Ctss

16

’m\)\/fus =0

CuS0,4 (20 mol%)
Sodium ascorbate (40 mol%)
Acetone : Water (2: 1)

OACO i
FA
cO \/\\/ /\]/\ CiHys
OAc \P)ﬁ

17

Scheme 4. Synthesis of bis-triazole linked glycolipid 17.
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0 N-Ny R /U\N/“*c H
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OAc 7 \f"‘h
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14 (R=H), 15 (R=Ph) Sodium ascorbate (40 mol%)
Acetone : Water (2: 1)

mu\)\/f% A~Ctan

18 (R=H), 19 (R=Ph}

Scheme 5. Synthesis of bis-triazole-linked glycolipids.

The synthesized glycolipids contain aromatic triazole ring and other z-elec-
tron systems (e.g., 5-benzoyl triazole and N-aryl amide) in the linkage region of
sugar and lipid part, which can participate in noncovalent interactions with other
bio-molecules and conjugated m-electron systems, thereby facilitating the study
of these interactions by the spectroscopic methods like UV—Vis spectroscopy. To
understand the diversity in the conjugated n-electron system, the UV—Vis spectra
of the glycolipids were recorded. The UV—Vis spectra of triazole amide-linked
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glycolipids 4 and 6 showed absorption maxima (4y,x) at 210 and 223 nm, res-
pectively (Fig. 2A and B). For the corresponding 5-benzoyl triazole-linked glyco-
lipids 7 and 9, there were additional peaks at 1,5x 256 and 261 nm, respectively
(Fig. 2A and B). With the change in lipid chain length or changes in linkage
region, there was no significant change in the absorption spectrum as shown in
the case of 7, 8 and 9 (Fig. 2C). Bis-triazole-linked glycolipids 17-19 showed
absorption maxima (Amax) at 215, 213 and 211 nm, respectively, in the UV-Vis
spectra (Fig. 2D).

J—)
— T

absorbance
absorbance

absorbance
absarbance

wavslzngth (nm) wavekengh (nm

C D

Fig. 2. UV-Vis spectra in methanol at 10> M concentration; A) glycolipids 4 and 7;
B) glycolipids 6 and 9; C) glycolipids 7-9; D) glycolipids 17-19.

The ability of the functional groups present in the linkage region connecting
the sugar and the lipid part to participate in non-covalent interaction plays an
important role in controlling the physical properties of synthetic glycolipids.
With a systematic variation in the sugar—lipid linkage region, twelve different
glycolipids were selected from this work and our earlier work for the SEM study
(Fig. 3). The synthesized glycolipids have different functional groups such as amide,

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

(CC) 2023 SCS.



PEPTIDE-PEPTOID LINKED FUNCTIONALIZED GLYCOLIPIDS 723

N=N N=N

0KV 14.0mm

Fig. 3. SEM Images of the synthesized glycolipids.

triazole, amido triazole, halotriazole and bis-triazole in the sugar-lipid linkage
region. To understand the influence of these functionalized triazole rings on the
morphology of synthesized glycolipids, the self-assembled structures of the
protected glycolipids were studied using a scanning electron microscope. Fig. 3
(A-L) displays the SEM images of the self-assembled structures of glycolipids in
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a mixture of ethyl acetate and hexane. It was observed that a C-5 protonated
triazole containing glycolipid exhibited fiber-like structures, probably due to an
extended noncovalent interaction (e.g., C—H:--O interaction) as observed in 4 and
20, whereas substitution of the C-5 proton by a halogen atom such as Br or |
diminished such noncovalent interactions. This can be clearly visible from the
SEM images of 21-24 where no regular arrangements were observed. In the case
of an amido-triazole the effect of non-covalent interaction can be observed from
the fibre-like arrangements in the SEM image of 4, but replacing the triazole
proton with a benzoyl group at the C-5 position of the triazole reduced the ability
to form fibre-like arrangements as shown in the case of 8 and 9.

The irregular arrangements of the glycolipids in the SEM images of 17-19
can be attributed to the replacement of an amide bond by either a triazole or N-
aryl peptoid or ether linkage which reduced the noncovalent interactions. The
above study clearly explained the impact of non-covalent interactions on the
morphology of glycolipids.

To understand the stability of the glycolipids, the geometries of these mole-
cules were optimized using B3LYP density functional theory. The optimized
structures thus obtained were used for frequency calculations. In each case, posi-
tive frequencies were obtained, which implies that the optimized structures are
minima in the potential energy surfaces and hence are stable. The optimized
structures of 8 and 9 are given in Fig. 4.
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Fig. 4. DFT optimized geometries of synthesized glycolipids 8 and 9.

CONCLUSION

Diversely functionalized triazole-linked glycolipids were synthesized with
systematic variation in the linkage region between glycan and aglycon unit.
These Cu(]l) catalyzed [3+2] cycloaddition reactions not only gave higher yields
under mild reaction conditions, but also have the advantage of functionalizing the
triazole rings with modification in reaction condition (5-benzoyl triazole) or
sequence of reactions (bis-triazole). The structure of the linkage region between
sugar and lipid was systematically varied with different amide bonds and its iso-
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steres like triazole-amide, 5-benzoyl triazole, bis-triazole with peptide or N-aryl
peptoid backbone. The stability of the synthesized glycolipids was also deter-
mined based on DFT calculations. The scanning electron microscopy (SEM)
study of self-assembled structures of the synthesized glycolipids showed the
importance of the amide bond as well as the triazole ring in deciding the mor-
phology of the glycolipids. Since these functional groups are important consti-
tuents in peptides or peptidomimics, synthetic glycolipids can be modified
accordingly for the interactions with natural peptides, enzymes or other medic-
ally important biomolecules. This methodology can be extended to other mono-
saccharides and disaccharides, with variations in the length of the lipid chain, for
the synthesis of a library of compounds. The application of synthesized glyco-
lipids as nonionic surfactants as well as potential drug candidates is in progress.

SUPPLEMENTARY MATERIAL
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H3BOJ
CHUHTE3A I'TTUKOJIUIIUIA CA TIEITUA-TIEINITONU] CITOJEM [TIPUMEHOM , CLICK”
PEAKLIMJE

ANADI SINGHAMAHAPATRA', CHINMAYEE PATTNAIK?, BISHNU PRASAD KAR’, GANESH CHANDRA NAYAK®,
LAXMI NARAYAN SAHOO® 1 SATYANARAYAN SAHOO?

'Department of Chemistry, Saraswati Degree Vidyamandir, Neelakantha Nagar Berhampur, Odisha, India,
760002, °P. G. Department of Chemistry, Berhampur University, Odisha, India, 760007, 3Department of
Chemistry, Government Science College Chatrapur, Odisha, India, 761020 and *Department of Chemistry
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Y oBOM pamy je omnucaHa CUHTe3a HOBE Kjace INIMKOJIUINAA Ca CUCTEMCKUM ITPOMEHaMa
crnoja usmelhy nBa mema CTpyKType, Kao M arjMKOHCKOT fiena MOJeKysa, IpUMeHoM ,click”
Cu(I)-karanusoBaHe peakuuje. Mogudukanuje croja usmehy uehepa v armMKoHCKOr Iena
nofpasyMmeBajy amMHMIHe, aMUJIO-TPU3alIOCKe M 5-0€H30MJI TpHA30JICKe CTPYKTyDHE MOTHUBE.
CTpyKTypHE pasjuKe [TTMKOJIMIUAA CY AOJATHO MCTaKHYTe yK/byUHMBAmbEM HEKOJIMKO IOjap-
HUX 3aBOjHUX NENTUAHUX IPyIa ca Kao LITO Cy TPHA30/I{, aMUOH, eNTUAN UiIu N-apuil men-
TOUJH Y aIMKOHCKOM feny. HOBU IIMKOJIMIUAY CYy KPeUPaHU KOMOMHOBAaHEM DPasIMYUTHX
NEeNTOMUMETHUYKUX CIlojeBa. Y pafy je NpBU IyT NpHUKa3aHa NpuUMeHa N-apuil nenrouna y
CUHTe3u rnukonunua. HoBa cHHTeTHCaHa jefirmbema Cy OKapaKTephcaHa INPUMEHOM CIek-
TPOCKOICKHUX U CHEKTPOMETPHjCKHUX aHa/lu3a. YTUIlaj aMHIHE Be3e Kao M TPUa30JICKOT TpC-
TeHa Ha MOP(GOJIOTHjY INIMKONIUNNTA je yropeheH ca BUXOBOM cliocobHourhy camoopraHu30-
Bama, kopumhewem SEM ananuse. 'eomeTpuja ITIMKONMIKAA je ONTUMHM30BaHa TEOPHjOM
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EXPERIMENTAL

A. General Information: The solvents used during the reaction were distilled before use,
and dry solvents were prepared using standard methods. All reagents purchased from
commercial sources were used without any purification. Column chromatography was
performed over 100-200 mesh silica with ethyl acetate and hexane as the eluent. 'H and "°C
NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. All mass spectra were
recorded in a Q-TOF electrospray ionization spectrometer. UV-Visible spectra were recorded
on a Systronics PC-based double-beam UV-visible spectrophotometer (model-2202).
Scanning Electron Microscopic studies were carried out using a Hitachi S3400 N microscope.
All the Density Functional Theory (DFT) based computations were performed using the
Gaussian 09W package. The geometries of Compounds 21 and 22, which include iodine atoms
in their structures, were optimized at B3LYP/def2svp level, and for all other compounds given
in Figure 3, the geometry optimization was performed at B3LYP/6-31G(d) level. No
symmetry was imposed in the molecules during optimization. The optimized structures
obtained in the above processes were subjected to frequency calculations to find out whether
these are maxima or minima in the potential energy surfaces.

B 1. General method for Cu(I) catalysed synthesis of 1,4-triazole linked glycolipids 4
& 6: To a stirred mixture of azide (3 or 5, 1 mmol)* and alkyne (1, 1.1 mmol) in acetone (5
mL), solutions of copper sulphate (20 mol% in 1 mL water) and sodium ascorbate (40 mol%
in 1.5 mL water) were added. The reaction continued until the starting material (3 or 5) was
completely consumed at room temperature, as indicated by TLC. The crude product obtained
after the aqueous workup was purified by column chromatography to obtain an analytically
pure sample.

* Corresponding authors. E-mail: (*)laxminarayanchem@gmail.com;
(**)sns.chem@buodisha.edu.in
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Compound 4: Yield 95% (520 mg), m.p. 175-179 °C, [a]p-28.6° (¢ = 1.0, CHCl; 25 °C),
'H NMR (400 MHz, CDCly): 6 8.47 (s, 1H, triazole -CH), 7.27 (t, 1H, J = 9.6 Hz, NH), 5.98
(d, 1H, J = 8.4 Hz, H-1), 5.53-5.44 (m, 2H, H-2 & H-3), 5.31 (t, 1H, J = 9.6 Hz, H-4), 4.32-
4.28 (dd, 1H, H-6a), 4.18-4.15 (dd, 1H, H-6b), 4.09-4.06 (m, 1H, H-5) 3.48-3.42 (m, 2H, NH-
CH,-), 2.08, 2.06. 2.03, 1.87 (4s, 12H, 4 x -COCHs;), 1.64-1.60 (m, 2H, -NHCH,CH,CH,),
1.38-1.27 (bs, 10H, 5 x CH,), 0.87 (t, 3H, -CH;) ppm; C NMR (100 MHz, CDCl;): §170.6,
170.0, 169.4, 168.7, 159.4, 144.1, 124.4, 85.8, 75.1, 72.6, 70.5, 67.5, 61.4, 39.3, 31.8, 29.6,
29.3,29.2, 27.0, 22.7, 20.7, 20.6 (x 2), 20.2, 14.1 ppm; ESI-MS HRMS: calculated 555.2666
for [M+H]+, found 555.2667 for C25H39N4010.

Compound 6: Yield 90% (550 mg), m.p. 155-157 °C, [a]p+11.2° (¢ = 1.3, CHCl; 25 °C),
'H NMR (400 MHz, CDCl,): ¢ 8.31 (s, 1H, triazole —CH), 7.56 (d, 1H, J = 8.8 Hz, NH), 7.29
(t, 1H, NH), 5.33-5.27 (m, 2H, H-1 & H-2), 5.21-5.11 (ABq, 2H, NHCOCH,), 5.05 (t, 1H, J =
9.6 Hz, H-4), 4.94 (t, 1H, J = 9.6 Hz, H-3), 4.30-4.25 (dd, 1H, H-6a), 4.10-4.07 (dd, 1H, H-
6b), 3.87-3.86 (m, 1H, H-5) 3.47-3.42 (m, 2H, NH-CH,-), 2.06. 2.03, 2.00 (3s, 12H, 4 x -
COCHs), 1.64-1.59 (m, 2H, -NHCH,CH,CH,), 1.37-1.27 (bs, 10H, 5 x CH,), 0.87 (t, 3H, -
CH;) ppm; °C NMR (100 MHz, CDCly): & 170.7, 170.6, 169.8, 169.5, 165.4, 159.7, 143.7,
127.1, 78.2, 73.8, 72.7, 70.4, 68.1, 61.7, 52.6, 39.3, 31.7, 29.5, 29.2, 29.1, 26.9, 22.6, 20.6,
20.5, 14.0 ppm; ESI-MS HRMS: calculated 612.2881 for [M+H]", found 612.2903 for
Cy7H4uNsO.

2. General method for synthesis of 5-benzoyl 1,4-triazole linked glycolipids 7, 8, & 9:

Per-O-acetylated glucopyranosyl azide/ azidoacetamide (3 or 5, 1 mmol) was taken
along with n-alkyl propiolamide (1 or 2, 1.1 mmol) and Cu(I)Br (1.1 mmol) in a two necked
RB flask under nitrogen. Dry acetonitrile (5 mL) was added to it, followed by DIEA (0.45
mL, 2.5 mmol). The reaction mixture was stirred at 0 °C for 10 minutes and benzoyl chloride
(0.13 mL, 1.1 mmol) was added dropwise. The reaction was continued at room temperature
until the per-O-acetylated glucopyranosyl azide/azidoacetamide was completely consumed, as
indicated by TLC. The crude product, after aqueous workup, was purified by column
chromatography and characterized based on NMR and ESI-MS spectroscopic data.

Compound 7: Yield 75% (490 mg), m.p. 58-61 °C, [0]p-39.8° (c = 0.7, CHCl; 25 °C), 'H
NMR (400 MHz, CDCl,): 6 7.78 (d, 2H, J = 7.6 Hz), 7.61 (t, 1H, J= 7.6 Hz), 7.45 (t, 2H, J =
7.6 Hz), 7.07 (t, 2H, J = 6.0 Hz, NH), 5.89-5.80 (m, 2H, H-1 & H-2 ), 5.34 (t, IH, J=9.2 Hz,
H-3), 5.11 (t, 1H, J= 9.6 Hz, H-4), 3.92-3.88 (dd, 1H, H-6a), 3.80-3.76 (m, 2H, H-6b & H-5),
3.33-3.28 (q, 2H, NH-CH,-), 2.03, 2.00. 1.96, 1.81 (4s, 12H, 4 x -COCH3), 1.53-1.50 (m, 2H,
-NHCH,CH,), 1.29-1.25 (bs, 10H, 5 x CH,), 0.86 (t, 3H, -CH,) ppm; “C NMR (100 MHz,
CDCl): 6 186.2 (Triazole-C=0), 170.3, 170.2, 169.2, 168.7 (4 x -COCH3), 158.3 (NH-CO),
142.2, 136.5, 135.8, 134.7, 129.6, 128.7, 85.3 (C-1), 75.0, 72.8, 70.1, 67.3, 61.3, 39.4, 31.8,
29.8,29.6,29.3,29.2,27.0, 22.7, 20.6 (x 2), 20.5, 20.4, 14.2 ppm; ESI-MS HRMS: calculated
659.2928 for [M+H]", found 659.2924 for C3,H,;3N,O, ;.

Compound 8: Yield 70% (500 mg), syrup, [a]p-53.0° (c = 0.2, CHCl;, 25 °C), 'H NMR
(400 MHz, CDCL;): 6 7.78 (d, J = 7.6 Hz, 2H), 7.61 (t, J = 7.6 Hz, 1H), 7.45 (t, J = 7.6 Hz,
2H), 7.07 (t, 1H, NH), 5.89-5.80 (m, 2H, H-1 & H-2), 5.34 (t, 1H, J= 9.2 Hz, H-3), 5.11 (t,
1H, J = 9.6 Hz, H-4), 3.91-3.88 (dd, 1H, H-6a), 3.79-3.76 (m, 2H, H-6b & H-5), 3.33-3.28 (q,
2H, NH-CH,-), 2.03, 2.00. 1.96, 1.81 (4s, 12H, 4 x -COCH,), 1.53 (m, 2H, -NHCH,CH,),
1.25 (bs,18H, 9 x CH,), 0.87 (t, 3H, -CH;) ppm; “C NMR (100 MHz, CDCly): & 186.1
(Triazole-C=0), 170.2, 170.1, 169.0, 168.6 (4 x -COCH3;), 158.2, 142.1, 136.4, 135.7, 134.5,
129.4, 128.6, 85.2, 74.9, 72.7, 70.0, 67.2, 61.2, 39.2, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 26.8,
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22.6, 20.5, 20.4, 20.3, 14.2 ppm; ESI-MS HRMS: calculated 715.3554 for [M+H]", found
715.3528 for C35H51N401 1

Compound 9: Yield 70% (540 mg), syrup, [a]p -14.2° (c = 0.3, CHCI;, 25 °C), 'H NMR
(400 MHz, CDCL;): ¢ 7.83 (d, J = 7.6 Hz, 2H), 7.62 (t, J = 7.2 Hz, 1H), 7.46 (t, 2H, J = 7.6
Hz,), 7.20 (t, 1H, J= 6.0 Hz, NH), 7.06 (d, 1H, J=9.2 Hz, C-INH-), 5.26-5.19 (m, 3H, H-2 &
-NHCOCH,-), 5.13 (t, IH, J=9.2 Hz, H-1), 5.02 (t, 1H, J=9.2 Hz, H-4), 4.86 (t, 1H, /= 9.6
Hz, H-3), 4.26-4.22 (dd, 1H, H-6a), 4.03-4.00 (dd, 1H, H-6b), 3.76-3.73 (m, 1H, H-5) 3.32-
3.27 (q, 2H, NH-CH;-), 2.05, 2.01. 1.99 (x 2) (4s, 12H, 4 x -COCHj;), 1.53-1.50 (m, 2H, -
NHCH,CH,), 1.24 (bs,18H, 9 x CH,), 0.87 (t, 3H, - CH;) ppm; °C NMR (100 MHz, CDCl,):
0186.8 (Triazole-C=0), 171.4, 170.7, 169.9, 169.6 (4 x -COCH3,), 165.1, 158.6 (2 x NH-CO),
142.5, 136.5, 135.3, 134.7, 129.8, 128.9, 128.6, 78.3 (C-1), 73.7, 72.5, 70.5, 68.1, 61.7, 51.7,
39.4, 32.0, 29.7, 29.6 (x 2), 29.4, 29.3, 26.9, 22.7, 20.8, 20.6, 14.2 ppm; ESI-MS HRMS:
calculated 772.3769 for [M+H]", found 772.3758 for C3sHssNsO».

3. Synthesis of 11: To a mixture of aniline (0.3 mL, 3.2 mmol) and potassium carbonate
(900 mg, 6.5 mmol) in dry acetonitrile (10 mL), propargyl bromide (0.3 mL, 3.5 mmol) was
added at 0 °C. After stirring the reaction mixture for 12 h at room temperature, chloroacetyl
chloride (5 mmol) was added to the reaction mixture at 0 °C. The reaction mixture was
allowed to cool to room temperature over a period of 30 minutes and stirred for 24 h at room
temperature. After completion of the reaction, as indicated by TLC, the reaction mixture was
filtered and the filtrate was concentrated to dryness. The crude reaction mixture was purified
by column chromatography to give the title compound in 50% overall yield.

Compound 11: Yield 50% (330 mg), 'H-NMR (CDCl; 400 MHz): § 7.48-7.46 (m, 3H),
7.35-7.33 (m, 2H), 4.50 (d, 2H, J = 2.4 Hz, N-CH,-), 3.84 (s, 2H, CO-CH,-Cl), 2.24 (t, 1H, J
= 2 Hz, alkyne CH) ppm; "C-NMR (CDCl; 100 MHz): § 165.9, 140.2, 130.1, 129.3, 128.2,
120.2, 78.2, 72.9, 41.7, 39.2 ppm. ESI-MS HRMS: Calculated for C;;H;;NOCI ([M+H]"):
208.0529; found 208.0527.

4. Synthesis of triazole-linked chloroacetamide functionalized glycoconjugates 12 & 13:

Synthesis was done following the same procedure as that of compounds 4 and 6.

Compound 12: Yield 90% (450 mg), m.p. 80-81 'C, [at]p-10.0" (¢ = 0.4, CHCl,, 25 “C),
'H-NMR (CDCl; 400 MHz): & 7.80 (s, 1H, triazole CH), 7.16 (s, 1H, NH), 5.87-5.85 (m, 1H,
H-1), 5.45-5.38 (m, 2H, H-2 & H-3), 5.26-5.21 (m, 1H, H-4), 4.62-4.55 (m, 2H, CH,NH),
4.33-4.28 (m, 1H, H-6a), 4.17-4.14 (m, 1H, H-6b), 4.07 (s, 2H, CH,Cl), 4.02-3.98 (m, 1H, H-
5), 2.09, 2.06, 2.03, 1.87 (4s, 12H, 4 x -COCH,) ppm; "C-NMR (CDCl; 100 MHz): §170.6,
170.0, 169.4, 168.9, 166.2, 144.7, 121.0, 85.9, 75.3, 72.7, 70.5, 67.8, 61.6, 42.6, 35.3, 20.8,
20.6 (x 2), 20.2 ppm; ESI-MS HRMS: Calculated for C;oH,oN,0,,Cl ([M+H]"): 505.1337;
found 505.1330.

Compound 13: Yield: 92% (530 mg), m.p. 89-90 'C, [o]p -8.3 (¢ = 0.4, CHCls, 25 C),
'H-NMR (CDCl; 400 MHz): § 7.96 (s, 1H, triazole CH), 7.42-7.37 (m, 3H), 7.18-7.16 (m,
2H), 5.83 (d, 1H, J= 8.8 Hz, H-1), 5.43-5.39 (m, 2H, H-2 & H-3), 5.25 (t, 1H, J=9.6 Hz, H-
4), 5.09-4.79 (ABq, 2H, NCH,), 4.35-4.30 (m, 1H, H-6a), 4.18-4.15 (m, 1H, H-6b), 4.02-3.98
(m, 1H, H-5), 3.87 (s, 2H, CH,CI), 2.11, 2.07, 2.03, 1.87 (4s, 12H, 4 x -COCH;) ppm; "“C-
NMR (CDCl;, 100 MHz): 6 170.7, 170.0, 169.4, 168.8, 166.4, 144.3, 141.0, 130.1, 129.1,
128.0, 122.3, 86.0, 75.3, 72.5, 70.7, 67.7, 61.5, 45.7, 42.0, 20.8, 20.6, 20.2 ppm; ESI-MS
HRMS: Calculated for C,5H3oN,0,,Cl ((M+H]"): 581.1650; found 581.1673.

5. Synthesis of triazole-linked azide functionalized glycoconjugates 14 & 15:

Triazole-linked chloroacetamide functionalized glycoconjugate (12 or 13, 0.5 mmol) was
dissolved in acetone (14 mL) and an aqueous solution (7 mL) of sodium azide (160 mg, 2.5
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mmol) was added to it. The reaction mixture was stirred at 60 °C for 24 h. After completion of
the reaction, acetone was removed by applying vacuum. Ethyl acetate (50 mL) was added to
the reaction mixture and the organic layer after aqueous workup gave the desired compound
(14 or 15).

