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Synthesis and antiproliferative activity of new thiazole hybrids
with [3.3.0]furofuranone or tetrahydrofuran scaffolds

VESNA KOJIC!, MILOS SVIRCEV2# SANJA DJOKIC2, IVANA KOVACEVIC2#,
MARKO V. RODIC2¥, BOJANA SRECO ZELENOVIC?, VELIMIR POPSAVINZ2-3##
and MIRJANA POPSAVINZ#

!University of Novi Sad, Faculty of Medicine, Oncology Institute of Vojvodina, Put
Dr Goldmana 4, 21204 Sremska Kamenica, Serbia, 2University of Novi Sad, Faculty of
Sciences, Department of Chemistry, Biochemistry and Environmental Protection, Trg
Dositeja Obradovicéa 3, 21000 Novi Sad, Serbia and 3Serbian Academy of Sciences
and Arts, Kneza Mihaila 35, 11000 Belgrade, Serbia

(Received 30 November 2022, accepted 11 January 2023)

Abstract: New thiazole hybrids were synthesized and evaluated for their in vitro
cytotoxicity against a panel of human malignant cell lines. The key steps in the
synthesis of hybrids 3—7 involved the initial condensation of appropriate aldo-
nonitriles with cysteine ethyl ester hydrochloride, followed by subsequent
treatment of resulting thiazolines with diazabicycloundecene to form the thiaz-
ole ring. Bioisosteres 8 and 14 have been prepared after the stereoselective
addition of 2-(trimethylsilyl)thiazole to the hemiacetals obtained by periodate
cleavage of terminal diol functionality in the suitably protected d-glucose der-
ivatives. The obtained analogues showed various antiproliferative activities in
the cultures of several tumour cell lines. Hybrid 6 was the most potent in HeLa
cells, exhibiting more than 10 and 4 times stronger activity than both leads 1
and 2, respectively. The most active compound in Raji cells was hybrid 12,
which was nearly 2-fold more potent than the clinical antitumour drug doxo-
rubicin. All analogues were more potent in A549 cells with respect to lead 1,
while compounds 6 and 7 were slightly more active than doxorubicin. Prelim-
inary structure—activity relationship analysis revealed that the presence of a
cinnamate group at the C-3 position in analogues of type 7 increases the act-
ivity of resulting molecular hybrids.

Keywords: molecular hybridization; pseudo-C-nucleosides; goniofufurone; tia-
zofurin; analogues; antiproliferative activity.

* Corresponding author. E-mail: velimir.popsavin@dh.uns.ac.rs
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468 KOJIC et al.

INTRODUCTION

Molecular hybridization is a strategy of rational drug design based on the
combination of pharmacophoric moieties of different bioactive substances to pro-
duce a new hybrid compound with improved affinity and efficacy, when com-
pared to the parent drugs. In addition, this strategy may provide access to com-
pounds with modified selectivity profiles, different or dual modes of action, and
reduced unfavourable side effects.!=3 Thiazole ring is a pharmacophore nucleus
with various pharmaceutical applications. Its derivatives have a wide range of
biological activities including anticancer activity.*> We have recently reported
on the synthesis of several thiazole bioisosteres of goniofufurone that exhibited
in vitro antitumour activity against some human tumour cell lines.® Goniofufur-
one (1, Fig. 1) is natural styryl lactone with [3.3.0]furofuranone core,” which was
isolated from the stem bark of tropical plant Goniothalamus giganteus (Annonac-
eae), and showed potent antiproliferative activity against several tumour cell
lines.® This work describes the synthesis and in vitro antitumour screening of
several new thiazole hybrids with furofuranone or tetrahydrofuran scaffolds.
Compounds 3—5 might be considered pseudo-C-nucleosides related to tiazofurin
(2), the oncolytic C-nucleoside with potent antileukaemic activity.?>10 Pseudo-C-
-nucleosides are nucleoside analogues having a C—C bond between C-4 of the
carbohydrate moiety and the heterocyclic aglycone.!! Compound 8 represents a
goniofufurone analogue with a thiazole replacing the phenyl ring at the C-7
position.