Compound 14: Yield 92% (240 mg), m.p. 89-90 ‘C, [o]p -3.5 (¢ = 0.3, CHCl;, 25 “C),
'H-NMR (CDCl; 400 MHz): 5 7.84 (s, 1H, triazole C-H), 7.09 (s, 1H, NH), 5.89-5.87 (m, 1H,
H-1), 5.46-5.40 (m, 2H, H-2 & H-3), 5.28-5.23 (m, 1H, H-4), 4.62-4.53 (m, 2H, NHCH,),
4.33-4.28 (m, 1H, H-6a), 4.17-4.14 (m, 1H, H-6b), 4.05-3.99 (m, 3H, H-5 & CH,Nj3), 2.09,
2.07, 2.03, 1.87 (4s, 12H, 4 x -COCH,) ppm; “C-NMR (CDCl; 100 MHz): & 170.6, 170.0,
169.4, 169.0, 167.0, 144.8, 121.1, 85.8, 75.2, 72.6, 70.5, 67.7, 61.5, 52.6, 34.8, 20.8, 20.6 (x
2), 20.2 ppm; ESI-MS HRMS: Calculated for C;oH,sN,0oNa ([M+Na]"): 534.1561; found
534.1556.

Compound 15: Yield 94% (275 mg), m.p. 81-84 'C, [a]p-22.7 (¢ = 0.3, CHCl, 25 C),
'H-NMR (CDCl;, 400 MHz): § 7.97 (s, 1H, triazole C-H), 7.41-7.37 (m, 3H), 7.14-7.12 (m,
2H), 5.84 (d, 1H, J = 8.8 Hz, H-1), 5.46-5.37 (m, 2H, H-2 & H-3), 5.26 (t, 1H, J = 9.6 Hz, H-
4), 5.09-4.80 (ABq, 2H, NHCH,-), 4.35-4.30 (m, 1H, H-6a), 4.18-4.15 (m, 1H, H-6b), 4.03-
3.99 (m, 1H, H-5), 3.64-3.61 (m, 2H, CH,N3), 2.11, 2.07, 2.03, 1.87 (4s, 12H, 4 x -COCHs)
ppm; "C-NMR (CDCl; 100 MHz): §170.7, 170.0, 169.4, 168.9, 167.6, 144.3, 140.5, 130.2,
129.1, 128.0, 122.3, 85.9, 75.2, 72.5, 70.7, 67.7, 61.5, 50.9, 45.3, 20.8, 20.6, 20.2 ppm; ESI-
MS HRMS: Calculated for C,sH3oN;0,, ([M+H]"): 588.2054; found 588.2048.

6. Synthesis of bis-triazole-linked glycolipids 17, 18, & 19:

Synthesis was done following the same procedure as that of compounds 4 and 6.

Compound 17: Yield 94% (240 mg), [o]p +23.5 (¢ = 0.2, CHCL;, 25 ‘C), 'H-NMR
(CDCl;,400 MHz): 6 8.32 (s, 1H, triazole C-H), 7.86 (s, 1H, triazole C-H), 7.33 (s, 1H, NH),
5.87-5.85 (m, 1H, H-1), 5.43-5.41 (m, 2H, H-2 & H-3), 5.27-5.23 (m, 1H, H-4), 5.16-5.08 (m,
2H, COCH,-N), 4.56-4.54 (m, 2H, -O-CH,-triazole), 4.35-4.28 (m, 3H, H-6a & O-CH,-CH,-),
4.18-4.14 (m, 1H, H-6b), 4.04-4.02 (m, 1H, H-5), 2.07, 2.02, 1.84 (3s, 12H, 4 x —COCHs;),
1.77-1.72 (m, 2H, O-CH,-CH,-), 1.40-1.26 (bs, 10H, 5 x CH,), 0.88 (t, 3H, -CH,) ppm; "C-
NMR (CDCl;, 100 MHz): 6 170.6, 170.0, 169.4, 169.0, 164.7, 160.7, 144.6, 140.7, 129.3,
121.5, 85.9, 75.3, 72.6, 70.6, 67.8, 65.6, 61.6, 52.7, 35.2, 31.9, 29.3, 29.2, 28.7, 26.0, 22.7,
20.8, 20.7, 20.6, 20.2, 14.1 ppm; ESI-MS HRMS: Calculated for C3,H,sN,0,,K ([M+K]"):
718.2814; found 718.2816.

Compound 18: Yield 92% (275 mg), [a]p +22.8" (¢ = 0.3, CHCl;, 25 C), 'H-NMR
(CDCl;,400 MHz): ¢ 8.29 (s, 1H, triazole C-H), 7.85 (s, 1H, triazole C-H), 7.26-7.18 (m, 2H,
2x NH), 5.87-85 (d, 1H, H-1), 5.43-5.41 (m, 2H, H-2 & H-3), 5.29-5.25 (m, 1H, H-4), 5.14 (s,
2H, N-CH,-CO), 4.53-4.52 (m, 2H, NH-CH,-triazole), 4.32-4.28 (m, 1H, H-6a), 4.19-4.15 (m,
1H, H-6b), 4.04-4.02 (m, 1H, H-5), 3.45-3.40 (m, 2H, CO-NH-CH,), 2.07, 2.06, 2.02, 1.85
(4s, 12H, 4 x -COCHs), 1.62-1.59 (m, 2H, NH-CH,-CH,), 1.25 (bs, 18H, 9 x CH,), 0.87 (t,
3H, -CHs) ppm; “C-NMR (CDCl; 100 MHz): & 170.6, 170.0, 169.4, 169.1, 164.9, 159.8,
144.6, 144.0, 127.2, 121.5, 85.9, 75.3, 72.6, 70.6, 67.8, 61.6, 52.9, 39.4, 35.1, 32.0, 29.8, 29.7,
29.6, 29.4, 27.1, 22.8, 20.8, 20.6, 20.6, 20.2, 14.2 ppm; ESI-MS HRMS: Calculated for
C34,H5,NgO; Na ([M+Na]"): 771.3653; found 771.3659.

Compound 19: Yield 92% (275 mg), [a]p -26.5 (¢ = 0.3, CHCl;, 25 'C), 'H-NMR
(CDCl;,400 MHz): 6 8.20 (s, 1H, triazole C-H), 7.91 (s, 1H, triazole C-H), 7.48-7.43 (m, 3H),
7.26-7.23 (m, 2H), 7.11 (t, 1H, NH), 5.82 (d, 1H, J = 8.8 Hz, H-1), 5.43-5.36 (m, 2H, H-2 &
H-3), 5.26 (t, 1H, J = 9.6 Hz, H-4), 5.14-4.75 (m, 4H, CO-CH,-triazole & N-CH,-triazole),
4.33-4.29 (m, 1H, H-6a), 4.19-4.16 (m, 1H, H-6b), 4.01-3.97 (m, 1H, H-5), 3.45-3.40 (m, 2H,
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NH-CH,), 2.10, 2.06, 2.04, 1.88 (4s, 12H, 4 x —COCHs), 1.62-1.58 (m, 2H, CO-NH-CH,-
CH,), 1.37-1.26 (bs, 18H, 9 x CH,), 0.87 (t, 3H, -CH;) ppm; “C-NMR (CDCl;, 100 MHz): §
170.6, 170.0, 169.3, 168.9, 164.6, 160.0, 144.0, 143.7, 140.2, 130.5, 129.5, 128.3, 127.3,
122.5, 86.0, 75.4, 72.5, 70.9, 67.9, 61.5, 51.7, 45.6, 39.3, 32.0, 29.7, 29.6, 29.4, 27.0, 22.8,
20.8, 20.6, 20.3, 14.2 ppm; ESI-MS HRMS: Calculated for CsHseNgO; K ([M+K]"):
863.3705; found 863.3708.

C. Optimized structures of the synthesized glycolipids'

To understand the stability of the glycolipids, the geometries of these molecules were
optimized using B3LYP density functional theory method. The optimized structures thus
obtained were used for frequency calculations. In each case, positive frequencies were
obtained, which implies that the optimized structures have the minimum potential energy
surfaces and hence are stable. The optimized energies, zero point energies, and the energies
obtained after zero point energy correction are given in Table S-1. Table S-I also includes the
corresponding computed dipole moments of the optimized structures.

TABLE S-1. The computed optimized energies and dipole moments of different glycolipids

Zero Point .
. Energy ZPE corrected Dipole moment

Glycolipids (Hartree) En(?li}r]tr(ezef;E) Energy (Hartree) (Debye)
Compound 20 | -1892.6572228 0.6452809 -1892.011942 4.6002
Compound 21 | -2188.4529957 0.6300699 -2187.822926 4.2163
Compound 4 -1946.8434404 0.640086 -1946.203354 1.7310
Compound 22 | -2242.6021772 0.6249956 -2241.977182 1.4714
Compound 23 | -4517.9400722 0.6300275 -4517.310045 1.2438
Compound 24 | -4725.9556611 0.685842 -4725.269819 4.7129
Compound 8 -2448.4788797 0.8450222 -2447.633858 1.9814
Compound 9 -2656.4962833 0.9017656 -2655.594518 4.2192
Compound 6 -2154.8592204 0.6963938 -2154.162827 5.9574
Compound 17 | -2381.0080409 0.7691367 -2380.238904 7.9441
Compound 18 | -2592.4501362 0.8781671 -2591.571969 8.1417
Compound 19 | -2823.4965783 0.9592672 -2822.537311 2.1175
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Figure S17 "H NMR (400 MHz, CDCl5) of compound 14
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Abstract: After sample processing for RNA and DNA analysis, the leftover
protein pellets are usually discarded due to the limited efficiency of pellet
reconstitution/solubilisation. As the pelleted proteins are tightly packed, they
are most often solubilised using chaotropic agents (e.g., guanidine hydrochlo-
ride or urea), detergents (e.g., SDS), salts (NaCl) or basic buffer (Tris). The
aim of this study was to define and optimise the procedure for the efficient
extraction of proteins from human peripheral blood mononuclear cells
(PBMCs), obtained by a single blood draw and lysed in TRIzol reagent, by
varying experimental conditions in terms of protein precipitation solvent (iso-
propanol or acetone), washing (with or without guanidine hydrochloride) and
solubilisation solution (containing SDS, NaCl, urea and/or Tris). We evaluated
the efficacy of the final, optimised protocol to solubilise both small cytoplas-
mic and larger transmembrane proteins, and the compatibility with methods
employed for the subsequent analysis of protein posttranslational modific-
ations, such as glycosylation. The optimised protocol for the extraction and iso-
lation of post-TRIzol leftover proteins from PBMCs can be defined as follows:
protein precipitation from the organic phase with ice-cold acetone, pellet wash-
ing with absolute ethanol and solubilisation in 1 % SDS, employing 20 min
heating at 50 °C and vortexing.

Keywords: protein solubilisation; TRIzol extraction; PBMC.

INTRODUCTION

Extraction of RNA, DNA and proteins from the same sample enables the
exploration of cellular mechanisms at different levels of gene expression. A com-
prehensive evaluation of RNA-based and protein-based changes related to phys-
iological and pathological stimuli is crucial for understanding the molecular basis

* Corresponding author. E-mail: zorana.dobrijevic@inep.co.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC230330037S
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of cellular processes, due to the dynamics and the complexity of gene regulation.
Simultaneous extraction of different types of biomolecules becomes extremely
important when experimental samples are hard to obtain and/or process, or when
the number of harvested cells or tissue size per sampling is relatively small.!

Since leucocyte counts and alterations in their signalling pathways and gene
expression pattern reflect the immunological status, peripheral blood mononuc-
lear cells (PBMCs) and cultured lymphocytes are frequently used as biological
material in immunological studies, cancer and diabetes research, as well as in
pathogen-host interaction examinations.? In many of these experimental settings,
the comprehensive assessment of changes in different biomolecules and their cor-
relations is biologically relevant and crucial for the interpretation of results.
Therefore, a method for rapid, efficient and reproducible simultaneous extraction
of RNA and proteins from PBMCs or their cellular fractions is much needed, as
the sample size and the number of individual sample acquisitions is limited.

The widely applied method for this simultaneous extraction of all mentioned
biomolecules includes the usage of phenol, guanidine isothiocyanate and isoamyl
alcohol mixture, commercially branded as TRIzol. Procedures which employ
TRIzol are mostly optimised for RNA extraction, while the leftover organic
phase, separated after the addition of chloroform, can be used for the isolation of
DNA and proteins from the same sample, which is more cost-effective than the
purchase of specialised commercially available kits for the simultaneous extract-
ion of different biomolecules.! Most post-TRIzol protein-leftover processing
methods include the employment of guanidine hydrochloride, urea and SDS, in
specific concentrations, in order to solubilise a protein precipitate.3# Solubilis-
ation efficiency depends on the composition of the solubilisation buffer and tem-
perature regime, as well as on the pellet size and the initial protein composition
of the sample.*> Therefore, the optimal protocol for the protein extraction from
TRIzol lysates is expected to vary between different tissue/cell types.

The aim of the present study was to define and optimise the procedure for
the efficient protein extraction from human PBMCs, obtained by a single blood
draw and lysed in TRIzol reagent, by varying experimental conditions in a sev-
eral-step process. In an effort to maximise the protein yield, limit the utilisation
of strong chaotropic agents, avoid dialysis and shorten the total duration of the
extraction procedure, we tested alternative organic solvents for protein precipit-
ation, different pellet washing procedures, as well as several alternative solubilis-
ation solutions/buffers, in terms of NaCl, SDS, urea and Tris concentration. We
evaluated the efficacy of the optimised protocol for the solubilisation of small
soluble cytoplasmic and larger transmembrane proteins, as well as the compat-
ibility with the subsequent analysis of protein posttranslational modifications,
such as glycosylation.
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EXPERIMENTAL
PBMC isolation and lysis

Peripheral blood samples were collected from healthy adult volunteers (n = 16) in
EDTA-containing tubes after an overnight fasting. Samples were pooled and centrifuged at
400g (deceleration brakes off) at 4 °C for 10 min in a centrifuge with the swing-bucket rotor
(centrifuge 5804R, Eppendorf, Hamburg, Germany). The buffy coat was collected, diluted
with phosphate-buffered saline (PBS, 10 mM, pH 7.4) in a 1:2 volume ratio, and layered onto
lymphocyte separation medium (1.077 g/mL, Capricorn Scientific, Ebsdorfergrund, Ger-
many). The manufacturer’s protocol was modified for the isolation of PBMCs, by including
centrifugation during the separation step at 700g (slow acceleration, deceleration brakes off,
swing-bucket rotor) at 18-21 °C for 30 min (centrifuge 5804R, Eppendorf, Hamburg, Ger-
many). PBMC layer was collected, washed twice with PBS and once with erythrocyte lysis
buffer (155 mM NH,4CIl, 10 mM KHCOs3, 0.1 mM EDTA), and centrifuged at 100g at room
temperature for 10 min. PBMC pellet was dissolved in TRIzol reagent (TRIsure, Bioline, Lon-
don, UK), assuring complete solubilisation and homogenization, and aliquots stored at —80 °C
for further processing, which is a standard requirement of sample storage for RNA extraction,
necessary for preserving the integrity of RNA molecules. The amount of TRIzol reagent used
for the lysis of PBMCs extracted from the initial 3 mL (ca. 2.5x10° cells) of whole peripheral
blood was 400 pL.

Protein extraction and solubilisation

As shown in Fig. 1, thawed PBMC lysates in TRIzol reagent were subjected to phase
separation according to the manufacturer’s instruction,® by adding chloroform (0.2 mL per 1
mL of TRIzol reagent) and centrifugation at 12000g at 4 °C for 15 min. The aqueous phase
was removed and absolute ethanol added (0.3 mL per 1 mL of TRIzol reagent) to the remain-
ing interphase and phenol—chloroform organic phase in order to precipitate DNA. Samples
were mixed by gentle inversion and DNA pelleted by centrifugation at 2000g, at 4 °C for 5
min. The remaining supernatants (phenol—ethanol solutions) were pooled together and separ-
ated into equal aliquots in 1.5 mL microtubes for further protein precipitation, washing and
solubilisation following different protocols.

Either ice-cold isopropanol or ice-cold acetone (1.5 mL per 1 mL of TRIzol reagent used
for PBMC homogenization) was added to phenol—ethanol supernatant to precipitate proteins
and incubated at —20 °C for 30 min. The centrifugation step at 12000g, at 4 °C for 10 min was
performed to pellet proteins. Pellets were washed twice following two alternative protocols:
using 0.3 M guanidine hydrochloride (Gu-HCI) in 95% ethanol or absolute ethanol (2 mL per
1 mL of TRIzol reagent), at 4 °C for 20 min and centrifugation at 7500g at 4 °C for 5 min. For
pellets washed with Gu-HCl, a third washing step was performed with absolute ethanol under
the same conditions. Protein pellets were air-dried and resuspended in 100 pL of the tested
solubilisation solutions/buffers:

Solut. 1 — 1% SDS in ddH,0;

Solut. 2 — 100 mM Tris pH 8.0, 5 mM EDTA, 1 % SDS;

Solut. 3 — 100 mM Tris pH 8.0, 5 mM EDTA, 140 mM NaCl, 1 % SDS;

Solut. 4 — 100 mM Tris pH 8.0, 5 mM EDTA, 6 M urea, 5 % SDS.

Each mixture was vortexed and incubated in a thermoshaker at 50 °C and 300 rpm to
enable protein solubilisation, for varying incubation times (1040 min) and with intermittent
vortexing, and finally left at 90 °C for 10 min. After cooling down for 2—3 min, centrifuging at
10000g for 10 min was conducted to remove any remaining insoluble aggregates.
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Fig. 1. Schematic presentation of the experimental setup.

In a separate experimental setup, we tested the effect of selected organic solvents used
for protein precipitation on the time-dependency of the pellet solubilisation. Protein pellets
were solubilised in solution 1, vortexed and incubated at 50 °C and 300 rpm for 40 min, and
then heated at 90 °C for 10 min with continuous shaking. Every 10 min, samples were cooled
down for 2-3 min to the room temperature, 2 pL aliquots were taken to measure the absor-
bance at A280 (Epoch microplate spectrophotometer, BioTek Instruments — Agilent, Santa
Clara, CA, USA), and 10 pL aliquots were saved for electrophoresis.

Electrophoretic separation

Sample aliquots were mixed in 1:1 volume ratio with 2x concentrated Laemmli buffer
containing 2-mercaptoethanol as a reducing agent (100 mM Tris-HCI, pH 6.8, 4 % SDS, 20 %

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

(CC) 2023 SCS.



POST-TRIzol PROTEIN EXTRACTION 73 3

glycerol, 10 % 2-mercaptoethanol, 0.1 % bromophenol blue) and heated at 95 °C for 5 min.
Samples were centrifuged prior to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) to
remove possible aggregates. SDS-PAGE was used for the electrophoretic separation of pro-
teins on 10 or 8 % gels under reducing conditions. Ten percent gels were used to examine pot-
ential presence of aggregates, whereas 8 % gels were employed for separation of higher mole-
cular weight proteins, further enabling their immunodetection. Samples (concentration 2
mg/mL) were applied at different volumes (10, 15 or 30 pL). The molecular weight of pro-
teins was estimated using Pink Plus prestained protein ladder with a 14—175 kDa range
(Cleaver Scientific, Rugby, UK). Following electrophoretic separation, proteins were either
stained on gel or transferred to a nitrocellulose membrane. In-gel protein staining was per-
formed using the standard procedure with Coomassie brilliant blue R250 (CBB) solution.”
Selected lectins and specific antibodies were employed for detection of (glyco)proteins.

Lectin- and immuno-blotting

Following protein transfer onto nitrocellulose membrane (wet transfer: constant voltage,
100 V for 1 h, with cooling unit, as recommended by the producer), protein-free sites were
blocked with 5 % BSA in Tris-buffered saline (10 mM Tris, 0.15 M NaCl, pH 7.4) containing
0.1 % Tween-20 (TBST) overnight (for lectin blotting) or for 45 min (for immunoblotting).
Membranes were washed in TBST before immunodetection. For lectin blotting, membranes
were incubated in a solution of biotinylated Sambucus nigra lectin (SNA) or Aleuria aurantia
lectin (AAL) in TBST (0.2 pg/mL) at room temperature for 1 h, washed with TBST 4x5 min,
further incubated with fluorescein-conjugated streptavidin (0.025 pg/mL) at room temperature
for 1 h and washed again with TBST 4x5 min. The fluorescent signal was recorded using the
ChemiDoc MP imaging system (Bio-Rad Laboratories Inc., Hercules, CA, USA). SNA, AAL
and fluorescein-conjugated streptavidin were purchased from Vector Laboratories (Burlin-
game, CA, USA). For immunodetection, membranes were incubated in a solution of primary
antibodies in TBST, at 4 °C overnight, washed with TBST 6x5 min and further incubated with
biotinylated secondary antibodies (0.15 pg/mL) at room temperature for 30 min. Another
washing step was applied (6x5 min), and the membranes incubated with fluorescein-conjug-
ated streptavidin as previously described. The following primary antibodies were employed:
mouse monoclonal anti-CD45 antibody (1 pg/mL; Bio-Rad, Hercules, CA, USA), rabbit anti-
-p-actin antiserum (1:500 volume ratio; Sigma Aldrich) and goat polyclonal anti-GAPDH
antibody (0.625 pg/mL; Sigma Aldrich). Biotinylated secondary antibodies were: horse-anti-
-mouse, horse-anti-goat, and goat-anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA).

RESULTS AND DISCUSSION

The aim of our study was to define and optimise the procedure for the
efficient protein extraction from human PBMC. Following the manufacturer’s
procedure for TRIzol application, proteins from PBMCs precipitated with iso-
propanol and washed with Gu-HCl and ethanol were completely dissolved in all
examined solutions under the defined conditions. Our selection of the solubil-
isation solutions was based on the previous attempts to define procedures for the
efficient extraction of proteins from TRIzol lysates of other biological samples.
As the pelleted proteins are tightly packed, they are usually solubilised using
some chaotropic agents (e.g., guanidine hydrochloride or urea), detergent (e.g.,
SDS) or salts (NaCl, Tris). It is recommended to avoid chemicals that are harm-
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ful and toxic, as well as those that can interact with proteins resulting in mislead-
ing data and conclusions. Profile of protein bands as well as their intensities were
similar in all tested conditions, as shown in Fig. 2A. This result differs from
those reported by others,313 who have found the increased efficiency of the
solutions containing (thio)urea compared to alternative solubilisation solutions
for proteins isolated by TRIzol method from tissues and cultured cell other than
PBMCs. Urea is a non-toxic, strong protein denaturant that facilitates protein sol-
ubilisation in combination with disulphide bond disruption.!4 Still, the side effect
of urea employment is carbamylation, a process in which urea dissociates to
ammonia and cyanate with concomitant formation of isocyanic acid. The acid
further interacts with the N-termini of proteins and amino groups of lysine and
arginine. Approximatelly 20 % of N-termini and 2 % of lysine residues are modi-
fied with as much as 2 M urea.!> Carbamylation interferes with downstream pro-
cesses, e.g., enzymatic digestion and peptide separation, identification and quan-
tification, as well as protein labelling. Therefore, we excluded urea from further
experiments.

A) Isopropanol B) Acetone Isopropanol
30 10 pl Solution 1.2 3 1 2 3
Solution 1 2 3 4 12 3 4 KkDa Gu-HCI b ot i e B - kDa
E 1k ML L - 1
fes|s|= — of : E-5
| . 95 - : o a5
— 8 ==
5 L) A 51
- s § o Pl 2 — s a2
S— " -
U} v
—n : R 2
14 L] [ 1

Fig. 2. SDS-PAGE electrophoresis on 10 % gel under reducing conditions. A) Proteins
precipitated with isopropanol, washed with the addition of guanidine hydrochloride (Gu-HCI)
and solubilised in one of the four tested solutions; B) proteins precipitated with isopropanol or
acetone, washed with or without the addition of Gu-HCI. Solutions used for solubilisation are

labelled as follows: 1 (1 % SDS), 2 (100 mM Tris, pH 8.0, 5 mM EDTA, 1 % SDS), 3 (100

mM Tris, pH 8.0, 5 mM EDTA, 1 % SDS, 140 mM NaCl) and 4 (100 mM Tris, pH 8.0,

5 mM EDTA, 5 % SDS, 6 M urea). Molecular weight markers are given on the right.

None of the variables examined, in respect to the type of the organic solvent
and the composition of the washing or solubilisation solution, demonstrated devi-
ations from other experimental combinations regarding the yield of the extracted
proteins or the distribution of proteins after SDS-PAGE (Fig. 2B). Acetone was
equally suitable for protein precipitation as the recommended isopropanol. The
exclusion of Gu-HCI from the pellet washing step did not affect the protein yield
and the solubilisation efficiency. Our finding is in accordance with the results of
Kopec et al.* who analysed the efficacy of protein extraction from brain tissue by
varying concentrations of NaCl, Tris, SDS and EDTA in the lysis buffer. Both
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results confirmed that guanidine hydrochloride is not a crucial component in the
washing step, thus, the usage of this highly toxic chaotropic agent can be omitted.
According to our results, any of the tested solubilisation solutions could be used
for protein solubilisation giving similar protein yields (Fig. 2B). Therefore, we
selected the simplest solution (1 % SDS in ddH,O) for the protein solubilisation
step. SDS, a strong anionic detergent, is widely employed protein denaturing
agent and is often incorporated in lysis/solubilisation buffers. Furthermore, SDS
is more compatible with some sophisticated techniques (such as HPLC and
FPLC) and, hence, more suitable than urea. SDS will not crystalize under often-
used conditions (1 % or 34 mM), unlike urea whose concentrations are much
higher (6-8 M) and crystallization is inevitable.16

It was noticed that proteins in acetone-precipitated pellet were less tightly
packed and aggregates tended to dissolve faster than those precipitated with iso-
propanol. Since all washing and solubilisation procedures resulted in the same
outcome, to examine the efficiency of the solubilisation with time, the absorb-
ance of dissolved proteins was measured in 10-min intervals during 40 min, emp-
loying heating at 50 °C, plus the additional 10 min heating at 90 °C (termed a 50-
-min time point). The simplest method employing absolute ethanol for pellet
washing and 1 % SDS for solubilisation was used to dissolve acetone- or iso-
propanol-precipitated proteins. Acetone pellet was dissolved more efficiently at
50 °C, while heating at 90 °C had no additional effect (Fig. 3).

All tested procedures resulted in comparable specific protein bands corres-
ponding to small soluble proteins GAPDH (37 kDa) and f-actin (42 kDa), as well
as high molecular mass transmembrane protein CD45 (~180-~220 kDa), as
shown in Fig. 4A.

e o, Jeed jee
LR )
0.08 :

Absorbance (280 nm)

0.07 -
— |sopropanol e ey ..
0.06 — Acetone
0.054 T T T T 1 '
0 10 20 30 40 50 ) -

Time (min) 2 SLE)

Fig. 3. Solubilisation curve of the protein pellet precipitated with isopropanol or acetone and
CBB staining of the solubilised proteins precipitated with isopropanol or acetone (washed
with absolute ethanol, dissolved in 1 % SDS) after electrophoretic separation (SDS-PAGE

under reducing conditions) on 10 % gels. Sample aliquots were collected before incubation at

50 °C and every 10 min during 40 min incubation, and additional 10 min incubation at 90 °C.
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A ) B) ) C) )
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Fig. 4. Proteins precipitated with acetone, washed with ethanol and dissolved in 1 % SDS
resolved by reducing SDS-PAGE on 10 % gel (for GAPDH, f-actin and SNA-reactive
glycoproteins) or 8 % gel (for CD45 and AAL-reactive glycoproteins). Immunoblot with
anti-CD4S5, anti-f-actin or anti-GAPDH antibodies (A) and lectin blots with SNA (B)
or AAL lectin (C).

In order to detect whether posttranslational modifications of proteins rem-
ained preserved during the isolation procedure, the presence of sialylated (recog-
nised by SNA lectin) and fucosylated (recognized by AAL lectin) glycoforms in
solubilisates obtained after acetone precipitation was examined and confirmed by
lectin blotting. As can be seen from Fig. 4B and C, neither sialylation nor fuco-
sylation pattern of the extracted proteins was affected by the presence/absence of
Gu-HCI in the pellet washing step or by the choice of the tested solubilisation
solutions. The distribution of the bands in the lectin blot and their intensities were
similar regardless of the protein extraction procedure, both in the region of small
and high molecular weight glycoproteins.

CONCLUSION

By varying solutions and conditions for protein precipitation, pellet washing
and protein solubilisation, the optimised protocol for the extraction and isolation
of post-TRIzol leftover proteins from PBMCs can be defined as follows: protein
precipitation from the organic phase with ice-cold acetone, pellet washing with
absolute ethanol and solubilisation in 1 % SDS employing 20 min heating at 50
°C and vortexing. The addition of urea, NaCl and Tris, as well as an increase in
the concentration of SDS did not improve the solubilisation of PBMC protein
pellet. Furthermore, the exclusion of Gu-HCI from the pellet washing solution
did not affect the quality/quantity of the extracted proteins. Acetone was shown
to be equally suitable for the protein precipitation as recommended isopropanol.
Even more, acetone pellet was more easily solubilised during shorter periods of
incubation (up to 20 min). The proposed protocol is specifically tailored for
PBMC:s, as a frequently analysed type of biological sample for biomedical and
biochemical research. It may be considered as a simple, cost-effective and effi-
cient protocol to extract PBMC proteins from post-TRIzol leftover material.
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M3BOJ

JEJHOCTABHA METOJA U30J/IOBAIA ITPOTEMHA BE3 YIIOTPEBE I'YAHUOWH-
-XUIPOXJIOPHUIA U3 OCTATAKA EKCTPAKIHMJE PEATEHCOM TRIZOL U3
MNEPUPEPHHUX MOHOHYK/JIEAPHHX REJIHWJA

JOBAHA CTEBAHOBHR, IPATAHA POBAJAL], OJITULIA HEIWR u 30PAHA JOBPUJEBUR
Huctwiuiiyw 3a GpumeHy Hykieapre enepiuje, banaticka 316, 11080 Beoipag

Hakon excrpakuuje RNA u DNA, mpeocTany NMpPOTEMHCKH OCTaTak Hajueumrhe OuBa
OICTpameH yCiiesl HeroBor OTeKaHoT pacTBapama. M cTanokeHy IPOTEUHH Cy I'yCTO ITaKOBaHH,
30or yera je Hajuemrhe MOTpedHO KOPHUCTUTH HEKH XaOTPOMHH areHc (HIp. TyaHUIWUH-
XUIPOXJIOPUI WK ypea), nerepreHt (Hnp. SDS), co (NaCl) wiu dasuu nydep (Tris). LTum
cTynuje OO je fa ce fepUHUIIE U ONTHMHU3Yje MOCTyNaKk ed)UKacHE eKCTPaKLHje IPOTENHA U3
XyMaHUX MOHOHyK/IeapHUX henuja nepudepHe kpsu (PBMC), nodujeHux U3 jefHor ysumama
KpBH W nusupaHux y peareHcy TRIzol. BapupaHu cy exkCliepUMEHTalIHU YCJIOBH Yy CMHCITY
n3dopa pacTBapava 3a Talo)XKeme MpPOoTerWHa (M30ITPOIaHOoI WIK aleTOH), UCIHpama TyaHU-
IOWH-XUIPOXIOPUIOM WK §e3 UCITUpama U pacTBopa 3a comybunusauujy (campsxkaj SDS, NaCl,
ypee u/unu Tris). IIpouewena je edrukacHOCT ONITUMHU30BAHOT IPOTOKOJIA 3@ COMYOUIH3aLU)jy
MaJTUX CONYOWITHHUX MPOTEHHA LMTOIUIa3Me W BehuX TpaHCMeMOPaHCKUX MPOTeWHa, Kao |
KOMIATUOMIIHOCT METOJE Ca Ja/bOM aHaJIM30M IOCT-TPAaHCIALMOHUX MoAudUKanuja mpoTe-
WHa (HIOpP. NIMKO3WI0Bawa). [IPOTOKOI ONTUMHU30BaH 3a €KCTPAKLHjy U U30/10Bake NIPOTENHA
u3 ocrataka TRIzol nuzara PBMC, nedunucaH je kao: mpeLrunrTallja MPOTeHHA U3 OpPraHCcke
(pase neneHo-xIafHUM alleTOHOM, UCTHMpame Tajaora arcolyTHUM €TaHOJIOM M COMyOuiIn3a-
uuja nporeuHa y 1 % SDS rpejamem Ha 50 °C y3 mewame, y Tpajawy o4 20 min.

(ITpumimeno 30. MmapTa, peBuAupaHo 27. anpua, npuxsahero 8. jyma 2023)
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Abstract: The coating of aluminum nitride powder has a great importance ind-
ustrially and environmentally. AIN can be rapidly hydrolyzed to aluminum
hydroxide and ammonia in the atmosphere or water media. To prevent the hyd-
rolysis of AIN, the inorganic or organic based coatings are used frequently. For
the first time, this study describes the phosphate esters as organophosphate
coating used for the inhibition of hydrolysis reaction of AIN in its water sus-
pension. Phenyl phosphate showed the best inhibition against AIN hydrolysis
with an easy application technique and at low concentration of 0.005 M. AIN
coating efficiency was proved by spectroscopic and imaging methods. It was
concluded that the coating acquired the protective properties of phenyl phos-
phate through its water repellence.

Keywords: aluminum nitride; organophosphate; coating; hydrolysis protection.

INTRODUCTION

Aluminum nitride is an industrially important ceramic with its low dielectric
coefficient, high electrical resistance and thermal conductivity, and low thermal
expansion coefficient.! AIN is frequently used ceramic in the production of cer-
amics and electronic devices as an additive,23 semiconductor,* supercapacitors’
and surface coating.? AIN must be utilized under controlled conditions because
of its sensitivity to oxidation and hydrolysis in atmosphere.® In water, it highly
decomposes to aluminum hydroxide and ammonia depending on the temperature
and pH.”7

In AIN production, 700 °C is a critical temperature, and aluminum powder
can be reacted by the nitrogen in atmosphere to form AIN.8 For that, there is a

* Corresponding author. E-mail: celikkan@gazi.edu.tr
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high amount of AIN in the dross of aluminum recycling facilities, especially the
secondary dross could contain approximately 14 % of AIN in the total quantity.?
The high reactivity of AIN causes the storage and disposal problems for AIN pro-
ducts and the dross of Al recovery plants. In addition, protecting AIN particles
against hydrolysis is critical in preventing ammonia related environmental
effects.!0 Hydrolysis of AIN occurs by both mechanisms in several steps in
which NH3 and AI(OH)3 are produced, and the hydrolysis mechanism are related
to temperature as shown below.!! On the other hand, crystalline AI(OH); (bayer-
ite) to become more stable phase can form from amorphous AIOOH (boehmite)
at room temperature: 11

AIN + 3H,0 — AI(OH); + NH3 (7'< 351 K) or (1)
AIN + 2H,O — AIOOH + NHj3 (7> 351 K) 2)
(AIOOH)amorphous T H20 — Al(OH)3 crystalline (3)

For these reasons, the coating of AIN surface to avoid its decomposition is
essential for manufacturing and waste management!2 also the surface modific-
ation is a necessity for the deagglomeration and mixing problems of the ceramics
production with AIN.!2 Inorganic and organic modifiers can be utilized for coat-
ing AIN surface against oxidation and hydrolysis in atmosphere. While phos-
phoric acid,!3:14 silicate!5 and their derivatives could be used to get water immis-
cible surface on AIN in the inorganic treatment, the organic molecules with their
long chain carboxylic acids, or hydroxyl/amine groups could be utilized to obtain
a water repelling surface on AIN such as sebacic acid,!¢ citric acid,!7 oleic
acid,!8 silicic acid,!” dodecylamine,20 cetyl alcohol2¥ and stearic acid.20

In this study, we investigated to prevent AIN hydrolysis by forming a protec-
tive layer on the surface of AIN using organophosphate (OP) molecules such as
ethyl phosphate (EP), phenyl phosphate (PP) and dodecyl phosphate (DP) esters.
The resistance of treated powders of AIN to hydrolysis was characterized by X-ray
diffraction (XRD), fourier transform infrared (FTIR), contact angle, scanning
electron microscopy (SEM) techniques and pH measurements. It was observed
that the hydrolysis resistance was directly related to the water repellency of the
OP used in treatment process of AIN.

EXPERIMENTAL
Materials
AIN powder was purchased by Alfa Aesar (with the particle size under 4 pm). EP, PP
and DP (presented in Scheme 1) were obtained from TCI. Ethanol in high purity was pur-
chased from Sigma. The solutions of OP esters were prepared with the appropriate amount of
AIN and 30 % ethanol in deionozed water. 0.1 M HCI and NaOH were used to adjust the pH
of the solutions. All the experiments were performed at room temperature.
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Scheme 1. Chemical structure of OPs.

Apparatus

Mettler Toledo SevenCompact was used for pH measurements in the AIN suspensions.
The wettability of the treated AIN samples was performed by SEO Phoenix 300 contact meter
with a static water contact angel technique. A Panalytical Empyrean with a CuKa source at a
0.154 nm wavelength (Tokyo, Japan) was used to record XRD spectra. FTIR spectra were
obtained using Shimadzu IR-Affinity 1 (Kyoto, Japan). SEM micrographs were obtained with
a Jeol 6390 LV SEM operated at 10 kV after gold coating by a sputter coater.
Methods

pH responses of AIN suspensions in the existence of various OP esters were performed
at 2 % AIN and 0.025 M of OP ester. The XRD spectra, contact angel measurements, FTIR
spectra and SEM micrographs were obtained from the samples filtered and dried at 60 °C in
vacuum oven after treating with OP esters and water in the appropriate solutions.

RESULTS AND DISCUSSION

The pH change in a particular hydrolysis condition has an importance since
the hydrolysis product, NH3, of AIN increases the pH of the solution. Because of
the effect of OP ester on the hydrolysis of AIN in water, the pH test is useful for
monitoring the hydrolysis of AIN vs. time. In Fig. 1, the results of pH vs. time for
the suspensions of various OP ester and AIN were presented. Initial pH of the OP
ester solution was adjusted in the range of pH 6—7 to monitor pH accurately
before the addition of AIN into the media. The pH monitoring reached maximum
value at pH 10, for the suspension of water and AIN, in 1500 min. This result
confirmed the NH3 production after hydrolysis reaction of AIN in water. On the
other hand, the addition of OP esters into the media inhibited the hydrolysis
reaction completely with a non-significant difference at pH, Fig. 1, with a result
similar to the literature.!7-18.20 Since the principle of the chemical coverage of
AIN surface against hydrolysis reaction was modifying the surface with organic
molecules to increase the hydrophobicity of its surface,2! it could be said that all
three modifiers were suitable to succeed in covering the AIN surface regardless
the type of organic group attached to phosphate in OP esters such as EP, PP and
DP. On the other hand, Egashira et al. proved that the oxide sensitive group
binding to AIN as well as the organic group in a modifier molecule is important
in preventing hydrolysis by showing lower efficiency of dodecylamine to cethyl
alcohol, while dodecyl group has a longer carbon skeleton than cethyl group.20
After the results shown in Fig. 1, the water contact angle method was needed as a
technique to measure surface hydrophobicity of OP ester treated AIN. For this
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purpose, the surface treated AIN powders obtained in the same conditions from
Fig. 1 were filtered and dried at 60 °C in vacuum oven, while the water-treated
AIN was obtained by the same way for comparison.

119 —*— Water —& EP

10 4 PP -« DP

5 T T T T T T T T T T

0 1 30 60 90 180 270 450 600 1320 1500
Time (min)

Fig. 1. pH responses vs. time for AIN suspensions in water and water/OP esters.

The contact angel measurements in Fig. 2 showed that maximum water rep-
elling was obtained from the samples treated with DP (75.7°) and PP (69.8°),
while EP (25.9°) treated sample showed a limited repelling. In addition, the water
treated AIN sample in Fig. 2 interestingly gave a higher value, than EP treated
sample, namely 42.9°. As expected, non-treated AIN sample in Fig. 2 showed no
water repelling because of its reactivity.

Fig. 2.The water contact angle measurements of non-treated AIN (A), water (B), PP (C), EP
(D) and DP treated (E) AIN powders.

FTIR spectra of non-treated and treated AIN samples are presented in Fig. 3.
The broad band around 700 cm! was attributed to the absorption of AI-N vib-
ration.!2 The water treated sample of AIN showed two bands at 696 and 1032 cm~!
from the adsorption of Al-O vibrations, at the range of 3443-3650 cm~! of O-H
vibrations arisen from water vapor adsorbed on the powder sample. In PP and EP
treated AIN samples, there was not a significant adsorption band without the
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broad band of AI-N vibrations because of low alkyl chain and aromatic group
attached to the surface of AIN particle. DP treated AIN showed distinctly ali-
phatic adsorption bands for C—C and C—H symmetric/ asymmetric vibrations in
its long carbon skeleton at 1070, 1144, 1220, 1470, 2847, 2915 and 2961 cm1.

s /W

Y \I\N

\

3500 3000 2500 2000 1500 1000

Wavenumbers (cm™)

Fig. 3. FTIR spectra of non-treated (A), water treated (B), PP treated (C), EP treated (D) and
DP treated (E) AIN samples.

XRD spectra of the samples of treated and non-treated AIN powders are pre-
sented in Fig. 4. In Fig. 4, the characteristic peaks of AIN powder at 26 33.3,
36.1, 37.9, 49.9, 59.4 and 66.1° corresponding to (100), (002), (101), (102), (110)
and (103), respectively (JCPDS card number: 00-001-0287). After water treat-
ment of AIN powders, the appearance of the diffraction peaks at 26 18.8, 20.4,
27.9, 40.7 and 53.2° corresponding to (001), (100), (101), (111) and (112), res-
pectively, was resulting from the formation of Al,O3-2H»0O due to the hydrolysis
reaction of AIN in water. From Fig. 4, while it was understood that DP and PP
protected AIN well against the hydrolysis reaction, it was concluded that EP did
not provide a complete protection against hydrolysis since both the diffraction
peaks for AIN and Al,O3-2H,0 were observed in the diffraction spectrum of EP
treated AIN sample.22 However, it was concluded that PP provided complete pro-
tection for AIN against hydrolysis while DP protected only partially, since very
weak Al,O3-2H,O peaks were observed in AIN sample treated with DP, while
Al»O3-2H,0 peaks were not observed in AIN sample treated with PP. This result
showed that the PP treatment provide the best protection for AIN against the hyd-
rolysis reaction in water.

Particle morphologies of AIN powders after treatment with OP esters were
critical for the microstructural evolution. The SEM micrographs of AIN samples
treated by water and OP esters are presented in Fig. 5. The formation of alu-
minum oxide was confirmed from the polymorphs of Al-O formation between
the adjacent particles for the sample of water treated AIN powder. While there
was no significant change in particle morphology for DP and PP treated AIN, a
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similar degradation was observed in the EP treated AIN sample similar to the
water treated AIN sample due to Al-O formation on the sample surface.6

S DU U S N .
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Fig. 4. XRD spectra of non-treated (A), water treated (B), PP treated (C), EP treated (D) and
DP treated (E) of AIN samples.
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Fig. 5. SEM micrographs of water (A), PP (B), EP (C) and DP treated (D) of AIN samples,
and (E) untreated AIN.

After it was concluded that the best protection was obtained as a result of
treatment of AIN with PP, in order to examine the effect of PP concentration on
AIN protection against the hydrolysis reaction, the pH changes of AIN water sus-
pensions containing PP in different concentrations were monitored and plotted
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Fig. 6. From the pH change of 0.0001 M PP treatment of AIN in water in Fig. 6,
it was concluded that the AIN samples treated with PP at 0.001 M and higher
concentrations protected the AIN powders against the hydrolysis reaction. This
result showed that PP could inhibit the hydrolysis reaction of AIN at lower con-
centrations better than water-repellent and hydrolysis protective materials used
for similar purposes in the literature.

16 - 0IM g 0.05M 4 0.01M
= 0.001M % 0.005M —g- 0.0001 M
9 4
= 81
= - —— - —ll)
7 - S +
.—_———-_-_ e E—
»,L/; N e R
6 - — . &
5 L] L] L] L] L]
0 30 60 90 120
Time (min)

Fig. 6. pH responses vs. time for AIN suspensions in water with various PP concentrations.

CONCLUSION

The capability of water repelling and hydrolysis inhibition with the coating
of AIN surface are very important in order to avoid the environmental poisoning
and the degradation of AIN. The inorganic treatment with mostly phosphate com-
pounds and organic treatment with mostly oxygen functional compounds have
been utilized for this purpose. In this paper, alkyl and aryl functional phosphate
esters were used for inhibition of hydrolysis reaction first time, and PP as aryl
functional coating of AIN powder showed the best performance in very dilute
concentration for avoiding hydrolysis and degradation of AIN, so it seems that
this type of materials are very useful and promising for coating AIN against hyd-
rolysis reaction with an easy application.
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U3BOA

CITPEYABAIBE XUIPOJIU3E I[TPAXA AIN IIOMORY OPTAHO®OCOATHUX ITPEBJIAKA Y
BOJEHOJ CPEIVUHHU
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Obnarame IpaxoM alyMUHHUjYM-HUTPHULA UMa BEIHKH UHOYCTPHUjCKH M €KOJIOMIKH 3Ha-
4aj. Y armocdepu unu BogeHoj cpenunu AIN dp3o mopmnexe peakldju XUIPOIU3e MPU YeMy
HacTajy allyMHHUjYM-XUOPOKCHI U amoHMjak. Ja du ce crpeumna xupmponusa AN, yecro ce
KODHCTE HEOPTaHCKHU WJIM OpraHCKH npemasu. [IpBu IyT y OBOM pafly ONHKCaHa je MpUMEHa
(ocdarhux ecrapa kao opranodocdaTHUX IpeMasa 3a UHXUOULHY)Y peakuuje xugponuse AIN
y BojeHoj cpenunu. Hajbomu pesynratu naxudunuje xupponuse AIN nodujenu cy y ciydajy
(ennn-docdaTa Koju ce KOPUCTH jeJHOCTABHOM TEXHUKOM HaHOLIEHA U MPU HUCKOj KOHLIEH-
tpauuju on 0,005 M. EduxacHoct mpesnake AIN je moTBpheHa CIEKTPOCKONICKUM U imaging
MeTozaMa. 3ak/byueHo je na deHwI-ocdar MHXUOMWpa peakuujy XUIpOIH3e 3axBasbyjyhu
HEroBoj €y1adoj ancopnuujy Boze.

(TTpumisero 21. MapTa, peBuAMpaHo 26. anpuna, mpuxsaheno 28. jyna 2023)
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Abstract: The influence of sulfate-reducing bacteria Desulfovibrio desulfur-
icans on stainless steel SS 202 corrosion in neutral media was studied in detail
using weight loss and electrochemical routes. The bacterial activity resulted in
material loss with an average rate of 0.015 mm/year. The scanning electron
microscopy (SEM) analysis showed a significant increase in the sessile bac-
terial population with the immersion period. Use of 500 ppm palash (Butea
monosperma) leaf extract (PLE) reduced the average corrosion rate to 0.002
mm/year. SEM analysis showed a very thin external film formation in the pre-
sence of the inhibitor. The X-ray photoelectron spectroscopy studies confirmed
the presence of corrosion products such as Fe,O5 and FeS. The gas chromato-
graphy—mass spectrometry studies showed the dominant percentage of various
terpenoids along with vitamin E as the main components of the PLE. Electro-
chemical analysis showed the existence of a diffusion barrier. The resistance
offered by the diffusion barrier is high in the inhibited sample when compared
to uninhibited samples.

Keywords: biocorrosion; Butea monosperma; electrochemical study; X-ray
photoelectron spectroscopy.