Q o]
HO NH,
H,N
0o o HO N \ 2 N o
o S
HO © \—y s "’o><
HO  ©OH RO
(+)-Goniofufurone (1) Tiazofurin (2) 3R=H

7 R = cinnamoyl

S o

o] o]
HoN HO
2 J%” HZNJ{[N ° -
\ 0. \ N ><
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S

)ﬁ S)\Q,/O\A\o g/ o =0
HO  ©H HO
4R=H 6 8

5R=Me

Fig. 1. Structures of (+)-goniofufurone (1), tiazofurin (2) and the corresponding analogues 3—8.

EXPERIMENTAL
General procedures

Melting points were determined on a Biichi 510, or a hot stage microscope Nagema
PHMK 05 apparatus, and were not corrected. Optical rotations were measured on a Rudolph
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Research Analytical automatic polarimeter, Autopol IV. IR spectra were recorded on a FTIR
Nexus 670 (Thermo-Nicolet) spectrophotometer. 'H- and 13C-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) employing indicated solvents (vide infra) using TMS as
the internal standard. Chemical shifts were expressed in ppm (Jd) values and coupling cons-
tants in Hz (J). High-resolution mass spectra were taken on a Micromass LCT KA111 spec-
trometer or LTQ Orbitrap XL (Thermo Fisher Scientific Inc.) mass spectrometer. TLC was
performed on DC Alufolien Kieselgel 60 F254 (E. Merck). Flash column chromatography was
performed using Kieselgel 60 (0.040-0.063, E. Merck). All organic extracts were dried with
anhydrous Na,SO,. Organic solutions were concentrated in a rotary evaporator under reduced
pressure at a bath temperature below 35 °C. The purity of tested compounds was determined
by HRMS and they were found to be > 95 % pure (errors were less than 5 ppm).

Synthetic procedures

(E,Z)-1,2-O-Isopropylidene-a-D-xylo-pentodialdo- 1,4-furanose-5-oxime (10). To a stir-
red and cooled (0 °C) solution of triol 9 (2.032 g, 9.23 mmol) in a mixture of 2:1 MeOH/H,0
(54 mL) was added NalO,4 (1.795 g, 10.49 mmol) in one portion. After 5 min, the cooling was
stopped, and the reaction continues at room temperature for the next 4.5 h. The mixture was
filtered through a Celite pad, the adsorbent was washed with MeOH, the filtrate was evapor-
ated, and the residue was suspended in H,O (10 mL) and extracted with EtOAc (3x50 mL).
The extract was dried (Na,CO5; and Na,SO,), filtered, and evaporated to give the crude alde-
hyde 9a (1.13 g) which was dried under a high vacuum overnight.

Suspension of crude aldehyde 9a (1.631 g), sodium acetate (1.677 g, 20.40 mmol), and
hydroxylamine hydrochloride (2.236 g, 32.10 mmol) in EtOH (40.75 mL) was vigorously
stirred at room temperature for 24 h. The reaction mixture was evaporated, and the residue
was purified by flash column chromatography (1:1 toluene/EtOAc). A mixture of E- and Z-
-oximes 10 (1.463 g, 78 % from 9) was obtained as an amorphous powder, Ry = 0.27 (12:1
CHCly/ /MeOH). The ratio of isomers (from 'H-NMR): E/Z = 1:0.8.

3-0O-Acetyl-1,2-O-isopropylidene-o-D-xylo-furanoseurononitrile (11). A solution of
compound 10 (1.463 g, 7.20 mmol) in acetic anhydride (29 mL) was stirred at reflux tem-
perature for 1 h, and then evaporated. The residue was purified by flash column chromato-
graphy (19:1 toluene/EtOAc) to afford pure 11 (1.502 g, 92 %), as a colourless syrup, [a]p =
=+47.7 (¢ 1.0, CHCIy), R¢=0.53 (9:1 toluene/EtOAc).