INTRODUCTION

The presence of bacteria in the environment surrounding a metal structure
leads to its destruction by the corrosive products generated of their metabolic
activity. This negative effect is frequently referred as biocorrosion or microbially
influenced corrosion (MIC). Biocorrosion is caused by a wide variety of micro-
organisms ranging from bacteria, algae and fungi.! MIC is prevalent in many
process utilities and often leads to equipment breakdown, resulting in severe fin-
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ancial losses.! Corrosion caused by aggressive chemicals is widespread in all
process plants and it can be identified, understood, and controlled with less dif-
ficulty. It is difficult to understand and control the MIC because of the interdep-
endent activities of many microbes that change with local environmental factors
involved in the MIC.2

Though the incidence percentage of MIC is not as high as chemical corros-
ion, 20 % of the total corrosion cost in any process unit is due to MIC.! It is well
known that the effects of sulfate-reducing bacteria (SRB) are severe when com-
pared to other bacterial species. The products of SRB metabolism are conducive
and enhance the corrosion processes. The products of their metabolism produce
corrosive polysulfides and sulfur that react with the metal ions leading to the
production of respective metal sulfides which in turn are conducive and promote
the formation of localized concentration cells to enhance corrosion and pitting.2

Stainless steel grade SS202 is widely used in many industrial applications,
especially in the food industry. The characteristic feature of stainless steel is its
corrosion-resistant properties. However, under aggressive environments, stainless
steel is prone to corrosion. Inhibitors are playing an effective role in shielding
metal substrates against corrosion. Despite their high efficiency, synthetic corros-
ion inhibitors cannot be employed regularly for corrosion prevention due to their
severe environmental impacts. As a result, scientists have concentrated their
efforts on developing green corrosion inhibitors. Plants, fruits, and their peels are
excellent sources of phytochemical compounds that are less expensive and envi-
ronmentally safer than the synthetic type of inhibitor.

Plant-based compounds contain certain natural compounds (phenolics com-
pounds, lectins, essential oils, alkaloids, polypeptides, terpenoids and polyacetyl-
enes) with powerful anti-biofilm properties.3 These phytochemical compounds
work on bacteria by substrate deprivation, rupture of microbe membrane, pre-
venting bacterial attachment on surfaces, affecting the metabolism of exopoly-
meric substance formation, and inducing mutations.*> The efficacy of Palash
(Butea monosperma) leaf extract as green corrosion inhibitor on mild steel cor-
rosion in 1 M HCI was studied and reported 96 % of corrosion inhibition effi-
ciency.® The palash leaf extract has antibacterial activity against microbes includ-
ing Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus due to
the presence of active substances like sterols, triterpenes, glycosides, flavonoids
and proteins.” However, information on antibacterial activity against Desulfovib-
rio desulfuricans is not available in the literature. Hence, this is the first work
reporting the antibacterial activity of palash leaf extract on D. desulfuricans. Tao
et al. studied the role of total flavonoids of Potentilla kleiniana (TFP) against the
stainless steel biocorrosion caused by P. aeruginosa bacterium by disrupting P.
aeruginosa’s cell membrane.8 Lekbach et al. studied the efficiency of catechin
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hydrate as biocorrosion inhibitor caused by P. aeruginosa in 304L stainless steel
and obtained a maximum inhibition efficiency of 99 %.9

The present work reports detailed studies on D. desulfuricans-induced cor-
rosion in SS 202 and control of the same using 500 ppm (palash leaves) extract.

EXPERIMENTAL

In this investigation, Desulfovibrio desulfuricans sp. strains (NCIM, Pune, India) were
employed. The modified Baar’s medium consists of K;HPO4-0.5 g, NH4CI-1.0 g, CaSO,4-2.0
g, MgS0,4-7TH,0-2.0 g, sodium lactate-7.0 g, Fe(NH4),(SO4),-0.5 g in 1000 ml distilled water.
The pH of the medium used for the studies was 7. Stainless steel coupons (SS 202) were cut to
a size of 1 cmx1 cmx0.05 cm, and polished well. One side of the polished samples was sealed
with Teflon tape. For the electrochemical studies, a copper contact was attached to the sealed
surface and this was used as the working electrode. The composition of stainless-steel coup-
ons used in this study was as follows (wt. %): 0.18 C, 0.53 Si, 9.48 Mn, 0.075 P, 0.012 S,
13.71 Cr, 0.01 Mo, 1.32 Ni, 0.01 Al, 0.84 Cu and balance Fe. The Butea monosperma (Palash)
leaves were dried in sunlight to remove moisture and powered with the help of a grinder. The
obtained powder was soaked in ethanol for a period of 24 h and then filtered using a Whatman
filter paper No. 1. Ethanol was removed by vacuum evaporation to yield palash leaf extract
(PLE).

Weight loss experiments were carried out as two sets, one employing modified Baar’s
medium containing SRB culture (UB) and the other with modified Baar’s medium, SRB and
500 ppm PLE (IB). The abiotic experiments were performed by immersing the coupons in
modified Baar’s medium (U)/modified Baar’s medium and 500 ppm PLE (I). The numbers at
the end of U/UB and I/IB represents the immersion period in weeks. The metal coupons pre-
pared for the studies were weighed and immersed in individual test tubes filled with the
UB/IB medium and incubated at 37 °C. Total duration of the study was four weeks. To study
the progress of corrosion, every week four samples were withdrawn and the weight of the
samples after cleaning and drying was measured. The nutrient medium into which the respect-
ive samples were immersed was also analyzed for the dissolved sulfide concentration using
the standard protocol.!® A comparison of the sample weight before and after immersion gives
the weight loss of the sample, the average of which is used to estimate the corrosion rate CR
using the method explained in the literature.! Similarly, for the electrochemical analysis tech-
niques, the samples kept immersed were withdrawn from the media periodically for con-
ducting potentiodynamic polarization (DP) and electrochemical impedance spectroscopy stu-
dies (EIS). Prior to each analysis, the samples were kept at open circuit potential (OCP) for 10
min. The scan rate used for DP was 5 mV/s. For EIS runs, the scan was done from 0.01 to 103
Hz with an AC amplitude of 10 mV. The electrochemical techniques were performed at 37 °C
on an electrochemical analyser (PARSTAT). An Ag/AgCl reference electrode and a platinum
counter electrode were used for the studies. A scanning electron microscopy (SEM, Carl Zeiss
UHR model) combined with an energy-dispersive X-ray system was used to study morpho-
logy and elemental composition of the samples. To study the various functional groups, pre-
sent in the external film adhered to the surface of the sample Fourier transform infrared
(FTIR) spectroscopy (Bruker, Alpha model) and X-ray photoelectron spectroscopy (XPS)
were used. The composition of the PLE was found using a gas chromatography and mass
spectrometry (GC-MS) unit (Agilent 5977).
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RESULTS AND DISCUSSION
Weight loss study

The corrosion calculation by weight loss method was performed for stainless
steel 202 coupons for a period of 28 days in both UB and IB media and the
results are shown in Fig. la. In the UB sample, the CR of tested coupons was
greater than in the IB medium. In the UB sample, the CR increases for the first
two weeks and then remains stable till the fourth week. This could be due to the
diffusion limitation caused by the deposition of corrosion products on the metal
surface.
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Fig. 1. a) Corrosion rate of stainless steel immersed in UB and IB medium and b) inhibition
efficiency as a function of immersion period.

The CR of the IB sample presents a continuously decreasing trend indicating
the formation of a stable, continuous external film that protects the surface. Fig.
1b shows the effect of the immersion period on the inhibition efficiency using
500 ppm of PLE. An average inhibition efficiency of 88 % was obtained.

Fig. S-1a and b of the Supplementary material to this paper show the corros-
ion rate of SS 202 in modified Baar’s medium with (I) and without (U) Palash
leaf extract in the absence of bacteria and inhibition efficiency as a function of
immersion time, respectively. From Fig. 1a and S-1, it is clear that the corrosion
rate in the abiotic case is significantly less when compared with the biotic case
for both uninhibited and inhibited samples. The corrosion inhibition efficiency
decreases with an increase in the immersion period, as seen in Fig. S-1b.

It is noteworthy to follow the sulfide concentration of the UB and IB
samples during these periods which is presented in Fig. S-2of the Supplementary
material. During incubation the test tubes, containing UB and IB medium with
SS samples immersed in them, turned black indicating the formation of iron sul-
fide set up by reaction between iron and HS~ caused by the SRB activity. The
formation of H»S is confirmed by the rotten egg odor upon opening the test
tubes. From Fig. S-2, after the supplementation of the PLE, a decrease in dis-
solved sulfide content is clearly seen. This shows that the extract affects the met-
abolic activity of the bacteria resulting in reduced concentration of dissolved

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

(CC) 2023 SCS.



INHIBITORY ACTION ON STAINLESS STEEL BIOCORROSION 75 3

sulfide. The literature suggests the neem leaf extract intervened in the metabolic
activity of the Desulfovibrio sp. and inhibited the biocorrosion of API 5L X80
linepipe steel.!l However, the palash leaf extract was reported for the inhibition
of chemical corrosion of mild steel in HCI medium® and not for biocorrosion
except by our previous publication for galvanized steel.!2 The sulfide content in
the UB sample increased from 48 ppm in the first week to 69 ppm in the fourth
week. On the other hand, the IB sample showed a continuously decreasing trend
in the sulfide values which ultimately goes to zero in the fourth week. There will
be some variation in the bacterial count due to the death phase of the bacteria.
The dissolved sulfide can also react with the metal and form metal sulfides. This
is corroborated by the increase in the sulfide content of the UB sample. A similar
trend in the sulfide concentration has been reported in the literature.!3 Harrison
and Thode studied the kinetic mechanism involved in the reduction of sulfate to
sulfide by D. desulfuricans in Starkey’s medium and optimized the temperature,
metabolite concentrations and growth conditions.!4 The literature is available
with respect to the kinetic study of anaerobic reduction of sulfate to sulfide
caused by the mixed consortium. 15

Electrochemical impedance spectroscopy

The electrical characteristics of the biofilm and corrosion products layer can
be analyzed using EIS. Fig. S-3 a and b of the Supplementary material show the
impedance modulus measured at different frequencies in UB and IB samples at
varied immersion times. Fig. S-3¢ and d show the phase angle variations with
frequency for the same. From S-3a and c, it can be noticed that the addition of the
inhibitor extract increases the impedance modulus approximately by ten times.
The impedance modulus at low frequency for the UB sample decreases signific-
antly during the third week and increases to a greater extent in the fourth week.
This is due to the development of a thicker corrosion products film during the
fourth week which prevents the movement of the electrolyte. In the case of IB
samples, the maximum impedance modulus at low frequency is observed for the
third week. This decreases again in the fourth week which is due to the change in
the thickness and composition of the external film formed on the metal. The
formation of a thicker corrosion products layer during third week in IB sample
matches well with the SEM findings. Overall, the impedance modulus of the 1B
samples is approximately ten-times higher at low frequencies for all the immer-
sion durations indicating higher resistance to material degradation. The Bode
phase angle plot shows the presence of two-time constants in both cases. In the
case of UB samples, the phase angle at the lowest frequency decreases for the
second and third weeks indicating an increase in corrosion. For the fourth week,
the low-frequency peak is broader and shows a shift towards low frequency
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which indicates good adsorption of the external film on the metal surface which
offers protection against corrosion.16

In the case of IB samples, the phase angle peak at low frequency increases
slightly for the second week. For the third week, the phase angle peak at the
lower frequency region is much broader when compared to other weeks. The
impedance modulus plot for the same period shows a maximum value at the low-
est frequency which indicates that the film formed during the third week is con-
tinuous with good corrosion protection. Similarly, for the fourth week, the phase
angle peak shows a shift towards lower frequency accompanied by an increase in
peak value indicating good corrosion protection with immersion time. !0

Fig. 2a and b illustrate the Nyquist plot for the SS sample in UB and IB
media at different times. The high-frequency zone presents a semi-circular pat-
tern and the low-frequency region shows the presence of diffusion limitation. The
high-frequency semi-circular pattern shows the features of a depressed semicircle
which is caused by surface roughness. Hence the system is modeled with a cons-
tant phase element (CPE) instead of an ideal capacitor. The impedance of any
CPE element “i” (Z;) is given as:

-1, . =
Zicpg =Y (o)™ (1)
In the above equation, Y; is the admittance in S s® cm2, o is the angular

frequency in rad s~!, j is —1 and # is the roughness parameter the value of which
becomes 1 for an ideal capacitor.

a) 500 - b) 2000 -
(a) «UB1 =UB2 (b) <IB1 =IB2
+UB3 aUB4

. . l.1B3 :B4 ,

E s 5
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& 250 ]
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(c) 0, [
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Fig. 2. Nyquist plot for stainless steel in: a) UB and b) IB medium. The experimental data is
represented using a continuous line and dots depict equivalent electrical circuit (EEC) fit.
¢) EEC used for fitting the EIS data.
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The equivalent circuit used to model the system is represented in Fig. 2c.
The CPE is represented by Qp and the diffusion element is represented using
Warburg impedance (W). The impedance (Zw) of the Warburg diffusion element
is given as:17

Zy =Y ' ey (1~ ) )

where Y is the admittance in S s® cm™2, w is the angular frequency in rad s—1.

Table I shows the best-fit parameters obtained for the EEC. The continu-
ously decreasing trend of Ry, with immersion time in the case of the UB sample,
and the continuously increasing trend of the same with immersion time for the IB
sample match well with the results obtained from the weight loss studies. The
capacitance (Cj) of the CPE element can be found from the admittance Y;, resist-
ance R; associated with the CPE unit, and the corresponding roughness parameter
n; calculated using:18

Gy = (% (R 3)

The capacitance values are inversely proportional to the film thickness.2 The
calculated capacitance values in Table I show that the thickness of the film in the
UB sample increases with immersion time while the inhibited sample presents a
stable capacitance value which shows that the external film thickness is not alt-
ered significantly with immersion time.

TABLE 1. EEC fitted value for the stainless steel in biotic and inhibited cases

P ; Biotic (UB) Inhibitor (IB)

arameter UB1 UB2 UB3 UB4 IB1 1IB2 IB3 IB4
R,/ Q cm? 3126 3734 4967 538 53.19 29.03 3381 3859
Y, x104/ S s" cm 765 2290 1576 3 138 75 100 125
" 09187 1 1 06441 1 09007 09504 1
R,/ Qcm? 6543 5438 3201 33.52 2061 2402 2581.5 2761
W-Y, /S "5 cm 0.0803 0.0272 0.0464 0.0082 0.0047 0.0102 0.0080 0.0059
C, / uF cm? 024 023 016 0004 001 003 002 001

The inverse of Warburg admittance gives the resistance offered by the dif-
fusion barrier. It is clearly seen that the diffusion resistance offered by the barrier
is high with the PLE inhibitor.

Potentiodynamic polarization study (Tafel)

Tafel plot for the SS sample in UB and IB media after immersion for defined
durations (up to four weeks) is shown in Fig. S-4 of the Supplementary material.
The Tafel parameters obtained by Tafel region extrapolation are listed in Table
IL. It can be seen that the E¢ shows a positive shift with the immersion period
in both UB and IB samples. This shows the formation of passive layer which pre-
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vents the diffusion of the corrosive medium. When inhibitor molecules are added
to the aggressive medium, the cathodic reaction is slowed, resulting in a negative
shift in the open circuit potential observed for the first week which could be attri-
buted to the decreased hydrogen generation at the cathode due to the adsorption
of the inhibitor molecules.!920 Potentiodynamic polarization plots show a sig-
nificant change with the addition of an inhibitor and hence alter the mechanism
of hydrogen generation and anodic dissolution reactions.!-21-22 From the second
week positive shift in the potential with inhibitor addition can be observed.
Moreover, it is clearly observed that both the cathodic and the anodic current
densities are drastically decreased with the inhibitor addition. This gives inform-
ation that both the cathodic hydrogen generation and anodic dissolution reactions
are affected with the inhibitor addition. Thus, the inhibitor acts as a mixed inhi-
bitor. Previously, the sulfide analysis results indicated that the inhibitor affected
the metabolic activities of the SRB. Thus, the inhibitor works as a corrosion inhi-
bitor and also as an antibacterial agent. Moreover, the joo values are lowered
with the addition of the inhibitor and with immersion time it shows a con-
tinuously decreasing trend which shows the improved corrosion resistance pro-
perties of the inhibitor layer with time. In the absence of the inhibitor continu-
ously increasing trend in the same can be observed. On the other hand, a conti-
nuously decreasing tendency is observed for j.o With the inhibitor extract. As
the stainless steel 202 grade contains manganese instead of nickel, the j.q. values
are higher. Vignesh et al. reported jorr value of 246.1 pA cm2 for SS202 in
NaCl medium.23

TABLE II. Tafel fit parameters for stainless steel in biotic (a) and inhibited (b) to study vari-
ous parameter to study biocorrosion

Ecorr jcorr ba 7bc CR IE
Sample Vvs. Ag/AgCl  pAcm? mVdec! mVdec! mmy! %
Biotic (UB) UBI1 —0.58 78 88.19 48.69 0.83 -
UB2 -0.51 92.6 164.55 87.21 0.98 -
UB3 -0.41 137 220 157.38 1.45 -
UB4 -0.33 197.6 208.32 119.07 2.10 -
Inhibitor (IB) 1B1 —0.82 14.2 176 92.57 0.15 81.8
IB2 -0.35 9.3 157 96.27 0.10 90.1
IB3 -0.28 4.5 79.62 55.5 0.05 96.7
1B4 —0.09 3.7 142.36 102.58 0.04 98.1

FTIR analysis

Fig. 3a—c shows the FTIR spectra for the samples immersed in the UB and
IB media along with the spectrum of the Palash leaf extract. The FTIR spectrum
of samples in the UB medium show strong peaks between 650-660 cm~! which
correspond to the presence of the acetal group, one of the major components of
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the bacterial biofilm.24 The peak at 1500-1520 cm! corresponds to the amide 11
functional groups (NH bending and CN stretching) in the biofilm.25 The peak at
2353 cm! corresponds to N-H or C=0 stretching vibrations.2® The peak at 3737
cm! corresponds to the hydroxyl groups of the biofilms.2” The samples immer-
sed in IB samples show the presence of amide II functional groups (1530 cm™!)
and esters (1680-1700 cm™1). Apart from that peak at 2353 cm™! corresponding
to N-H or C=0 group can also be observed. The sample also shows the presence
of O-H group (3740 cm™1).
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Py oo 2 Py
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© ;
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< '
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[ i
g o
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] 3 o T
T
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Fig. 3. FTIR analysis of ethanolic extract of: a) Palash leaf extract, b) biotic case and
¢) inhibited case in the medium.

Scanning electron microscopy

The SEM images of the UB and IB samples with the external film formed on
them after one and three weeks of immersion period are shown in Fig. 4. The UB
sample at the end of first week shows many sessile cells with two distinct layers -
One compact inner layer and an outer layer that shows spherical structures scat-
tered all over the sample surface. The third-week UB sample shows the presence
of numerous sessile bacteria and a compact external biofilm layer. The compact-
ness of the external layer in the case of UB sample increases with the immersion
period which adds strength to the weight loss results where the corrosion rate
stays stable after two weeks of immersion. The IB sample shows the presence of
a very thin external layer in the first week. In the third week’s sample, tiny scat-
tered granular structures can be observed which could be due to the adsorbed cor-
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rosion products and inhibitor molecules. Table S-I of the Supplementary material
shows the elemental composition of the UB and IB samples at different immer-
sion period. The IB samples show higher carbon content when compared to UB
samples which could be due to the adsorbed inhibitor molecules. The sulfide and
iron concentrations are high in the UB samples due to the formation and depo-
sition of iron sulfide.

X 20,000 10.0kv SET

9/14/2022
0.0kV SEI  SEM omm  12:12:34

Fig. 4. SEM images of the layer formed on the stainless-steel coupons immersed in UB and IB
medium for 1- and 3-week immersion periods.

GC-MS analysis

The findings of the GC-MS analysis of PLE are given in Table S-II of the
Supplementary material. The analysis shows that about 78.9 % of the extract is
composed of terpenoids which are known for their antioxidant and antibacterial
properties. Similarly, compounds such as vitamin E and W-18 are also helpful in
controlling bacterial growth and corrosion.

X-ray photoelectron spectroscopy

Fig. 5a—e show the deconvoluted XPS spectra for the elements: iron, nitro-
gen, carbon, oxygen and sulfur, respectively. The Fe2p deconvolution peak at
706.6 eV confirms the presence of FeS,.28 The peaks at 710.8 and 716.6 eV arise
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due to the presence of Fe3™. The presence of metallic Fe is denoted by the peak at
719.2 eV.20 The Nls deconvolution gives two peaks one at 399.4 eV and the
second at 400.7 eV. These belong to the amine groups of the biological system.2?
The deconvoluted Cls spectra for the third week UB sample with an external
film formed on it shows peaks at 284.1, 285.6 and 287.6 eV corresponding to
C=C, C—C, O—C-0O and C=0 functional groups, respectively.3? These peaks are
contributions from the organic compounds present in the biofilm. The Ols spec-
tra for the UB sample show two significant peaks at 531.3 and 530.9 eV corres-
ponding to carbonyl compounds of biofilm and the iron oxides formed due to
corrosion reactions.3! The S2p deconvolution shows a peak at 163.5, 166.6 and
168.6 eV corresponding to the presence of iron sulfide (Feg goS), SOz and SO42,
respectively. 32-34
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Fig. 5. Deconvoluted XPS spectra of SS 202 in UB medium: a) Fe2p, b) N1s, c¢) Cls, d) Ols
and e) S2p.
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Fig. 6a—e shows the deconvoluted XPS spectra of various elements in 1B
sample. The Cls spectra show the presence of C=C (284.3 eV) which could be a
contribution from inhibitor component W-18.30:35 The peak at 285.7 eV corres-
ponds to C-O group. The Ols deconvolution gives peak at 530.6 eV which rep-
resents iron oxides and the peak at 531.5 eV affirms the presence of organic C-O
bond.3¢ The N1s deconvolution shows primary peak at 398.3 eV that is charac-
teristic of pyridinic group which could have come from the W-18 compound of
the inhibitor extract.37 The peaks at 399.9 and 402.4 eV signify amide and N-O
groups, respectively.38:39 The peak at 407.9 eV corresponds to NO3~.40 The
peaks at 709.4 and 723 eV, and the satellite peak at 715.3 eV show the presence
of Fe2t 4l The peak at 160.8 eV in the deconvoluted s2p spectra shows the
existence of S2- and the peaks at 162.4 and 169 eV, respectively, show the pre-
sence of Sy2~ and SO42-.42 The sulfide group could have originated from the
sulfonamide products of inhibitor molecules or from FeS. The products of cor-
rosion from the XPS studies based on literature include iron sulfides and oxides.
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Fig. 6. Deconvoluted XPS spectra of SS 202 in IB medium: a) Fe2p, b) N1s, ¢) Cls, d) Ols
and e) S2p.
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Table S-1 shows the elemental composition of the samples analyzed by
EDAX. The increased amount of carbon in the inhibited sample is due to the ads-
orbed inhibitor molecules. The sulfide and iron content are very low in the IB
sample.

Mechanism

Analysis of the external film formed on the UB and IB samples have shown
that the samples mainly consisted of iron sulfides and oxides. The dissolution of
iron in SS 202 causes formation of Fe2*. The SRB utilize the hydrogen ions
generated by the water dissociation, sulfate in the environment and the electrons
from iron dissolution for the reduction reaction to produce FeS.43:44 The follow-
ing reactions can be written:

SOF” +8H' +8¢~ —S>~ +4H,0 (4)
Fe’t +827 - FeS (5)

Apart from the formation of FeS, the hydroxyl radicals formed from water
dissociation react with Fe2* to yield Fe(OH);:

Fe?* +20H™ — Fe(OH), (6)

In the alkaline environment the Fe(OH), reacts to give rust
(Fep03-Hp0):43:45
ZFC(OH)Q + 0502 - F6203 . Hzo + Hzo (7)

The sulfides produced by SRB are more reactive, soluble and exist in more
reduced form. In the present study pH measurement after four weeks shows a pH
close to 9. At these alkaline conditions, the sulfides produced easily react to pro-
duce polysulfides and sulfur.#6-47 With the inhibitor extract the number of sessile
bacteria is reduced as observed from the SEM images and the metabolic activity
of the bacteria is also decreased which is reflected in the decreased dissolved
sulfide concentration, corrosion products and corrosion rate.

CONCLUSIONS

The effect of palash leaf extract in the control of SRB caused corrosion in SS
202 was studied in detail. Over an immersion period of four weeks, 500 ppm of
PLE was able to control the corrosion by 88 %. The SEM analysis showed the
formation of different kinds of external layer on the sample in the presence and
absence of PLE. In the case of uninhibited samples, the biofilm thickness and the
number of sessile bacteria increased with immersion period. In the inhibited
sample a very thin external film was observed. The XPS analysis showed signi-
ficant products of corrosion as FeS and Fe;O3. The inhibitor consisted of 78 %
terpenoids which are known for their antioxidant and antibacterial effects. The
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PLE was found to work well in the control of SS 202 corrosion caused by SRB
activity in the neutral medium.

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/12207, or from the corres-
ponding author on request.

H3BO[
HCTINTUBAILE HHXUBUTOPCKHUX KAPAKTEPUCTHKA EKCTPAKTA JIMIITRA Butea
monosperma HA YCIIOPABALE BMOKOPO3WJE HEPBAJYRET YEJIMKA ¥V [TPUCYCTBY
CYNIOAT-PEOYKYJYRUX BAKTEPUJA

SHIV KUMAR MANU, NOYEL VICTORIA SELVAM u MANIVANNAN RAMACHANDRAN
Department of Chemical Engineering, National Institute of Technology Raipur, Chhattisgarh — 492010, India

Yruuaj cyndar-penykyjyhux daxrepuja Desulfovibrio desulfuricans Ha kopo3ujy Hephajy-
her venuka SS 202 y HeyTpasiHOj CpeIVHHM je IeTa/bHO WCIUTHBAH KopulnhewmeM MmeTone
ryduTKa mMace W eJIeKTPOXEMHjCKHX MeTofa. AKTHBHOCT DaKTepHja HOBOLHU IO rybUTKa MaTe-
pHjana mpoceyHom dp3uHOM of 0,015 mm/ron. Ananusa ckeHHUpajyhoM eneKTpOHCKOM MUK-
pockonujom (CEM) je mokasana 3HayajaH MOpacT HOMyJaldje CEeCUIHUX DaKkTepHja TOKOM
nepuoza ypamama. [IpuMena ekcrpaxTa juirha duspke mWyMcku riameH (Butea monosperma)
KoHIleHTpauyuje 500 ppm je cmamuia npoceyHy Op3uHy koposuje Ha 0,002 mm/rog. CEM
aHaJIM30M je Mokas3aHO Aa Ce y NPUCYCTBY MHXMOMUTOpa opmHpa BeoMma TaHaK CIIOJballlbU
unm. doToenekTpoHCKa CIEKTPOCKONHja X-3payuma je NOTBPAUIA MPUCYCTBO KOPO3UOHUX
mpopykara kao wrto cy Fe:0s u FeS. McnutuBamuma racHom xpomarorpadujoM—MaceHoM
CTIIEKTOMETPHjOM je YTBpheHo fa Cy IJlaBHe KOMIIOHEHTE eKCTpaKTa JIMCTa IIYMCKOT IUIaMeHa
pas3IuuUTH TepreHouzAd M BUTaMuH E. EnexTpoxemujcka aHanusa je Mokasana IPUCYCTBO
mudysrone dapujepe Tokom Koposuje. OTIIOPHOCT Koja moTuue of AudysuoHe dapujepe ce
3HauajHOo nosehasa y mpUcycTBY HHXUOUTOPA.

(ITpumsbeHo 30. nenemdpa 2022, pesunupano 10. janyapa, mpuxsaheno 12. maja 2023)
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Fig. S-1a and b show the corrosion rate of SS 202 in modified Baar’s
medium containing with (I) and without (U) palash leaf extract in the absence of
bacteria and inhibition efficiency as a function of immersion time respectively.
From Fig. la and S-1, it is clear that the corrosion rate in the abiotic case is
significantly less when compared with the biotic case for both uninhibited and
inhibited samples. The corrosion inhibition efficiency decreases with an increase
in the immersion period, as seen in Fig. S-1b.
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Fig. S-1. (a) Corrosion rate of stainless steel immersed in U and I medium in the absence of
bacteria and (b) inhibition efficiency as a function of immersion period.

From Fig. S-2, after the supplementation of the PLE, a decrease in dissolved
sulfide content is clearly seen. This shows that the extract affects the metabolic
activity of the bacteria resulting in reduced dissolved sulfide concentration. The
sulfide content in the UB sample increased from 48 ppm in the first week to 69
ppm in the fourth week. On the other hand, the IB sample showed a continuously
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decreasing trend in the sulfide values which ultimately goes to zero in the fourth
week.
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Fig. S-2. Effect of immersion time on dissolved sulfide concentrations for SS 202 in UB and
IB medium.

Fig. S-3a and b show the impedance modulus measured at different
frequencies in UB and IB samples at varied immersion times. Fig. S-3c and d
show the phase angle variations with frequency for the same. From Fig. S-3a and
¢, it can be noticed that the addition of the inhibitor extract increases the
impedance modulus approximately by ten times. The impedance modulus at low
frequency for the UB sample decreases significantly during the third week and
increases to a greater extent in the fourth week. This is due to the development of
a thicker corrosion products film during the fourth week which prevents the
movement of the electrolyte. In the case of IB samples, the maximum impedance
modulus at low frequency is observed for the third week. This decreases again in
the fourth week which is due to the change in the thickness and composition of
the external film formed on the metal. The formation of a thicker corrosion
products layer during third week in IB sample matches well with the SEM
findings. Overall, the impedance modulus of the IB samples is approximately
ten-times higher at low frequencies for all the immersion durations indicating
higher resistance to material degradation. The Bode phase angle plot shows the
presence of two-time constants in both cases. In the case of UB samples, the
phase angle at the lowest frequency decreases for the second and third weeks
indicating an increase in corrosion. For the fourth week, the low-frequency peak
is broader and shows a shift towards low frequency which indicates good
adsorption of the external film on the metal surface which offers protection
against corrosion."

In the case of IB samples, the phase angle peak at low frequency increases
slightly for the second week. For the third week, the phase angle peak at the
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lower frequency region is much broader when compared to other weeks. The
impedance modulus plot for the same period shows a maximum value at the
lowest frequency which indicates that the film formed during the third week is
continuous with good corrosion protection. Similarly, for the fourth week, the
phase angle peak shows a shift towards lower frequency accompanied by an
increellse in peak value indicating good corrosion protection with immersion
time.
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Fig. S-3. Bode impedance modulus for SS 202 in (a) UB and (b) IB medium at different
immersion periods. Bode phase angle plot for SS 202 in (c) UB and (d) IB medium at
different immersion periods.

Tafel plot for the SS sample in UB and IB media after immersion for defined
durations is shown in Fig. S-4. The Tafel parameters obtained after Tafel region
extrapolation are listed in Table II. It can be seen that the E.., shows a positive
shift with the immersion period in both UB and IB samples. This shows the
formation of passive layer which prevents the diffusion of the corrosive medium.
With the inhibitor addition, a significant negative shift in £, is observed for the
first week which could be attributed to the decreased hydrogen generation at the
cathode due to the adsorption of the inhibitor molecules.” From the second week
positive shift in the potential with inhibitor addition can be observed. Moreover,
it is clearly observed that both the cathodic and the anodic current densities are
drastically decreased with the inhibitor addition. This gives information that both
the cathodic hydrogen generation and anodic dissolution reactions are affected
with the inhibitor addition. Thus, the inhibitor acts as a mixed inhibitor.
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Previously, the sulfide analysis results indicated that the inhibitor affected the
metabolic activities of the SRB. Thus, the inhibitor works as a corrosion inhibitor
and also as an antibacterial agent. Moreover, the j.. values are lowered with the
addition of the inhibitor for all weeks and with immersion time it shows a
continuously decreasing trend which shows the improved corrosion resistance
properties of the inhibitor layer with time. In the absence of the inhibitor
continuously increasing trend in the same can be observed. On the other hand, a
continuously decreasing tendency is observed for j ., with the inhibitor extract.
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Fig. S-4. Polarization plots for SS 202 coupons immersed in (a) UB (b) IB media at four
immersion periods.

Table S-1 shows the elemental composition of the UB and IB samples at
different immersion period. The IB samples show higher carbon content when
compared to UB samples which could be due to the adsorbed inhibitor
molecules. The sulfide and iron concentrations are high in the UB samples due to
the formation and deposition of iron sulfide.

TABLE S-I. Elemental analyses of the layer formed on the stainless-steel coupons immersed
in UB and IB medium for 1- and 3-week immersion periods. All values are in at. %

Element UB 1 UB 3 IB 1 IB3
C 30.40 33.49 70.18 70.74
o 48.07 37.85 20.60 20.22
Na 0.60 1.56 0.02 0
Mg 1.57 1.86 0 0.03
Si 0.06 0.83 0.44 0.63
P 5.19 6.12 8.13 7.77
S 3.14 333 0.18 0.10
Ca 7.00 3.80 0.21 0.33
Cr 0.04 1.13 0.06 0
Mn 1.81 0.49 0.02 0.03
Fe 1.80 9.02 0.16 0.05
Ni 0.06 0.05 0 0.12
Cu 0.27 0.46 0 0

The findings of the GC-MS analysis of PLE are given in Table S-II. The
analysis shows that about 78.9 % of the extract is composed of terpenoids which
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are known for their antioxidant and antibacterial properties. Similarly,
compounds such as vitamin-E and W-18 are also helpful in controlling bacterial
growth and corrosion.

TABLE S-II. List of few compounds present in significant quantities in palash leaf extract
identified from GC-MS analysis

Time Area
Compound name (min) (%) Group
3-O-Methyl-d-glucose 20.49 322 D-aldohexose
Hexadecanoic acid, 2-hydroxy-1-
(hydroxymethyl)ethyl ester 37.97 3.33 Ester
Di(pentamethylphenyl)ketone 44.08 6.20 Ketones
W-18 44.70 3.79 Opioid
Vitamin E 46.80 4.53 Methylated phenol
Lup-20(29)-en-3-one 49.85 40.95 Triterpenoid
Betulin 50.14 19.79 Pentacyclic
triterpenoid
y-Sitostenone 50.99 18.20 Tetracyclic terpene
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Abstract: Defining the interaction of newly synthesized compounds with
plasma proteins is an important step in the drug development process. Chroma-
tographic techniques can be successfully used in predicting the biopharmaceut-
ical and pharmacokinetic properties of newly synthesized compounds. The aim
of this study is to investigate and isolate the most important molecular pro-
perties that affect the interaction of 20 newly synthesized chalcones and com-
mercial compounds (lopinavir, ritonavir, darunavir and ivermectin) with human
serum albumin (HSA). The retention behaviour of the selected compounds was
tested on a CHIRALPAK®HSA column. A mixture of phosphate buffer (pH
7.0) and isopropanol (80:20 volume ratio) was used as the mobile phase, and
the support vector method was used to form the quantitative structure retention
relationship (QSRR) model. Based on the obtained values of retention para-
meters, it was observed that halogenated derivatives show the strongest, and
methylated chalcone derivatives the weakest interaction with HSA. By correl-
ating the retention and physicochemical properties of the tested compounds, it
was shown that the structural (SDSCH) and electronic properties (MAXQ,
EEM_F1) groups have the greatest influence on the retention behaviour and the
interaction of the tested compounds with HSA. The obtained QSRR model can
be applied in the prediction of the retention characteristics of new, structurally
related chalcone derivatives on HSA stationary phase.

Keywords: high performance affinity chromatography; support vector method;
quantitative structure retention relationship; chalcone; human serum albumin.
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INTRODUCTION

Chromatographic techniques can be successfully applied in predicting and
defining basic biopharmaceutical and pharmacokinetic properties in the first
stages of discovery and development of new medicinal substances. Chromato-
graphic techniques can be used along with in silico predictions and other in vitro
studies. High performance affinity chromatography (HPAC) is often used in
order to more precisely define the interaction of drugs with plasma proteins.
HPAC enables precise and less time-consuming analysis of the sample. For these
purposes, a phase modified with human serum albumin (HSA) is used as a stat-
ionary phase. The mobile phase simulates the physiological composition of blood
plasma and enables satisfactory retention behaviour of the tested compounds.!—3

Serum albumins are the main soluble proteins of the blood. They make up 55
% of total plasma proteins and have numerous physiological functions: main-
tenance of osmotic pressure in the blood, transport of various endogenous mole-
cules, various xenobiotics (medicines), etc. It is known that the interaction of
drugs with HSA significantly affects the volume of distribution and the rate of
their elimination. The volume of distribution, free concentration and metabolism
of medicinal substances can be significantly changed depending on the value of
the binding constant for HSA, which is important from the aspect of drug safety
and efficacy. Therefore, the characterization of the drug-HSA interaction in the
first stages of the development of new drugs affects the further optimization of
the structural and physicochemical characteristics of the newly synthesized com-
pounds. HSA is a protein consisting of three structurally similar domains I-III.
Each domain of this protein consists of two subdomains (A and B) stabilized by
17 disulfide bridges.!-4

Chalcones are occurring in natural plant products, but they are today mostly
obtained by semi- or total synthesis using the aldol condensation reaction
(Claisen-Schmidt). Chemically, chalcones are 1,3-diphenylprop-2-en-1-ones, in
which two aromatic rings are connected by a,f-unsaturated carbonyl system. In
nature, chalcones are precursors in the biosynthesis of flavones, flavanones and
chromanones and play an important role in protecting plants from ultraviolet
radiation, pathogens and insects. Chalcones have been shown to have a wide
range of biological activities such as: antituberculotic, antityrosine kinase, anti-
proliferative, anti-HIV-1-protease, antimicrobial and antioxidant activities.>

Previous studies have shown that chalcones, thanks to the presence of a.f-
-unsaturated carbonyl chain in the molecule, react with amino groups of enzymes
and other proteins (Michael’s addition). In this reaction, the enone functional
group is as an electron acceptor. Michael’s addition is facilitated by the presence
of electron acceptor groups in the B ring of the chalcone, while the presence of
electron donor groups at the same position hinders this reaction. This could be
one of the assumed mechanisms of interaction with plasma proteins.5’
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A literature review showed that more detailed studies of the interaction of
chalcone with plasma proteins at the molecular level have not been done so far.

In this regard, the aim of this study was to examine the retention behaviour
of selected newly synthesized chalcones and related compounds, which show
anti-HIV-1-protease activity, on a stationary phase modified with HSA and to use
the quantitative structure (chromatographic) retention relationships (QSRR)
method to extract the most important structural features that affect the binding of
the tested compounds to HSA.8

EXPERIMENTAL
Chemicals and reagents

The tested chalcones were synthesized at the Faculty of Pharmacy, Department of Phar-
maceutical Chemistry, Belgrade, Serbia, while the commercial compounds are lopinavir, rit-
onavir, darunavir and ivermectin produced by Sigma Aldrich.8 The chemical structures of the
tested compounds are shown in Figs. 1 and 2.
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Fig. 1. Chemical structures of tested commercial compounds.

The following chemicals were used during this study: 2-propanol (J.T. Baker, Deventer,
Netherlands) HPLC grade; deionized water (TKA water purification system, Niederelbert,
Germany); potassium dihydrogen phosphate (Merck); disodium hydrogen phosphate (Merck).
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Fig. 2. Chemical structures of tested chalcones. Different colors of the compounds represent
different structural groups.

Chromatographic conditions

HPLC analysis was performed on Agilent Technologies 1200 HPLC chromatograph
(Santa Clara, CA, USA) at 25 °C. The retention behaviour of selected compounds was exam-
ined on CHIRALPAK®HSA column 150 mmx4 mm I.D. packed with HSA chemically bound
to silica particles size of 5 um (Daicel corporation, Illkirch-Graffenstaden, France). The mob-
ile phase consisted of 80 vol. % phosphate buffer (pH 7.0; 0.01 M) and 20 vol. % isopropyl
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alcohol. The flow rate was 0.5 mL min'!. UV detection was performed at 254 nm. Standard
solutions of the investigated compounds were prepared in methanol at a concentration of 1 mg
mL! and then diluted with the mobile phase to the final concentration of 0.1 mg mL-!. The
retention characteristics of the selected chalcones are defined based on the value of the log-
arithm of the retention factor (log k), log k£ = log ((¢#)/ty), where ¢, is the dead time of the
column and ¢, is retention time.

The HPLC conditions were selected with the aim of achieving satisfactory retention
characteristics of all tested compounds which show a strong interaction with HSA column. At
low proportions of modifiers in the mobile phase (¢ < 20 %), the elution of all tested com-
pounds was not achieved. The analysis is qualitative with the aim of indirect evaluation of the
interaction of the tested compounds with HSA through the obtained retention time (z,) values.
Through the QSRR modelling approach, the impact of differences in the structural character-
istics of the tested compounds on their HSA interaction was also evaluated. Each compound
was analysed individually to clearly define its ¢, value. Due to the individual qualitative inter-
pretation of the HSA-interaction for each compound, the simultaneous chromatographic ana-
lysis of all 24 compounds was not performed. Common chromatographic conditions were def-
ined, in order to use QSRR analysis to select the common physicochemical properties of com-
pounds that affect their chromatographic behaviour, as well as to determine a reliable correl-
ation with in silico binding to HSA. The defined conditions could be applied for the further
analysis of newly synthesized chalcones and related compounds.

Calculation of molecular descriptors

Using the Marvin Sketch 6.1.0, (Chem Axon) the dominant molecular and tautomeric
forms of the investigated compounds were selected at pH 7.00.° The tested molecular forms
were brought to the minimum energy state by the optimization process using the semi emp-
irical PM3 and HartreeFock/3-21G methods, in the Gaussian 09 (ChemBio3D Ultra 13.0).10:11

For all tested compounds, the molecular descriptors were calculated using the ADMET
Predictor 9.5 (Simulation Plus Inc., 2019) and the SWISS ADME database.!213 Descriptors
with the greatest influence on the dependent variable (log k) were used in Support Vector
Machine (SVM)-QSRR modelling performed in the Statistica (StatSoft Inc., version 13.6,
2019).14 In SVM-QSRR modelling, log k was used as a dependent variable, while the ext-
racted descriptors were used as independent variables.

QSRR analysis included 21 compounds. Due to strong interaction with the stationary
phase, compounds VII, VIII and CH6 (Fig. 2) were not included in the QSRR modelling (log
k > 1.80). The final training set for QSRR modelling included 16 compounds (47, CH10,
CHI12, CH14, CH18, CH2, CH3, CH4, darunavir, I, III, IV, ivermectin, ritonavir, V and VI),
while the test set contained 5 most important representative compounds (CH1, CH11, CH15,
II and lopinavir).

Model validation

The quality of the obtained models was assessed by calculating internal validation para-
meters (correlation coefficient (#), root mean square error of estimation (RMSEE), squared
regression coefficient of cross-validation (0% o)) and external validation parameters
(r*(pred), root mean square error of prediction (RMSEP)). QSRR models with 02 ¢ and
r2(pred) > 0.5 are considered to have good predictive ability. Additionally, 72, iics (P 72
72, and Ar?) evaluation was applied. This metric is an additional external validation para-
meter, calculated based on the correlations between the observed and predicted values with
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(7% and without (%)) intercept for the least squares regression lines, as shown in the following

equation (1):
r2m=r2(l—M) (N

The metric 2., does not consider the differences between individual responses and the
training set mean and thus avoids overestimation of the quality of prediction due to a wide
response range (Y-range). For a good predictive QSRR model, 72, 72, and 7%, > 0.50, while
Ar?, <0.20.15-17

RESULTS AND DISCUSSION

The degree of binding of the investigated compounds (chalcones and related
compounds) to HSA was evaluated based on their retention behaviour on the stat-
ionary phase modified with HSA. The calculated logarithmic values of retention
factors (logk) were used to indirectly evaluate and compare the drug-HAS inter-
action.

Classification of interaction of investigated compounds with HSA

The results of the retention behaviour of the tested compounds are shown
graphically in Fig. 3.
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Fig. 3. Obtained values of log & of the tested compounds — Group I (log £ < 0.50), Group II
(logk 1.00-1.20); Group III (logk 1.30-1.50); Group IV (log k 1.50-1.50).

The strongest interaction with HSA is achieved by compounds CH6, VII and
VIII (logk > 1.80), while the rest of the compounds are divided into four categ-
ories I-IV according to the length of retention on HSA (based on the value of the
log k parameter), Fig. 3.

In Group IV, there are compounds with higher values of retention factors
and higher binding affinity for HSA (CH1, CH15, CH10, CH18, CH3, CH14 and
CH12). Compounds belonging to group I (commercially available antivirals)
have the lowest values of retention factors, where the interaction ratio with HSA
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(log k(lopinavir) > log k(ivermectin) > log k(ritonavir) > logk (darunavir)) is in
agreement with the experimentally available data on their total binding to plasma
proteins.18-20

Based on the obtained values of the retention factors, it is observed that there
is a difference in the interaction of the examined compounds with HSA depend-
ing on the structural characteristics, i.e., types of substituents in rings A and B.
Halogenated derivatives show the strongest HS A-interaction, phenolic and meth-
oxy derivatives show a weaker interaction, while methylated derivatives show
the weakest interaction with HSA. From a chemical point of view, this would
mean that compounds containing groups with electronegative atoms (fluorine,
chlorine, oxygen) show better interaction compared to compounds containing
alkyl groups.

The way in which the different type of substituent affects the retention
behaviour can be seen on the example of compounds that are ortho substituted in
ring B (Fig. 4, marked in blue), e.g., log A(CH4, methyl substituted) < log k(III,
hydroxyl (phenolic group) substituted) < log k(I, methoxy substituted) < log
k(CH1, fluoro substituted) < log k(VII, chloro substituted) (Fig. 5a).

Fig. 4. Basic chemical structure of newly synthesized chalcones.

A similar sequence is also observed with meta and para structurally related
derivatives:

—log k(V, methyl substituted) < log A&(VI, substituted with a phenolic group)
<log k(CH2, fluoro substituted);

— log k(II, methyl substituted) < log &(VIII, trifluoromethyl substituted).

Differences in retention behaviour can also be observed in positional iso-
mers, which indicates the importance of geometry and steric effects of molecules
during interaction with HSA (Fig. 5b):

—in the case of isomers that have a methyl substituent in ring B, the order is
ortho < meta < para, e.g., log k(CH4) <log k(V) < log k(1) (Fig. 5b-1);

—in the case of isomers that have a fluoro substituent in ring B, the order is
para <meta < ortho, e.g., log k (CH15) <log k (CH18) <log k(CH14) (Fig. 5b-2).

Compounds CHI1 and CH2 differ from each other in the position of the
fluoro group in ring B. By introducing an additional methyl group into ring B,
(compound CH3), the interaction with HSA increases, so that log kA(CH2, meta-
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-fluoro) < log k(CHI, ortho-fluoro) < log k(CH3, para-fluoro, ortho-methyl)
(Fig. 6a).

o 0
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Fig. 5. Comparative presentation of compounds with the influence of: a) different substituent
on retention behavior and b) different position of the same substituent (b-1 methylated
derivatives, b-2 fluorinated derivatives).

For all investigated compounds from the chalcone group, it was shown that
the introduction of an additional X/Y substituent in ring A leads to an increase in
the interaction with HSA:

—log k(CH3) <log k(CH12, methyl substituent in position Y);

—log K(CH2) < log ki(CH18, fluorine atom in position X);

—log K(CH11, methyl substituent in position Y) < log A(CH15, fluorine atom
in position X);

—log k(CH1) < log k(CH10, methyl substituent in position Y) < log A(CH14,
fluorine atom in position X) (Fig. 6b).

There is a satisfactory correlation between the obtained log & values and the
in silico (ADMET Predictor 9.5 programme (Simulation Plus Inc, 2019)) estim-
ated binding to total plasma proteins (» = 0.86).

For darunavir and ritonavir, the chromatographically estimated interaction
with HSA showed a deviation from their in silico estimated binding to total
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plasma proteins including alpha-1-acid glycoprotein (AGP). It was found that the
HIV protease inhibitors such as darunavir and ritonavir bind primarily to AGP.2!

The obtained in silico estimated binding to total plasma proteins (through the
percent of the unbound fraction to human plasma protein — %(hum_fup)) is
available from corresponding author upon request.