3-O-Acetyl-1,2-O-isopropylidene-4-C-(4'-ethoxycarbonylthiazol-2'-yl)-o-D-xylo-tetrofur-

anose (12). To a stirred solution of 11 (0.999 g, 4.39 mmol) in absolute ethanol (85 mL) L-
-cysteine ethyl ester hydrochloride (1.217 g, 6.56 mmol) and anhydrous Et;N (0.91 mL, 6.55
mmol) were added. The reaction mixture was stirred at room temperature for 3.5 h and then
evaporated. The residue was dissolved in CH,Cl, (50 mL), the organic phase was washed with
water (15 mL), a saturated solution of NaHCOj; (15 mL), and a saturated solution of NaCl (15
mL) then dried, filtered, and evaporated. A mixture of crude thiazoline derivatives 11a
(1.3279 g) was obtained.

To a solution of crude thiazolines 11a (1.328 g, 3.70 mmol) in dry CH,Cl, (27 mL) was
added DBU (1.11 mL, 7.44 mmol). To the cooled solution (0 °C) was added BrCCl; (0.31
mL, 3.14 mmol), the reaction mixture was stirred at 0 °C for 2.5 h and then left at 4 °C for
another 43 h and then evaporated. The residue was purified on a column of flash silica (9:1 —
4:1 toluene/EtOAc) to give pure product 12 (1.100 g, 87 % based on reacted 11) as a yellow
syrup. Recrystallization from CH,Cly/hexane gave white needles, mp 141 °C, [a]p = —23.0 (¢
0.1, CHCly), R¢= 0.50 (7:3 toluene/EtOAc).
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470 KOJIC et al.

4-C-(4'-(Carbamoyl)thiazol-2'-yl)-1,2-O-isopropylidene-o-D-xylo-tetrofuranose (3). A
solution of protected thiazole 12 (1.100 g, 3.08 mmol) in saturated methanolic ammonia (25
ml) was kept at room temperature for 7 days. The reaction mixture was then evaporated and
purified by flash column chromatography (CHCl; — 12:1 CHCl3/MeOH), to give pure 3 (0.498
g, 93 %) as a colourless syrup, [a]p = —46.5 (¢ 0.2, MeOH), Ry=0.30 (12:1 CHCl3/MeOH).

4-C-(4'-(Carbamoyl)thiazol-2'-yl)-D-xylo-tetrofuranose (4). A solution of 3 (0.312 g,
1.09 mmol) in 90 % aq TFA (18 mL) was stirred at 0 °C for 0.5 h and then at room tem-
perature for 4.5 h. The reaction mixture was evaporated by azeotropic distillation with tolu-
ene. The remaining oily mixture was treated with EtOAc (2 mL) and saturated NaHCO; (2
mL) and evaporated again whereby a mixture of anomeric lactols 4 was obtained as a syrup.
The residue was purified on a column of flash silica (5:1 — 25:6 — 10:3 CHCl;/MeOH) to
give pure product 4 (0.240 g, 89 %) in the form of pale yellow syrup, Ry = 0.34 (5:1 CHCly/
/MeOH). Anomeric ratio (from 'H-NMR): a/f = 1:1.

Methyl 4-C-(4'-(carbamoyl)thiazol-2"-yl)-D-xylo-tetrofuranoside (5). A solution of 3
(0.100 g, 0.35 mmol) in 90 % aq TFA (5.80 mL) was stirred at 0 °C for 0.5 h and then at room
temperature for 4.5 h. The reaction mixture was evaporated by azeotropic distillation with
toluene and methanol. The residue was purified by preparative thin-layer chromatography (2
preparative plates, 5:1 CHCl3/MeOH, eluted with 7:3 EtOAc/'PrOH), whereby a mixture of
anomeric glycosides 5 (0.048 g, 52 %) was obtained, in the form of white powder, Ry = 0.38
(5:1 CHCl3/MeOH). Anomeric ratio (from 'H-NMR): a/ff = 2:1.