\g %

CHI CHI10 CHI14

Fig. 6. Comparative presentation of compounds with the influence of an additional substituent
on retention behaviour.

Physicochemical characterization of the mechanism of interaction of the
examined compounds with HSA

Using the SVM method, a QSRR model was created that defines the relat-
ionship between log £, as the dependent variable and the molecular properties of
the investigated compounds, as independent variables. Based on the correlation
with the values of the log & parameter, the molecular features with the greatest
influence on the HSA-interaction were selected and then used in SVM modelling

(Fig. 7).

Deperndent variahle: log k

20

Significance (F-value)

wn

0
SDSCH MAXQ EEM_F1

Fig. 7. Selected descriptors in relation to the significance of the influence on the log & value.
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The most important statistical characteristics of the obtained SVM-QSRR
model are shown in Table I, where r(train) is the correlation coefficient for train-
ing set and rr2, is reverse 2.

TABLE I. The most important statistical characteristics of the obtained SVM-QSRR model

Model Parameter Descriptors r(train) 0% oo RMSEE
SVM (sigmoid function) logk  SDSCH, MAXQ,EEM F1 0.76 0.99 0.25
r%(pred) RMSEP m T N (= V)
0.95 0.12 0.82 0.77 0.80 0.04

Based on the parameters of internal ( = 0.76, 0?1 0o = 0.99, RMSEE = 0.25)
and external validation (#2(pred) = 0.95, RMSEP = 0.12), as well as rZetrics
parameters (12, = 0.82, 2y, = 0.77, 72y = 0.80 and ArZy, = ((r2m—2m)/2) =
0.04), it can be observed that the obtained SVM-QSRR model has satisfactory
predictive properties.

Structural characteristics (SDSCH) and electronic properties (maximum par-
tial atomic charge (MAXQ) and electron density in the frontier orbital (EEM_F1))
have the greatest influence on the interaction of the tested compounds with HSA.

The descriptor SDSCH defines the total number of CH groups that are con-
nected by double or single bonds in the molecule. As the increase in CH groups
correlates with the increase in lipophilicity of the investigated compounds based
on the obtained results, it can be concluded that the increase in lipophilicity leads
to longer retention (interaction) with HSA. Accordingly, for example:

—for the compound CH12 (which contains an additional methyl group in the
A ring) in relation to the compound CH3, log A(CH3) < log A(CH12);

—for the compound CH10 (which has an additional methyl group in the A
ring) in relation to the compound CH1, log A#(CH1) <log A(CH10).

Also, the interaction of the examined compounds with HSA depends on
MAXQ and EEM _F1. Compounds with a larger number of electronegative
groups showed a greater affinity for HSA, which can be explained by a greater
influence of electrostatic interactions or the formation of hydrogen bonds.
Accordingly, for example:

—in the A ring, compound CH18 has an additional fluorine atom compared
to the compound CH2, which is why log £(CH2) < log &(CH18);

—compound CH14 has an additional fluorine atom in the A ring compared to
the compound CH1, which is why log A(CH1) < log A(CH14).

CONCLUSION

The defined chromatographic conditions can be successfully applied to the
investigation of the interaction of chalcone-like compounds and HSA. The
formed SVM-QSRR model can be reliably applied for the prediction of retention
behaviour of newly synthesized chalcone derivatives on the HSA-stationary
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phase. Electrostatic interactions (MAXQ, EEM_F1) and structural characteristics
(SDSCH) showed the greatest influence on the interaction of the investigated
compounds with HSA. Increasing lipophilicity and introducing electronegative
substituents into the structure of the tested compounds strengthens their inter-
action with HSA.

U3BOA

[TPUMEHA TEYHE XPOMATOTPA®UIE Y JEOHUHUCAKY HHTEPAKIIUJA
HOBOCHUHTETHCAHUX XAJIKOHA U CPOOHUX CYIICTAHIUU CA XYMAHUM
CEPYMCKUM AJIBYMHUHHUMA

HEMAA TYPKOBUR"?, HACTACHJA AHBEJIKOBHR®, IAPHJA OBPAIOBUR®, 30PHLIA BYJUR®
1 BPAHKA UBKOBUR®

1I/Iucmuu7.yru 3a Jbexose U Mequyuncka cpegiicea (LITUHME/), Bynesap Heana Llpojesuha 64a, ITogiopuuya,
Upna Topa, * Yuusepsuiein Lpue Tope, Meguuuncku paxyniieid, Kpywesay, 60, ogiopuya, Lipna Topa,
3@apmaueymcnu Qaxynitein, Kaitiegpa 3a papmaueyticky xemujy, Ynueep3uiteii y beoipagy, Bojeoge
Cineune 450, Beotpag u ‘Unosayuonu ueniuap, Hucautiyi 3a pusuxy y beoipagy, Ipeipesuya 118,
11080 3emyn, Beoipag
Iedunncame MHTEpaKLUHje HOBOCHHTETHCAHHUX jefumema Cca INPOTEeHHHMAa IUla3Me je
Ba’kaH KOpak y npollecy pasBoja JiekoBa. XpoMaTtorpadcke TEXHUKE C€ MOTY YCIEeIIHO KOpUC-
TUTH Y NpeNUKUUju dnodapmaneyTckux 1 hapMaKOKMHETHUKUX 0COOMHA HOBOCUHTETHCAHUX
jenumema. Ilusb OBOT pajia je NCIUTHBAKkE U U3/iBajahe Haj3HAUajHUjUX MOJIEKYICKUX OCOOMHA
KOjé yTUUy Ha HMHTepakuujy 24 HOBOCHMHTETHCAaHMX XaJKOHA U BHUMa CPOAHHUX jefumerna ca
XYyMaHUM CepyMCKHM andymuHom (HSA). PeTeHUHMOHO NoHamame ofadpaHHX jeoHmema je
ucrimrano Ha CHIRALPAK®HSA xononu. Kao mobuiHa (dasa xopumhena je cmema ¢oc-
darHor nmydepa (pH 7,0) u usonponanona (3amp. ogaoc 80:20). Y dopmupawy QSRR Monena
kopuirheHa je Meroja BexTopa noppiike. Ha ocHOBYy JoOMjeHMX BpPENHOCTH DETEHLIMOHUX
napameTapa yOu€eHO je fla XaJOT€eHOBaH! [iepuBaTH 110Ka3yjy Hajjauy, a METUJIOBaHHU JEPUBATH
XaJIkOHa Hajcnadujy untepakuujy ca HSA. loBomehu y xopenauyjy peTeHUHjy 1 GU3HNUKO-Xe-
MHjCKa CBOjCTBA WCIHMTHBAHUX jemumerma IMoKasano ce aa crpykrypHe (SDSCH) u enex-
TpoHcke ocodnHe (MAXQ,EEM_F1) rpyma HajBulle YyTHUy Ha PETEHUHOHO IOHAIIAme H
WHTepaKIHjy UCIIUTHBaHUX jenumbersa ca HSA. Todbujenu QSRR Monen ce Moxxe MPpUMEHUTH y
NpeIUKLUMjH PETEHLIMOHUX KapaKTEPUCTHKA HOBMX, CTPYKTYPHO-CPOIHHUX HepHBaTa XaaKOHa
Ha HSA ctauuoHnapHoj dasu.

(ITpumiseno 12. nenembpa 2022, pesuaupano 21. janyapa, npuxsaheHo 6. jyna 2023)
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Abstract. Four monitoring campaigns of sedimentable dust were provided from
two large non-sanitary landfills (Zrenjanin and Novi Sad) in Serbia during
2021. Particle size analysis by laser diffraction and inductively coupled
plasma-optical emission spectrometry were carried out in order to obtain the
particle size distribution (PSD) and the toxic elements (TEs) concentrations.
The health risk assessment of the landfill employees was performed according
to the United States Environmental Protection Agency methods based on TEs
concentrations. The PSD results demonstrated that the majority of sediment-
able dust samples mass were not concentrated neither within PM2.5 neither
within PM10 fraction. Analysis revealed high concentration of TEs at both
landfills: an extremely high concentrations of Cr and Zn in samples from
Zrenjanin landfill was detected. Health risk potential of elements was as fol-
lows for both landfills: Cr > Co > Pb > Ni > Zn > Cu. According to the results,
maximal hazard index for landfill employees in Zrenjanin (0.197) and Novi
Sad (0.113) showed that non-cancer risk was very low. For both landfill sites,
cancer risk was highest for Cr (2.75x10~ for Zrenjanin and 2.02x10”7 for Novi
Sad), though still within the defined threshold for tolerable cancer risk.

Keywords: atmospheric deposition; particle size distribution; toxic elements con-
centrations; hazard index; cancer risk.
INTRODUCTION

Pollution originating from landfills occupies the attention of the public, sci-
entists, and decision-makers, since it causes environmental degradation.

* Corresponding author. E-mail: una.tasovac@tfzr.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC230413032M
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One of the main origins of pollution from landfills is the leachate that can
penetrate the soil and water resources.! Landfill leachate contains a long list of
contaminants: heavy metals, organic compounds, dissolved methane, fatty acids,
sulphate, nitrate, phosphates, plastics, calcium, efc.2 The dominant toxic elements
(also referred as heavy metals) in leachate are cadmium, chromium, mercury,
copper, zinc, lead and arsenic.3 Likewise, landfills can cause air pollution by
emitting different gases, mainly methane and carbon dioxide, that are generated
due to a landfill metabolism. Dust is also of great concern when we are speaking
about air pollution from landfills. Dust emission from landfills is the result of
surface material resuspension related to waste transportation by heavy trucks
through the landfill, waste deposition, and cover material handling.# Since this
dust represents the soil particles from contaminated landfill areas, its composition
could be complex, very often containing toxic elements. In addition, commonly,
accidentally occurring fires, especially at unsanitary landfills, are sources of other
potentially dangerous gases and particles of different sizes. The chemical compo-
sition of gases and particles emitted into the air during fires depends on the waste
composition.?

Although the landfill impact on soil and groundwater has been studied int-
ensively,®7 the study of atmospheric pollution from landfills has been less repre-
sented due to the complexity of such research. Atmospheric deposition processes
from landfills are especially less studied, while publications concerning sedim-
entable dust in municipal solid waste landfills are very rare.8 Air contamination
by particles, containing toxic elements and emitted from landfills is of great con-
cern with the respect to human health risk assessment since it could be trans-
ported to large distances.?

The atmospheric fate of particles is influenced by different factors like ter-
rain configuration, meteorological parameters, properties and size of particles,
etc. Since larger particles (>30 um) seem to travel shorter distances, it is more
likely that they will influence the environment close to the source.!0 Those coarser
particles are sedimentable dust that are subject of the process of dry or wet dep-
osition. By deposition from air, particles, and hence all their constituents (organic
and organic compounds, toxic elements, etc.), enter the aquatic and terrestrial
ecosystems, becoming available for living organisms through the food chain.!!

Hence, humans are influenced by the particles through food, water, skin and
respiratory system. The behaviour of particles after entering the human body, as
well as the response that it causes, depends on the numerous parameters. In addit-
ion to the physiological parameters of the recipient human body (weight, age, etc.),
the most important are chemical composition, size, and shape of the particles.

In recent studies, the monitoring of particles and its composition analysis
provided near the landfills indicate that concentrations of cadmium, chromium,
copper, manganese, nickel, and lead exceeded the USEPA standard permissible
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limit.12 Likewise, the analysis of suspended dust from a landfill near Mexico
City indicated most abundant elements were silicon and aluminium.!3 In ambient
air samples at different distances from the landfill, it was revealed that the
highest concentrations of metals (Cd, Cu, Ni, Cr and Zn) were recorded at the
sampling sites near the landfills.!4

A studies on the exposure of landfill employees to dust reveals a higher con-
centration of arsenite in lung, muscle, and liver, lead in bone and blood and cad-
mium in kidney and liver.%15

Developing countries, like the Republic of Serbia, face environmental deg-
radation problems because of waste disposal at uncontrolled and non-sanitary
landfills without prior selection standard.!® In Serbia, there are only 12 sanitary
landfills and more than 120 non-sanitary landfills. Number of uncontrolled land-
fills is higher than 3,500. Only 19 % of generated waste is deposited on sanitary
landfills. Concerning the location, 40 % of landfills are located near settlements.
Also, a huge number of accidentally occurring fires at the unsanitary landfills in
Serbia are recorded in past few years, reaching the highest number in 2021.17

In this study, four monitoring campaigns of sedimentable dust during the
summer period of 2021 at two large landfills in Serbia were provided. The aim of
this study was health risk assessment of the employees at the landfills according
to quantitative analysis of toxic elements (As, Cd, Co, Cr, Cu, Ni and Pb) and
particle size distribution (PSD) for the first time in Serbia.

EXPERIMENTAL
Study area
Details about the study area are given in Supplementary material to this paper.
Sampling and exposure time

The dust sampling method was performed conforming to recommendations of the Envi-
ronmental Protection Agency of United States'® in accordance with the German standard
VDI.!8 The Bergerhoff Gauge dust monitoring instrument was used on both locations to mea-
sure sedimentable dust. Bergerhoff method is a long-term method, where measurements are
usually carried out over a 30-day period. According to the US methods, exposition time
should be 30 + 2 days in a minimum of 3 campaigns and at least 2 campaigns should be in the
period of May and September.

Sampling was performed during summer and early autumn of 2021, in four campaigns
that represent four replicates (following the above-described method that prescribes a mini-
mum of 3 campaigns). The beginning of sample collection was the middle of June, and the
end was the middle of October 2021. Each individual campaign had a number of exposed days
of 30 or 31. After a sampling period, the collected liquid samples were evaporated, and the
solid residue was analysed.

Particle size distribution

Particle size distribution was determined using a Malvern Mastersizer 2000 particle size
analyser. Hydro2000 Micro Precision, the dispersion unit for small amounts of a material, was
used for measuring. The Malvern Mastersizer 2000 records the light pattern scattered from a
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field of particles at different angles. Recorded intensity at a certain angle is the sum of the
intensity of light scattered from the surface of particles and the intensity of the secondary scat-
tered light, due to refraction when passing through the particle, which is important for the par-
ticles smaller than 50 um. The device then uses an analytical procedure to determine the par-
ticle size distribution that creates the patterns. The composition of the examined samples is
inhomogeneous, while the refractive index of dispersed material was impossible to determine
precisely, so we used literature data. According to the literature data!® the real part of the air
dust refractive index is in the range 1.48—1.55. We used the value of 1.5. The wavelengths of
light used during measurement were 632.8 and 740 nm. Samples were analysed in three rep-
licates. The measurement of the samples was carried out in the dynamic mode. Measurement
parameters were: pump speed, 2500 rpm; ultrasonic, off. The results were recorded as the par-
ticle volume percentage in 100 discrete size ranges between 0.02 and 200 pm.

Determination of toxic elements concentration in collected samples

All laboratory analyses were performed at the Laboratory for Soil and Agroecology of
the Institute of Field and Vegetable Crops, accredited according to the standard ISO/IEC
17025:2017.20 The samples were analysed for concentrations of As, Cd, Co, Cr, Cu, Ni, Pb
and Zn after microwave digesting the samples in concentrated HNO5 and H,O, (0.3 g in 20
ml; 5:1 HNO3/H,0,) by stepwise heating up to 180 °C using a Milestone Vario EL III for 55 min.

The concentration of the elements in prepared samples was determined by ICP-OES
(Vista Pro-Axial, Varian) in accordance with the US EPA method 200.7:20012! under the fol-
lowing operating conditions: RF power, 1.10 kW; plasma and auxiliary gas flow rate, 15.0 and
1.50 L min"!, respectively; nebulizer flow, 1.20 L min~!; number of replicates, 3.

Quality assurance and quality control (QA/QC) assessments were conducted using the
certified reference materials IRMM ERM-CC141 (Loam soil). The obtained limit of detection
(LOD) from 0.03 (Cu) to 0.09 (Ni) mg L! and method detection limit (MDL) of 1.0 mg kg'!
for all elements, provided adequate sensitivity for the analysis. In this study, the percentage of
recovery, defined as the ratio of measured concentrations and certified values of used refer-
ence materials, ranged from 86 to 111 %, which provided adequate analytical accuracy and
precision.

Health risk assessment

Health risk assessment in humans (landfill employees) was determined according to the
Exposure Factors Handbook of the Environmental Protection Agency of United States.??
Firstly, an average daily doses (4DD in mg kg™! day!) through three dominant exposure path-
ways, including ingestion (4DDing), inhalation (4DDinh) and dermal contact (4DDderm),
were calculated in the following manner:23

CXR,,, XCFXEF xXED

ADDing = ——= 1
g BWx AT M
ADDinh:CXRinhXEFXED @)
PEFXBW x AT
ADDdermzCxSAxCFxSLxABSxEFxED 3)
BW x AT

The input parameters for the calculations of employee exposure were: C — toxic element
concentration (mg kg!), R;,,, — ingestion rate (100 mg day™!), Ry, — inhalation rate (20 m? day™1),
EF — the exposure frequency (74 day year'!), ED — exposure duration (20 years), BW — body
weight (70 kg), AT — averaging time (365xED days), CF — conversion factor (10 kg mg!),
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PEF — particle emission factor (1.32x10 m3 kg!), SA — exposed skin area (5000 cm?), SL —
skin adherence factor (1 mg cm? day!), ABS — dermal absorption factor (0.001).2425
The non-carcinogenic health risk by toxic elements considered was characterized by the
hazard quotient (HQ), representing the probability of suffering from an adverse effect. The
HQi is defined as the ratio of the average daily dose to its reference dose RfDi for the same
exposure pathway:23
ADDi

RfDi
RfDi values for toxic elements considered are provided by US EPA.?
The sum of hazard quotient for ingestion (HQing), inhalation (HQinh) and dermal espo-
sure (HQderm), named hazard index (HI):

HI = Hging + HQinh + HQderm &)
has been used to assess the overall potential for noncarcinogenic health effects caused by toxic
elements. Hazard index value lower or equal to unity (H/ < 1) implies the absence of health
risk. In opposite, hazard index greater than unity (H7 > 1) indicates a concern for adverse effects.

Cancer risk (CR) is assessed by multiplying average daily dose of exposure with cancer
slope factors via inhalation SFinh:

HQi =

“4)

CR = ADDxSFinh (6)

Values of SFinh are provided by US EPAZ per individual element. Cancer risk values

below 1x107° present negligible risk, while the ones in the range of 107°-107* indicate toler-
able cancer risk.2*

RESULTS AND DISCUSSION
Particle size

The particle size distribution (PSD) allowed an estimation of the degree of
dispersion of particles over the considered dimensional range. Size distribution of
particles differs drastically according to whether it is calculated in terms of par-
ticle number, surface area or volume/mass.26 Fig. 1 represents the average vol-
ume-based particle size distribution for samples collected at both landfill sites.
Frequency curves are exhibited in Fig. 1. The average particle size distributions
were obtained by averaging data for al campaigns at each landfill location. Indi-
vidual PSD are not presented due to the fact that volume-based PSD for a certain
location alters very slightly. The averaged results demonstrate that the particles
whose equivalent sphere diameter was between 20 and 30 pum make up the maj-
ority of sample mass at both landfill locations. Sample from Zrenjanin (ZR) land-
fill showed a bimodal distribution with a significant portion of particles larger
than 100 pm.

The average percentage of PM2.5 and PM10 fractions, obtained from vol-
ume-based particle size distribution cumulative curves are 4.05 and 23.82 for ZR
landfill and 4.91 and 27.59 for Novi Sad (NS) landfill, respectively. The obtained
results are similar on both landfill locations. It demonstrates that, despite the sto-
chastic emission of particles on investigated landfill sites, the percentage of the
mentioned fractions in sedimentable dust is very similar.
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Fig. 1. Average volume-based particle size distribution on landfill sites

Average PM2.5/PM10 ratio in investigated samples was 0.178 and 0.17 for
NS and ZR landfill, respectively. That is more than twice lower than found for
total suspended particulate matter collected in an industrial and urban areas in
Greece, where average PM2.5/PM10 ratio was within range 0.38-0.59.27 It
should be mentioned that sedimentable particles generally contain lower percent-
age of fine fractions that could penetrate into lungs in comparison with total sus-
pended particles, which can be confirmed by comparing the results of this study
with the results related to total suspended particles reported in the literature.2”

Toxic element concentration

In this study, the concentration of As and Cd was not detected in accordance
with set method detection limits of 1 mg kg~!, therefore, the concentration of
these two elements was not processed. Toxic elements concentration (Co, Cr, Cu,
Ni, Pb, Zn in mg kg!) in sedimentable dust at two landfills in ZR and NS, and
the literature data for landfills and urban areas around the world, were summar-
ized in Table L.

The content of analysed toxic elements varied over a wide range concen-
tration (Table I). Average, maximum and minimum concentrations at both land-
fills were of the same order of magnitude for the majority of analysed toxic ele-
ments. Concentration of Cr and Zn in samples collected at the ZR landfill had the
widest range. An inconsistency was established for Cr whose maximum and
average concentrations were approximately two orders of magnitude higher at
ZR landfill (Table I). Hence, the highest concentrations among all investigated
toxic elements were detected for Cr (14910.0 mg kg!) at ZR landfill during the
campaign 4. Although Cr occurs in air through soil erosion, most come from
anthropogenic sources like various industrial activities and more importantly
waste burning.3? Likewise, high concentration of Zn (1,606.0 mg kg1) was det-
ected during the campaign 1 at the landfill in ZR. This could be explained by the
fact that metallic Zn is commonly used for coating of other metals to prevent
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corrosion, as well as to make batteries, thus landfills can significantly contribute
to its concentration in a particulate matter.33

TABLE 1. Toxic elements concentration (mg kg!) in atmospheric deposition samples from
ZR and NS landfills and literature data

Sample

Sediment- Sediment-
Element Data able dust able dust Soil from
from ZR from NS landfill28
landfill  landfill

Fugitive dust Urban dust
from landfill  in Novi
(PM10)!3 Sad?®

Urban dust Road
in Beijing3? dust3!

Co Aver. 173 26.8 - - 6.01 10.6
Max 44.2 73.9 20.41 -
Min 33 1.8 2.08 -
Cr Aver. 3772.3 60.6 - 70 36.1 86 80.7
Max 14910.0 109.5 108.66 -
Min 4.1 16.2 13.96 -
Cu Aver. 50.5 99.3 - 60 50.1 138.4 43.9
Max 90.5 130.7 470.44
Min 224 65.4 16.51
Ni Aver. 31.0 10.0 - 30 21 45.2
Max 779 17.7 53.74
Min 5.7 6.0 1.59
Pb Aver. 11.1 15.8 - 50 66.5 167.9 66.6
Max 23.3 22.6 72.76
Min 3.0 9.6 20.97
Zn Aver. 464.2 263.4 130 722.7 215

Max 1606.0 395.8 968.12
Min 54.9 186.1 21.41

In comparison to data on toxic elements contamination in the samples from
landfill soil published by Thongyuan et al.28 and in fugitive dust from landfill in
Mexico City,!3 it was found that average, maximum and minimum concen-
trations of Co, Cu, Ni, Pb and Zn are of the same order of magnitude. On con-
trary, average and maximum Cr concentrations at Zrenjanin landfill were two
orders of magnitude higher than reported by Vega et al.!3 and Thongyuan et
al.,28 respectively (Table I).

Additionally, if we compare results from this research to the results obtained
from urban dust and soil sampled at the area near studied landfills,?% toxic ele-
ments concentrations in sedimentable dust collected at both landfill sites were
significantly higher in general (Table I). This is especially noticeable for Zn and
Cr concentrations at samples from ZR landfill sampling site as well as for Cr, Cu
and Zn in samples from NS landfill sampling site.

All previously mentioned indicates that the examined landfills significantly
contribute to the content of Cr, Zn, Cu and Co in sedimentable dust, though the
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same cannot be stated for Pb and Ni. The major sources of Pb in air could be
vehicles and different industrial sources.34 Concentration of lead in urban street
areas is generally high and the pollution is still present, even though leaded gaso-
line has not been used for a long time. This is the reason for the higher concen-
tration of Pb in the street dust than in our samples. Nickel is one of the most
common elements on Earth. Its sources in air dust could be local soil,3> coal and
petroleum combustion, as well as electronic waste.3¢ Regarding nickel, it is
symptomatic that its concentrations in investigated samples were not higher than
its average content in the soil of Vojvodina. For this reason, nickel in inves-
tigated samples most probably originated from natural sources.

The reason for high concentration of certain elements, especially Cr and Zn,
could not be explained with the high confidence, since the samples were col-
lected over the period of one month, thus representing the average monthly con-
centration. However, it could be based on the fact that sampling campaigns were
organized during the summer months when the landfill managing activities could
be more intensive and when the landfill fires could occur more frequently
because of dry periods with high temperatures. During 2021, when the monitor-
ing campaigns were provided, more than 1715 landfill fires in Serbia were rec-
orded. That is the highest number in the period from 2016-2021.17 Fires could be
one of the main reasons why landfills contributed to the content of Cr, Zn, Cu
and Co in our samples.

Health risk assessment

Health risk assessment of landfill employees was based on TEs concentrat-
ion obtained by dust analysis. An average daily doses (4DD in mg kg~! day!),
the non-carcinogenic health risk by toxic elements by the hazard quotient (HQ),
hazard index (HI) and cancer risk (CR) were assessed.

According to the results, ADD of employees at the landfill in ZR (Table II)
was the highest for Cr (4.54x10~4 mg kg~! day!). The lowest total ADD was
obtained for Pb (7.09x10~7 mg kg~! day—!). Most of the toxic elements (Co, Cu
and Ni) showed the same magnitude of total maximal exposure amount (10-6 mg
kg1 day 1) that is an order of magnitude lower than found for Zn (10-5 mg kg!
day!) and two orders of magnitude lower than found for Cr (104 mg kg~! day1).

At the landfill in NS (Table III), maximal total daily exposure was the high-
est for Zn (1.21x10-> mg kg~! day!) and the lowest for Ni (5.38x10~7 mg kg~!
day~!). Toxic elements Co, Cr and Cu demonstrated the same magnitude of total
maximal exposure amount (10-® mg kg~! day~!) which is still lower in com-
parison to the magnitude of total exposure amount of Zn (10-5 mg kg~! day1).

Results of the HQ values of different exposure pathways and HI for both
landfills are presented in Tables IV and V.
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TABLE II. Average daily doses (ADD in mg kg™! day!) for employees at ZR landfill

Element Data Data type
ADDinh ADDing ADDderm Total exposure
Co Aver. 7.59%x10°10 5.01x1077 2.50x108 5.27x1077
Max 1.94x10" 1.28x106 6.40x10-8 1.35x106
Min 1.45x10°10 9.56x108 4.78x107° 1.01x107
Cr Aver. 1.66x107 1.09x10* 5.46x10°6 1.15x10*
Max 6.54x1077 4.32x10* 2.16x107 4.54x10*
Min 1.80x10°10 1.19x1077 5.95%x107 1.25x1077
Cu Aver. 2.22x107 1.46x10° 7.32x108 1.54x10©
Max 3.97x107 2.62x107° 1.31x107 2.76x107°
Min 9.84x10°10 6.49x107 3.25x10°8 6.83x10°7
Ni Aver. 1.36x107 8.97x107 4.48x108 9.43x10°7
Max 3.42x107 2.26x10° 1.13x1077 2.37x1076
Min 2.52x10°10 1.66x1077 8.31x107 1.75x10°7
Pb Aver. 4.87x10710 3.21x107 1.61x108 3.38x1077
Max 1.02x10°° 6.74x107 3.37x10°8 7.09x1077
Min 1.32x10°10 8.70x108 4.35x10° 9.15x1078
Zn Aver. 2.04x108 1.34x10°3 6.72x1077 1.41x10
Max 7.05x108 4.65x107 2.33x10© 4.89x1073
Min 2.41x107 1.59x10° 7.94x108 1.67x1076

TABLE III. Average Daily Doses (ADD in mg kg'! day™!) for employees at NS landfill

Element Data - - Data type
ADDinh ADDing ADDderm Total exposure
Co Aver. 1.18x10° 7.77x1077 3.89x10°8 8.17x107
Max 3.24x10° 2.14x10° 1.07x107 2.25x100
Min 8.11x10°1! 5.35x108 2.67x10° 5.63x108
Cr Aver. 2.66x10° 1.75x106 8.77x10°8 1.85x10-¢
Max 4.81x10° 3.17x10° 1.59x1077 3.33x10°
Min 7.10x10-10 4.69%x1077 2.34x108 4.93x107
Cu Aver. 4.36x107 2.88x10° 1.44x107 3.03x10°°
Max 5.74x10° 3.79x107° 1.89x1077 3.98x10
Min 2.87x10° 1.90x10° 9.48x10-8 1.99x10-¢
Ni Aver. 4.37x10°10 2.88x107 1.44x10-8 3.03x107
Max 7.76x10°10 5.12x107 2.56x108 5.38x1077
Min 2.64x10°10 1.74x107 8.72x10°° 1.83x107
Pb Aver. 6.93x1010 4.57x107 2.29x108 4.81x107
Max 9.92x10-10 6.55x107 3.27x108 6.88x1077
Min 4.23x10°10 2.79x1077 1.40x10-8 2.94x1077
Zn Aver. 1.16x108 7.63x100 3.81x107 8.02x10-°
Max 1.74x10°8 1.15%x10°3 5.73x107 1.21x10°3
Min 8.17x107 5.39x100 2.69x1077 5.67x10°

According to the results, total (maximal) HI for landfill employees in ZR
(0.197) and NS(0.113) demonstrated low non-cancer risk. Also, it could be noted
that ingestion is the most possible pathway. Hence, in comparison to other path-
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ways of exposure, ingestion exposure index for employees at NSlandfill has more
than 98 % share.

TABLE IV. Hazard quotients (HQ) and hazard indexes (HI) for ZR landfill

Data type
El D
ement  Data HOinh HOing HOderm V73
Co Aver. 1.33x104 2.50%x10°5 1.57x10° 1.60x10-4
Max 3.40x104 6.40x10-5 4.00x10-¢ 4.08x104
Min 2.54%10° 4.78x10 2.99x1077 3.04x10°3
Cr Aver. 5.79x1073 2.19x102 2.19x1072 4.95x10-2
Max 2.29%x102 8.64x102 8.64x102 1.96x10-!
Min 6.30x100 2.38x10°5 2.38x1075 5.39x103
Cu Aver. 5.28x108 3.96x10°5 3.85%x10°5 7.81x103
Max 9.46x108 7.08x10-5 6.90x10-5 1.40x104
Min 2.34x10°8 1.75%10° 1.71x10°3 3.47x10%3
Ni Aver. 5.23x108 4.48x105 4.48x10-5 8.97x10°5
Max 1.32x1077 1.13x104 1.13x104 2.26x104
Min 9.69%x109 8.31x100 8.31x10¢ 1.66x10-5
Pb Aver. 1.38x1077 9.18x10°5 3.09%10°5 1.23x104
Max 2.90x10”7 1.93x104 6.48x1075 2.58x104
Min 3.74x108 2.49x10-5 8.36x10°6 3.33x105
Zn Aver. 6.79x10-8 4.48x105 1.12x10°5 5.61x10-3
Max 2.35%x1077 1.55%x104 3.88x10°5 1.94x104
Min 8.02x107° 5.30x100 1.32x10° 6.63x10-6
Total Aver. 5.92x10°3 2.21x102 2.20x102 5.00x10-2
Max 2.32%x102 8.70x102 8.67x102 1.97x10°!
Min 3.17x10°5 8.46x1075 5.92x10-5 1.76x104

Health risk potential of elements for ZR and NSis as follows: Cr > Co > Pb >
Ni>Zn > Cu.

Results for cancer risk for Co, Cr and Ni are presented in Table VI. Results
revealed that the highest cancer risk were calculated at the ZR landfill. At this
site, the highest CR was calculated for Cr (of 2.75x1075). At the landfill of NS,
the highest CR was calculated also for Cr (2.02x10-7). However, calculated CR
for selected toxic elements were in the range of defined threshold of 1076-10~4
that indicates tolerable cancer risk. In the present study, the health risk assess-
ment was completed concerning toxic elements concentration within sediment-
able dust at landfills. However, it is known that toxic elements are preferentially
bound to fine dust particle size fractions3” while sedimentable dust consists of
bigger particles that tend to sediment by gravity in general. This was also indicat-
ive when our results were compared with total suspended particulate matter col-
lected in an industrial and urban areas;2’ average PM2.5/PM10 ratio at landfills
was significantly lower indicating lower PM2.5 and higher PM10 content within
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investigated samples. Therefore, concerning total suspended particulate matter,
health risk would probably be higher than reported here.

TABLE V. Hazard quotients (HQ) and hazard indexes (H/) for NS landfill

Data type
El D
ement  Dafa HOinh HOing HOderm Tl
Co Aver. 2.06x104 3.89x10-5 2.43%x10°6 2.48%x104
Max 5.68x104 1.07x104 6.69x10 6.82x104
Min 1.42%10°3 2.67x10° 1.67x107 1.70x10°3
Cr Aver. 9.30x10-5 6.14x102 3.51x10 6.18x102
Max 1.68x104 1.11x10°! 6.34x10*4 1.12x10!
Min 2.48%x105 1.64x102 9.38x10-5 1.65%x102
Cu Aver. 1.04x107 7.78%10-5 7.57%x10-5 1.54x104
Max 1.37x107 1.02x104 9.96x103 2.02x10
Min 6.84x10°8 5.12x10°% 4.99%10°> 1.01x104
Ni Aver. 1.68x1078 1.44%x1075 1.44%x1075 2.88x103
Max 2.98x108 2.56x105 2.56x1075 5.12x10°5
Min 1.02x1078 8.72x100 8.72x100 1.74x10°5
Pb Aver. 1.97x107 1.31x104 4.40%x105 1.75%104
Max 2.82x107 1.87x104 6.29x10-5 2.50x10
Min 1.20x10°7 7.98x105 2.68x10 1.07x104
Zn Aver. 3.85x108 2.54%x1075 6.36x100 3.18x10°5
Max 5.79x108 3.82x10-5 9.55%x10° 4.78x1075
Min 2.72x1078 1.80%x1075 4.49%x10°6 2.25%1075
Total Aver. 3.00x10+4 6.16x102 4.94x104 6.24%x102
Max 7.36x10%4 1.11x10! 8.39x10*4 1.13x10!
Min 3.93x103 1.66x102 1.84x104 1.68x102

TABLE VI. Cancer risk for Co, Cr and Ni for ZR and NS landfills

Metal ZR landfill NS landfill

Co 1.90x10-8 3.18x10°8

Cr 2.75%103 2.02x107

Ni 2.87x107 6.52x10710
CONCLUSION

In this research, a sedimentable dust samples were collected at two large
landfills in Serbia during the 4 summer monitoring campaigns, in order to ana-
lyse particle size distribution and toxic elements content (As, Cd, Co, Cr, Cu, Ni,
Pb, Zn), as well to assess health risk for landfill employees. Since the concen-
tration of As and Cd were not detected in accordance with the set method, the
detection limits for these two elements were not taken in consideration.

The results of particle size distribution analysis demonstrate that the particles
whose equivalent sphere diameter was between 20-30 um make up the majority
of sample mass at both landfill locations, though the sample from Zrenjanin land-
fill showed a bimodal distribution with a significant portion of particles larger
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than 100 pm. Average PM2.5/PM10 ratio in investigated samples was 0.178 and
0.17 for Novi Sad and Zrenjanin landfills, respectively.

Analysis revealed high concentration of toxic elements in samples at both
landfills. Additionally, an extremely high concentration of Cr and Zn in samples
from the landfill in Zrenjanin was detected. The high concentration of certain ele-
ments (Cr, Zn Cu and Co) was attributed to the frequently occurring landfill fires.

Concerning health risk assessment, we have found that H/ were in order of
magnitude E-01 that indicates that there is low non-cancer risk for the employees
at both landfill sites. In general, the highest CR was calculated for the employees
at Zrenjanin landfill. For both landfill sites, CR is highest for Cr, but still within
the defined threshold for tolerable cancer risk. If the risk evaluation for total sus-
pended particles is conducted, we assume that the health risk would probably be
higher than reported here due to the fact that total suspended particles, in compar-
ison with sedimentable particles, generally contain higher percentage of fine frac-
tion that could penetrate to lungs and that is generally enriched with toxic ele-
ments.

Since the study proved the influence of landfill to enrichment dust by toxic
elements, especially Cr and Zn, future research is necessary in order to measure
toxic elements concentrations in sedimentable, PM2.5, PM10 and total suspended
dust during organized campaigns at city landfills.

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/12335, or from the corres-
ponding author on request.
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U3BOJ
[MTPOEHA 30PABCTBEHOI PU3UKA O] TOKCUYHUX EJJEMEHATA ¥V TAJIOXHOJ
MMPAIIMHU CA OEITOHUJA

YHA MAPYETA', MUJTMLIA BYYUHUR BACUR?, JOPIAHA HUHKOB®, CTPAXHIbA WIWR’ u BOTTTAHA BYJUR'

'Ynusepsuiueii y Hosom Cagy, Texnuuxu axyniein ,Muxajno Iyiun”, Bype Baxosuha 66, 23000
3perwarut, ZYHueep3uu7.eu7 y Hosom Cagy, @axyniuein wexnuukux nayka, Tpi Jocuiteja Odpagosuha 6,
21000 Hosu Cag u 3anmuu7ym 3a patmapcineo u Hospiapciiieo, Hayuonannu uncmiuiiy Petiyonuxe

Cpduje, JTabopatuopuja 3a 3empuwiitie u aipoexonoiujy, Maxcuma I'opxoi 30, 21000 Hosu Cag

Ha nBe Benuke HecaHutapHe nenonuje y Cpbuju (3pewanun u Hosu Can) cripoBeneHe cy
YeTHUPH KaMIlake MOHUTODHHIA TaJ0)KHE NpalidHe. AHalM3a pacrojese BelHYHHe YeCTHIa
ypaheHa je macepckom nudpaxnujoM, OOK je KOHIEHTpauuja TokcuuHux enemeHarta (TE)
onpeheHa momohy onTHYKE eMHCHOHE CIeKTPOMETPHje ca WHIOYKTHBHO CIPETHYTOM IUIa3-
moMm. IlponeHa pu3MKa IO 3[paB/be 3aMOCAEHMX Ha JENOHHjaMa CIPOBEAEHA je Ha OCHOBY
koHIleHTpanWja TE mpemMa Meromama AreHIdje 3a 3alUTHTy XHBOTHe cpenvHe CjemumeHHX
Amepuuxux [pxaBa. Pesyntaté pacnonene BelHYHHe YeCTHIA Cy TOKasaud #a Hajsehu nmeo
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y30paka TaJIo)KHe MpalliHe He npunanga Hu PM2,5 au PM10 dpakuuju. AHanu3a je nokasana
BUCOKy koHUeHTpauujy TE Ha ode memoHuje: ycTaHOB/bEHA je M3y3€THO BHCOKA KOHIIEHTpa-
uuja Cr 1 Zn y y3opuuma ca 3pemaHHMHCKe fienoHuje. TloTeHnrjan aHamu3upaHuX TOKCHUHUX
eJIeMeHaTa y Norjieny pusdKa 110 31pasibe 3a 0be nenonuje je cnepehu: Cr > Co > Pb > Ni > Zn
> Cu. Ilpema pesynraTima, yKynmHHM (MakCHUMalHH) MHIEKC OMAacHOCTH 3a 3all0CiIeHe Ha
nenoHujama y 3pewanuny (0,197) u Hosom Capy (0,113) noxasao je ga je pusuk of KaHlepa
BeoMa HM3aK. 3a obe nmemoHHje, pU3HK of KaHuepa je duo Hajsehm 3a Cr (2,75x10” 3a
3pemaHuH U 2,02x107 3a Hosu Cax), YyHja je BpeIHOCT Takohe y okBUpy nedUHHUCAHOT Impara
TOJIepaHLyje 3a PU3UK Off KaHLepa.

(ITpumsbeHo 14. anmpuna, peBUAUpPaHO 26. Maja, npuxsaheno 30. jyHa 2023)
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STUDY AREA

The landfill in Zrenjanin city is situated south-west of the city, on the 5 km distance from
the city centre and 1.7 km from the nearest houses (Fig. S-1). The landfill contains ca.
268,400 m’ mostly of communal waste, waste from construction sites and non-hazardous
medical waste.' The landfill covers an area of 67,100 m”. The average waste height at landfill
is 4 m and the modelled annual weight of the waste disposed is 42,116 tons per year.”

The landfill In Novi Sad is situated south-west of the city, on the 6 km distance from the
city centre and 700 m from the nearest houses (Fig. S-1). Waste separation plant is located
nearby the landfill. The landfill site covers an area of 560,000 m’, where the landfill itself
covers 22,000 m’. The height of the landfill varies in the range of 2.5 m to 14 m. The landfill
contains ca. 2,000,000 m® of the waste. The average quantity of the waste disposed is 629.7
tons per day.’
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' Landfill in NOVI SAD (NS)

Fig. S-1. Layout of the cities of Zrenjanin and Novi Sad (Serbia) and external appearance of
the landfills.
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Abstract: This research was aimed to analyse the current state in primary and
secondary schools in the Republic of Serbia, regarding chemistry teachers’
initial education and self-perceived competencies. As an instrument, a quest-
ionnaire of 20 questions was used, which was prepared in the form of a Google
questionnaire. The questions were divided into five groups to examine data on
the structure of chemistry teachers (gender, age, place and school where they
teach), the level of education obtained and the method of acquisition and
acquired competencies, and finally the personal opinion of chemistry teachers
about the teaching profession, advantages, disadvantages and possible recom-
mendations to his/her students in terms of choosing this profession as a pos-
sible career. The questionnaire was sent to 1537 schools and 497 chemistry
teachers took part in the questionnaire. The results showed that chemistry
teachers are predominantly women, mostly aged 36-55, full-time employed
and with an average working experience of over 11 years. Most teachers have
appropriate education and acquired competencies. They cite working with chil-
dren as the biggest advantage of the teaching profession while as the biggest
disadvantage, they report a constant increase in the amount of administration
from year to year.

Keywords: chemistry education; teachers’ attitudes; teachers’ competencies, tea-
chers’ opinions.

INTRODUCTION

In modern society, the education of young people is experiencing constant
changes and improvements in various fields. Teaching relies on professional and
personal skills and competencies of teacher and it includes a continuous process
of professional development.! A teacher is required to constantly learn, develop

* Corresponding author. E-mail: sasa.horvat@dh.uns.ac.rs
# Serbian Chemical Society member.
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and follow modern innovations and acquire new knowledge and skills. His/her
specialization will last throughout their working life. Therefore, modern society
needs to successfully support students — future teachers in the learning process to
be successful in adequately responding to new requirements and accepting new
quality standards. Professional development helps, not only the novice teachers
but also those more experienced, to learn new strategic endeavours, which imp-
rove the success of students in the process of education and the work of teachers
in professional engagement.2-3

Chemistry teachers’ competences should be obtained through initial teacher
education at chemistry education faculties and through continuing professional
development. Competencies are a complex combination of knowledge, skills and
value judgements needed to perform activities in the classroom.3 They include
cognitive and practical skills as well as abilities, experiences, strategies and
habits, but also emotions, motivation, etc.3 Due to the complexity of the teaching
process, in addition to the knowledge of the scientific content of the subject
itself, the teacher is required to have developed a Pedagogical Content Know-
ledge (PCK) skills.® The key role of teachers is the development of educational
systems and implementation that contributes in terms of the necessary know-
ledge, better social skills and greater academic success.2/ As education and other
spheres of society are subjected to constant change, it is expected of teachers to
encourage learning, take care of their personal professional development and to
be part of an organization that develops and learns.2 In addition to possessing
specific basic skills acquired at the faculty, more flexible, generic and transfer-
able competencies are needed that will make the teacher complete for active and
successful work. This implies acquiring knowledge from the educational subjects
Pedagogy, Psychology, Methods of teaching and School practice, so-called PPM
block in Serbia. The legal regulations currently in effect require practising
teachers to have earned 36 ECTS credits based on subjects belonging to chem-
istry education with intention to the increase to 60 ECTS.8 The issue of profes-
sional development of teachers in recent years inevitably includes providing
quality education that would match the new needs of individuals and society. The
assurance of quality and success in competitive working conditions is a profes-
sionalism based on competencies. Therefore, the constant professional and per-
sonal development of the individual is of great importance.>

In addition to external factors (school equipment, regulations governing edu-
cation, efc.)?, internal psychological characteristics have a great influence on how
successful the teachers will be in performing their professional activities. Society
have to be aware that being a teacher is not only teaching, but also being a role-
-model to the students because a teacher’s human qualities are also important. 10
The most of the chemistry teachers from Slovenia and Finland believe that per-
sonal characteristics, interest in chemistry, students’ development and enjoyment
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of teaching and communicating are the most important attributes of good chem-
istry teachers.!! The personal characteristics of teachers are reliable indicators of
the success of educational activities. Their work, commitment and behaviour
should be an example not only to students but also to the entire society.3:12.13 A
successful teacher is a leader of the teaching process, coordinator and mentor,
equal associate, and a person who has high organizational skills and who knows
different techniques for establishing contacts and interactions with students, col-
leagues and parents.3:14

The teacher must see himself/herself as a professional guide for young
people through the process of upbringing and education to knowledge that is
usable in real life.” Therefore, the two most important roles of teachers are
upbringing and educational role. The teachers are expected to be good managers,
to possess the skills to teach, adjust to curricula and student changes and coop-
erate with their colleagues, or simply to carry out different roles in different con-
texts.15-17

The teacher should not pay direct attention only to the teaching content, but
also to the development of students as autonomous individuals. An important
aspect of the upbringing role is the moral education of students.!8-20 The teacher,
as the main leader of the educational process, is obliged to discover and recog-
nize the needs of students for learning and to help them fulfil those needs through
their activities. He/she needs to know students’ personalities and to direct their
learning toward their capabilities. He/she must be aware of the volume and depth
of teaching content and correct them as needed. !4.21

A teacher must have a clear strategy for leading the class based on respect
for students and achieving defined learning goals to be a successful profes-
sional.22 The extent to which he/she will be successful in fulfilling his tasks cer-
tainly depends on his/her personality, readiness to perform various roles and
desire for continuous professional development.23 The main goal of professional
development is for the teacher to improve himself/herself, develop knowledge,
skills and abilities, and improve personal characteristics, as well as his/her work
in the classroom, which contributes to more complete preparation of students for
life and work.24

EXPERIMENTAL

The aim of this research was to find out what initial education chemistry teachers from
Serbia possess and what do they think about the quality of their education and teaching as a
profession in general and what measures could be taken to improve the current education
system.

For this research, the following tasks have been set:

—to determine the state of the personnel structure of chemistry teachers in schools on the
territory of the Republic of Serbia,

—to determine how the subjected teachers acquired their competencies and collect their
opinions on PPM subjects and
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—to analyse their teachers’ attitudes about the advantages and disadvantages of the
teaching profession, as well as the reasons why they would or would not recommend their
students to study to become chemistry teachers.

The instrument

The instrument used in this research was a questionnaire that referred to the personal,
educational and professional characteristics of chemistry teachers, emphasizing their initial
education, the way of acquired competencies and their opinions about working in a school,
attitudes about the quality of initial education, their problems in teaching, as well as the
attitude about the chosen profession and whether they would recommend it to their students.
The research was conducted in the form of a Google questionnaire and was completely ano-
nymous, and the results were used only for scientific purposes. The questionnaire contained
20 questions. The questions were grouped into several sections represented in Table 1. The
types of questions were single-answer questions, multiple-choice questions and one open-
ended question.

TABLE I. Description of sections of a questionnaire according to number and type of questions

Section Question numbers Type of questions
General data on respondents 1-2 Single-answer
Employment 3-7 Multiple-choice (Q4) and
single-answer
Initial education of chemistry teachers 8-10 Single-answer
Competencies 11-13 Dingle-answer
Chemistry teachers’ personal opinions 14-20 Multiple-choice, single-answer
on their professional vocation (Q14,19) and open-ended (Q20)

In multiple-choice questions candidates could mark up to three answers. The question-
naire was created by experts whose scientific field is the methodology of teaching chemistry.
The team consisted of three assistant professors and one high-school chemistry professor.
Choices to single-answer and multiple-choice questions are proposed in a panel discussion.
Some answers proposed for choices in some questions (e.g., 16 and 17) came from personal
experience and seminars for the development of chemistry teachers created by the authors of
this paper. Seminar participants drew attention to the problems they faced in their everyday
life in the classroom. Teachers’ responses were statistically processed.

The sample

The research was conducted among chemistry teachers who work in primary and sec-
ondary schools in the territory of the Republic of Serbia. Schools from the territory of Kosovo
and Metohija were not included in the survey. The questionnaire was sent to the e-mail
addresses of the principals of 1078 primary and 459 secondary schools throughout Serbia,
who were asked to forward the Google form link to their chemistry teachers. Since there is no
reliable data about the number of chemistry teachers in Serbia, the statistical data were cal-
culated based on the number of schools.® 497 chemistry teachers took part in the research.
They were not asked for any personal information, such as e-mail address or name and sur-
name. The research was conducted during the school year 2020/2021. The total number of
schools where the questionnaire was sent and the number of teachers who take part in the
survey are shown in Table II.
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TABLE II. Total number of schools and number of teachers who participated in the research

Region Number of schools Number of
Elementary schools High schools In total respondents

Vojvodina 344 122 466 227

Belgrade 192 86 278 66

South Serbia 542 251 793 204

In total 1078 459 1537 497

According to the regulations on the appropriate type of teacher education in primary and
secondary schools in Republic of Serbia, the educational level of the teachers and the type of
school are presented in Table III. Since a part of the teachers work in more than one school, as
the primary place of work was taken the workplace with a higher percentage of classes. The
table shows that most teachers have the right level of education. As for PPM competences,
we see that most of them were acquired at undergraduate studies, but this will certainly be
discussed in more detail in the Results and Discussion section.

TABLE III. Educationa level and PPM competencies of teachers according type of school

. Type of schools
Education level Elementary Vocational Gymnasium
Higher school 16 0 0
Bachelor 176 37 33
Master 121 58 33
Specialisation, Magister, PhD 15 6 2
PPM competencies
Subjects at Bachelor studies 165 35 25
Subjects at Master studies 32 18 13
Subjects at Integrated studies 13 2 1
Passing the license exam 80 35 22
Further education 24 9
No acquired 14 2 1
RESULTS AND DISCUSSION

The results obtained in the survey are presented in the form of a “pie” or
“bar” charts.

General data on respondents

This section contained two questions. The first question was about the res-
pondent age. The respondents’ answers are shown in Fig. 1 as follows: the num-
ber of chemistry teachers in the Republic of Serbia is very similar between 46
and 55 years old and 3645 years old, while the smallest number of teachers
belongs to the group over 55. The smallest fractions of the teacher population are
those who are either at the end of their working career or at the very beginning,
while the majority are teachers with some experience.
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13.3% B 2535

B 3645

46-55
35.5%

Over 55

Fig. 1. Chemistry teachers age.

The second question was about the gender of chemistry teachers, and it has
been noticed that female teachers are dominantly represented in this profession.
Namely, out of 497 respondents, 87.9 % were female teachers. Previous study
had shown that gender has no influence on teachers attitudes towards chemistry
teaching.2>

Employment

This section contained five questions. When asked about the place of work,
the respondents had the opportunity to choose a city, a village or both. The
results show that the majority of teachers work in the city (59.2 %). The least of
them work in rural schools (16.3 %), while about a quarter of respondent teachers
work in both urban and rural areas to fulfil the working norm (24.5 %).

The fourth question was a multiple-choice question and it was formulated to
ask chemistry teachers about the level of the school they work in. Out of a total
of 497 respondents, as many as 71.23 % of them stated that they work in primary
schools (Fig. 2). This result could be expected given that the largest number of
schools are primary schools, and the greatest demand is for teachers in schools of
this type. It was noticed that more than 120 teachers, out of 497, work in several
schools to gain their working norm which is 20 classes per week.

Vocational high school [ 36.42%
Gymnasium - 18.91%

primary | 71 23%

0 50 100 150 200 250 300 350 400
Fig. 2. Representation of chemistry teachers according to the type of school in which they teach.

Regarding the employment status in terms of duration, the respondents had
the opportunity to state whether they were admitted to the position of chemistry
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teacher in a particular school with a permanent or fixed-term contract. The results
showed that 75.5 % of them were hired on a permanent contract.

According to the Rule on the 40-hours working week of teachers and pro-
fessional associates in high school, the weekly norm of regular classes in high
school and vocational and technical schools for chemistry teachers is 20 classes
(one class is 45 min). According to the results, the majority of surveyed chem-
istry teachers work full-time (73.5 %) while only 4.2 % of chemistry teachers
work over time. What is concerning is that 22.3 % of teachers do not have full-
-time or 20 classes per week. The reason for that could be the status of chemistry
in the education system because, in The Republic of Serbia, chemistry as a sub-
ject is introduced in 7th grade with only two classes per week.

Almost half of the chemistry teachers belong to the group of experienced
teachers with more than 10 years of working experience, while the most experi-
enced teachers with over 20 years of working experience represent 27.2 % of the
total number of respondents. There are a small number of chemistry teachers who
have not yet completed one year of work in the educational profession who are
most likely young graduate students (Fig. 3). These results are quite similar to
Tomasevié and Trivi¢ research.8

= Less than year

= 1-5 years

6-10 years
11-20 years

41.6%

= Over 20 years . . .
¢ Fig. 3. Representation of chemistry teachers accord-

ing to their work experience in the field of education.

Initial education of chemistry teachers

The eighth and the following two questions referred to the initial education
of chemistry teachers in Serbia. The answer about academic degree of chemistry
teachers is presented in Fig. 4.

From the point of view of the educational system, it is commendable that all
surveyed teachers have a certain degree, considering that no respondent has dec-
lared himself as an undergraduate. Higher school do not exist now in Serbia.
They existed before 2005, followed high school and took 6 semesters to their
completion. It is the position 5 of European Qualification Framework. The spe-
cialist academic studies grant at least 60 ECTS credits after their completion.
Before specialist academic studies student must have completed master academic
studies. Graphic representation about the educational level of chemistry teachers
in certain types of schools is presented in Fig. 5.
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1.8%~06%

Academic degree
2.2%

=Higher school

=Bachelor
Master
42.7% Specialisation
=Magister
=PhD

Fig. 4. Representation of chemistry teachers
according to their academic degree.
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Fig. 5. Representation of chemistry teachers in certain schools according to their level of
education.

Since a part of the teachers work in more than one school, as the primary
place of work was taken the workplace with a higher percentage of classes. This
shows that there is a competent teaching staff at educational positions.

The largest number of chemistry teachers in Serbia graduated from the Fac-
ulty of Sciences which has a well-organized program for the education of future
chemistry teachers in several university centres. There are 66.8 % of them. Some
chemistry teachers graduated at the Faculty of Chemistry which make 20.7 % of
respondents, then at the Faculty of Physical Chemistry and the Faculty of Tech-
nology or Technology and Metallurgy with 3.6 % of teachers each. The remain-
ing 5.3 % of respondents graduated from undergraduate studies at other faculties.
These chemistry teachers completed their studies at the Faculty of Philosophy, or
Faculty of Pedagogy or High Pedagogy School (level 5 of European Qualific-
ation Framework). They might be the older chemistry teachers who had been
studying chemistry when chemistry was subject at these faculties.

When it comes to the Master's degree, the largest number of respondents said
they did not have it, as many as 40.4 %. Of those who continued their studies
after completing their Bachelor’s studies, most of them stated that they had
obtained a Master’s degree at the Faculty of Sciences, 39.8 %. Three times less
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number received their Master’s degree at the Faculty of Chemistry, more pre-
cisely 13.5 %, and the remaining 6.3 % completed Master’s studies at other fac-
ulties (Faculty of Physical Chemistry, Faculty of Technology or Faculty of Tech-
nology and Metallurgy, etc.).

Competences of chemistry teachers

According to the Law’s regulations on a PPM program for work in the teach-
ing of the Republic of Serbia, in addition to the teaching area of the subject,
teachers should acquire a certain number of ECTS in subjects related to pedag-
ogy, psychology, subject teaching methods and school practice. The chemistry
teachers were asked the next question for three subjects: how they acquired the
competencies of chemistry teachers for learning and teaching (subjects: Pedag-
ogy, Teaching Methods, School Practice).

Regarding competencies for learning and teaching chemistry, the largest
number of chemistry teachers answered that they acquired competencies through
subjects within their initial studies (Fig. 6).

PPM Competencies
3.4%

27.6%

PPM block at
= Bachelor studies
PPM block at
master studies
PPM block at
integrated studies
Passing the license
exam
= Further education
at social science
faculties
= NoPPM
competencies

Fig. 6. Representation of chemistry tea-
chers according to obtained competencies.

3.2%

It is a matter of concern that teachers believe that they acquired competen-
cies by passing the licence exam and through additional education at the Faculty
of Philosophy, Faculty of Pedagogy, Faculty of Teaching or Singidunum Faculty.
Namely, the chemistry teaching methods and school practice in chemistry can
only be obtained at the chemistry education faculties as only these faculties have
employees who are engaged in chemical education and who within their educ-
ation completed courses in all areas of chemistry as well as the pedagogical and
the psychological courses. Teacher with no competencies are probably teachers
with less than a year of working experience who have not completed their study
program in teaching.

It is reassuring to know that the vast majority of respondents believe that
PPM block subjects are necessary for a chemistry teacher (93.4 %). Only a small
percentage of teachers (6.6 %) believe that this is not the case. As already men-
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tioned in the paper, the subjects of this type are certainly needed by future tea-
chers, because thanks to them they acquire all the necessary knowledge and skills
to perform the tasks that require critical responsibility to help their students in
their development and encourage self-development.

In the process of education reform, the Law on the Basics of the Education
System as a novelty introduced the work permit known as license exam, as a
condition for the work of teachers in schools. The licence exam checks the
trainee’s ability to independently perform the work of a teacher after completing
the induction program (the duration of the program is one year in a school where
the teacher works). The exam is taken in another institution, in front of a com-
mittee formed by the Ministry of Education. A candidate with a written prepar-
ation of a lesson or activity, or a written essay, approaches the exam. Carrying
out the appropriate form of educational work takes one school hour (45 min). The
oral part of the exam lasts up to 90 min and consists of the candidate’s conver-
sation with the committee about the class held, or the presentation of the activity;
solving the specific pedagogical situation and knowing the regulations in the
field of education. Success in the exam is evaluated with: “passed” or “failed”.
Most chemistry teachers who participated in the research have passed the licence
exam (80.3 %) while 12.9 % of teachers have completed the internship program
and are waiting for an invitation to the exam. At the time of the research, 6.8 %
of them were in the process of doing an internship.

Chemistry teachers' personal opinions on their professional vocation

The last 7 questions were about personal opinions of chemistry teachers
about their profession, satisfaction with their job, the advantages and disadvant-
ages of a teacher’s job and would they advise their students to study chemistry
education.

The 14th question was about the possible opportunity to change the job of a
teacher. Of the total number of surveyed teachers, 44.7 % enjoy working with
children. Teachers’ job satisfaction has been recognized as very important.! On
the other hand, 20.1 % of respondents did not find themselves in the role of tea-
chers and if they could, they would change their profession. 35.2 % of them said
that they might apply for another job. Teachers who want to change their prof-
ession have work experience between 11 and 20 years and bachelor and master
completed studies. This is graphically illustrated in Fig. 7. Similar findings are
presented in research conducted in the Southeast part of the USA where 58.7 %
wanted to leave teaching after 10 years in the profession.26

Those respondents who answered the previous question that they would like
to change their profession, were requested to write where they would like to work
instead of school. 184 chemistry teachers said that they love the educational prof-
ession and would not change their teaching job. However, the largest number of
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respondents would still change their job at school for a job in the laboratory,
which is 45.88 %. In new research it has found that only a quarter of teachers
believe that teacher profession is valued in modern society.2” The distribution of
answers to question 15 is shown in Fig. 8.

25
W 1-5 years
20 W 6-10 years
11-20 years
15 m over 20 years

5
I I ‘ II I I Fig. 7. The level of education and years
0

Higher Bachelor Master Magister Specialisation PhD of Workmg experience of Chemlst[ry tea-
school chers who want to change teacher job.

If you were fo change the job of a chemisiry teacher, which job would suit you?

Other Wl 2.41%
Laboratory R 45.88%
| would not change a teacher job I 37.02%
Start own business GGG 17.91%

Private company I 7.44%

State company (post office, o
bank.. - 5.03%
State administration IE—_—7.44%
0 50 100 150 200 250
Fig. 8. Representation of chemistry teachers according to a personal opinion about alternative

work.

The next two questions were multiple-choice questions about the advantages
and disadvantages of the chemistry teacher profession. Answers to questions 16
and 17 are represented in Fig. 9.

The biggest advantages of working in a school, according to the results of
the research, are working with children, novelties — the fact that no day is the same
as another, and lifelong learning. Bivona claims that teachers need to deal with
many challenges during their worktime and that daily routine is not a routine at
all.28 Chemistry teachers stated that they are most concerned about the amount of
administration in the teaching profession, which is an integral part of the job.
Teachers often feel overloaded with other requirements placed upon them in
addition to the teaching they have every day.2 Teachers spend a greater number
of working hours in administrative tasks than in the preparation of teaching
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classes, according to a previous survey in the Republic of Serbia.30 Working with
children and novelties as an advantage of chemistry teacher job dominate among
teachers aged 3655 years and with work experience of 10-20 years. On the
other hand, teachers cited the lack of laboratory equipment as a big disadvantage
of this profession. Chemistry is an experimental science, this is not just a
problem for teachers and schools, but the entire educational system of the state.
300 chemistry teachers indicated a low salary as the biggest problem of the tea-
ching profession, while 269 of between them, a small fund of chemistry classes
as a disadvantage of this profession. Teachers often fulfil their norm by working
in several schools, which requires a high organization of time and schedule of
classes by schools. An interesting fact is that a smaller number of teachers stated
the need for continuous improvement as a disadvantage. It is commendable that
teachers do not see this as a problem but as a need to raise educational activity to
the highest possible level. The desire for continuous professional development
has been confirmed in previous research in some countries.3!

In your opinion, what are the advantages of the chemistry teacher job?

Other @ 2.01%
Novelties GG 55.53%
Lifelong learning IEGG—G_—_—— 39.03%
Holidays n 16.50%
Shorter working day I 14.08%

Work with children I 81.09%
0 50 100 150 200 250 300 350 400 450

In your opinion, what are the disadvantages of the chemistry teacher job?

Otherm  1.21%

More administration 70.82%
Continuos "
Development = 7.44%

Lack of laboratory p——— 51 57%

equipment
Small fund of ¢l 54.12%
Law salary 60.36%

0 50 100 150 200 250 300 350 400

Fig. 9. Representation of chemistry teachers according to personal opinion on the advantages
and disadvantages of the teaching profession of chemistry teacher.

As for the shortcomings, the problem with a small salary and a small fund of
classes is seen by the same group of teachers. It is interesting that a small salary
is not a problem for those under the age of 35. As for the lack of equipment of
the laboratory, this is mostly indicated by colleagues with experience over 10
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years of and 45-55 years of age. The problem of increasing administration is
indicated by all colleagues over 10 years of service and 3655 years of age.

Question 18 was asked to find out would chemistry teachers work as men-
tors to students who study chemistry education programs. It was also a multiple-
choice question. The majority of respondents answered “Yes, because it is imp-
ortant to share experiences with future chemistry teachers”, which is in the inter-
est of the education system and collegiality among teachers. Some teachers saw
this as an opportunity for extra money, more precisely, 30.78 % of the respon-
dents. The smallest number would answer negatively to this question (7.44 % of
them). Answers to question 18 are represented in Fig. 10. Mentoring is an effect-
ive method in the development of pre-service teachers’ PCK.32

Would you be willing to work as a mentor for future chemistry professors?

No, itis not my job [ 744%

Yes, for extia money | 3075
Yes, ifitwould allow some
' | 15.
benorite M 1500%

ves s impore e I <7 0%
experiences
0 50 100 150 200 250 300 350 400

Fig. 10. Representation of chemistry teachers who want to work as a mentor to students.

Questions 19 and 20 asked chemistry teachers about their personal opinions
on the recommendation of the teaching profession to students. The first question
was about chemistry teachers’ recommendations about teachers’ profession to
their students, and the next one was to write a reason for their answer. Distri-
bution of answers is shown in Table I'V.

TABLE IV. Distrubution of answers on question 19: “Would you recommend your students to
be chemistry teachers?”
Yes No Maybe
34.5% 24.3% 41.2 %

The results of this study are in line with the results obtained in a study in
Australia where almost 35.4 % of respondents would recommend teaching as a
career.33 The reasons for such answers were explained in question 20. Those
teachers who answered “yes” to the previous question to recommend the job of a
chemistry teacher, cited the following: “Working with children is beautiful,

99, <

creative and dynamic”; “chemistry is an important science that gives us constant

99, <

acquisition of new information”; “chemistry allows us to observe the world with
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different view and understand the processes that take place around us every day”;
“teachers job provides the opportunity to participate in other people’s progress
and development as a person, as well as the opportunity to transfer knowledge
and skills to younger generations”. In other words, teachers who would recom-
mend chemistry teachers’ jobs to students are in love with chemistry as a science
and their profession as chemistry teachers. A group of teachers who stated that
they would not recommend their students to work at school explained the answer
through the following statements: “Students do not want to study natural sci-
ences, and generally there is no one who could recommend a job as a chemistry
teacher”; “there is more and more administration, the work does not end with the
bell, but continues at home”; “for the number of tasks required by this job the
salary is very small”; “the profession is not valued enough in society”; “the fac-
ulty needed for this job is difficult and the job is difficult to obtain”; “a small
norm of chemistry classes concerning other subjects that are studied four or five
times a week and disparagement not only by students but also their parents”;
“lack of laboratory equipment, no room for improvement regardless of the length
of service”. The answers that the respondents wrote as a reason why they would
not recommend teaching profession to their students is in a line with a general
opinion about the shortcomings of this profession, regardless of all the advent-
ages of this job. The reasons are also in line with previous research.33 The third
group consists of those teachers who cannot say with certainty whether they
would recommend the job of chemistry teacher to their students. They explained
their answer in the following ways: “I would recommend this job only if the
position of educators changes in society, if conditions improve in all schools, if
they provide a sufficient norm of classes, otherwise the job is unprofitable”;
“Only if they are ready to work with children, I would recommend the job of a
teacher, but some other subject because chemistry is a very complex science”.
This group of respondents includes those teachers who love their job and the
science they do, but would only recommend the job of a chemistry teacher if
most of the shortcomings are eliminated.

CONCLUSION AND IMPLICATIONS

The conducted research was aimed at the analysis of the initial education of
chemistry teachers and their attitudes towards the teaching profession in the ter-
ritory of the Republic of Serbia. However, the key findings of this study can be
summarized in next points. The number of female chemistry teachers were higher
than male teachers. Mid-career teachers are the most respondents and they work
in primary school. Three-quarters of respondents are indefinite-term employed
and the same number are provided with a full-time job. In the part where the data
on employment were examined, the result was obtained that in Serbian schools,
those teachers who have at least 10 years of working experience in the field of
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education are mostly employed. According to the questionnaire results, the chem-
istry teachers in Serbia have competence in the necessary qualifications in terms
of academic, social, and personality traits. The largest number of chemistry tea-
chers obtained their Bachelor’s degrees at the Faculty of Sciences and most of
the teachers have passed the professional exam.

In the fifth and last part, the personal opinion of the teacher on the teaching
vocation was analysed. The results of the survey led to the following finding:
most of the surveyed teachers love their job and would not change it for someone
else, while the minor group of teachers said that they would change their job if
they had the opportunity, giving the work in laboratories as an example of what
they would rather do. Teacher competencies are the key to the practical applic-
ation of a safe and efficient teaching process. Students’ positive attitudes towards
chemistry and their motivation to learn and provide appropriate feedback to
learning activities significantly depend on how teachers have influenced them.34
Therefore, it is necessary to deal as much as possible on the issue of initial
education of future teachers and the implementation of activities for their per-
sonal and professional development.

Perceptions of the status of the teaching profession have changed, and
accordingly, the former importance of the teaching profession has disappeared.3>
Some chemistry teachers have specified that factors such as enjoy teaching, love
of children, being a teacher is a dream job, and the fact that teachers’ working
conditions are more comfortable than many other professions are effective in the
choice of teaching. The biggest disadvantage of this job are the growing demands
of the administration, which takes up too much free time, low salaries, poor
position of teachers in society and a small number of classes. When asked if they
would work as mentors to students who come to practice at the school where they
work, most teachers said that they would be very happy to do so, because in that
way they pass on their own experience to younger colleagues.

Despite all the shortcomings of the teaching profession, teachers are a pillar
of education and progress in a country. For that reason, joint efforts are urgently
needed to develop teachers’ competencies and obtain resources and practical
equipment to create a scientifically literate society in Serbia.

Acknowledgement. The authors acknowledge the financial support of the Ministry of
Education, Science and Technological Development of the Republic of Serbia (Grant No.
451-03-9/2021-14/200125).
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U3BOA

AHAJIN3A HHUITUJAJTHOT OBPA30BAbA HACTABHUKA XEMHUJE U IhbUXOBHUX
CTABOBA ITPEMA HACTABHHUYKOM I103UBY ¥V PEITYBJIMLIU CPEUJU

CAIIIA A. XOPBAT, BEPA U. IIOTNTOBHWR, OYIIHULA . POOWR n TAMAPA H. POHYEBH|R

IIpupogro—matiematiuuxu Gaxynieid, Ynusepsutiewi y Hosom Cagy, Tpt Jocuitieja Odpagosuha 3, 21000
Hosu Cag

OBO ncTpakuBame je pal)eHO C UW/bEM fa Ce carlefa TPEHYTHO CTame M0 NMUTawmy Hac-
TaBHMKa XEMHje KOju paje y OCHOBHHUM H CpPEABHM IlIKO/lamMa Ha TepuTopuju Pemnybnuxe
Cpbuje. Kao uHCTpyMeHT je xopuwheH ynuTHUK ca 20 murtawa, ypaheH y dopmu Google
ynuTHUKA. [IuTama cy moje/beHa y MeT rpyna C LUbeM Ja Ce UCIUTAjy MOAalH O CTPYKTypH
HacTaBHMKA XeMHje (1o, cTapocHa #0D, MECTO M LIKOTa Y KOjoj pane), CTeYeHOM CTeleHy
obpasoBama U HAUMHY CTHIIa®ka, CTEYEHUM KOMIETeHIMjaMa U BbUXOBOM MUILBEIY O HacTaB-
HUYKOM II03UBY, NMPEJHOCTHMA, MaHaMa M IpenopykamMa mjlagvma 3a U3dop HaCTaBHUYKOT
no3uBa. Ha ynuTHUK je ogrosopuino 497 HacrtaBHUKa. [Ipema nodujeHnm pesyntatuma mehy
HaCTaBHHLIMUMa XeMHje JOMHUHHPAjy 0Cc0de XKEHCKOT 110J1a, IPETEKHO CTapoCTH 36—55 roguxa,
3alocjeHe Ha HeoApeheHo pagHO BpeMe U C NPOCEYHUM DafHHM CTaxoM Ipeko 11 ropuna.
BehnHa HacraBHHMKa nMa onrosapajyhe obpasoBame W creueHe komnereHnuje. Kao Hajsehe
MPeHOCTH HaBOJEe Pajl ca IelloM, a CMaTpajy Ia je Hajsehu HemocTaTak nmpodecuje, 300r kojer
He OM Npenopyuywiu CBOjUM yYyeHHIIMMa jia ce o0pasyjy 3a HacTaBHMYKH II03MB, CBE BHILE
afiMMHHUCTpaLUyje.

(ITpumibeHO 22. aBrycra, peBuanupaHo 2. okTobpa 2022, npuxsaheno 10. jyna 2023)
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