3,6-Anhydro-2-deoxy-6-C-(4'-(carbamoyl)thiazol-2'-yl)-D-ido-hexono-1,4-lactone (6). A)
To a solution of compound 4 (0.202 g, 0.82 mmol) in anhydrous DMF (3.5 mL) was added
Meldrum’s acid (0.394 g, 2.73 mmol) and dry Et;N (0.36 mL, 2.583 mmol). The reaction
mixture was stirred at 46 °C for 69 h and then evaporated. The crude product was purified by
preparative thin-layer chromatography (10 preparative plates, 6:1 CHCl3/MeOH, eluted with
12:1 CHCl3/MeOH), whereby impure 6 was obtained. After additional purification on a col-
umn of flash silica (20:1 — 12:1 CHCl;/MeOH) and then by preparative thin-layer chromato-
graphy (2 preparative plates, 6:1 CHCl;/MeOH, eluted with 12:1 CHCl;/MeOH), pure product
6 was obtained as a white powder (0.015 g, 7 %), Ry = 0.22 (12:1 CHCI3;/MeOH). Analytical
sample 6 was obtained by crystallization from MeOH in the form of white needles, m.p. 143
°C. B) To a cooled (0 °C) solution of 4 (0.204 g, 0.83 mmol) in dry MeOH (23 mL) was
added MCMP (0.7923, 2.37 mmol) and the resulting solution was stirred at room temperature
for 1 h. The reaction mixture was evaporated, and the residue was purified on a column of
flash silica (20:1 — 12:1 CHCIl3/MeOH to give pure 6 as a yellow oil (0.050 g, 22 %), [a]p =
=-9.4 (c 0.13, DMSO), R;=0.22 (12:1 CHCI3/MeOH). Analytical sample 6 was obtained by
crystallization from MeOH as colourless needles, m.p. 143 °C.

4-C-(4'-Carbamoyl)thiazol-2"-yl)-3-O-cinnamoyl-1,2-O-isopropylidene-a-D-xylo-tetrofur-
anose (7). To a stirred solution of compound 3 (0.0757 g, 0.2644 mmol) in a mixture of
anhydrous MeCN (2 mL) and anhydrous CH,Cl, (14.5 mL) was added cinnamic acid (0.088
g, 0.59 mmol), DCC (0.132 g, 0.64 mmol) and DMAP (0.130 g, 1.07 mmol). After stirring at
room temperature for 24 h, the reaction mixture was filtered through a pad of quartz sand, the
filtrate concentrated and purified by preparative thin-layer chromatography (5 preparative
plates, 12:1 CHCly/MeOH, eluted with 7:3 EtOAc/PrOH), to give pure 7 as a white powder
(0.103 g, 94 %). Analytical sample 7, obtained by crystallization from a mixture of MeOH/
/'Pr,0 showed mp 180 °C, [a]p = —157.1 (c 0.40, CHCl3), R = 0.66 (12:1 CHCl3/MeOH).

3,6-Anhydro-2-deoxy-7-C-(thiazol-2"-yl)-D-glycero-D-ido-heptono-1,4-lactone (8). To a
stirred solution of compound 10'2 (0.145 g, 0.71 mmol) in anhydrous MeCN (15 mL) was
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THIAZOLE HYBRIDS WITH [3.3.0]FUROFURANONE SCAFFOLD 47 1

added HsIO¢ (0.146 g, 0.64 mmol). After stirring at room temperature for 22 h, the reaction
mixture was evaporated with silica gel and purified by flash chromatography (9:1 CH,Cl,/
/Me,CO). This gave pure 7a (0.108 g, 75 %).

To the solution of 7a (0.069 g, 0.34 mmol) in anhydrous THF (3 mL) 2-TST solution
(0.081 mL, 0.51 mmol) in THF (1 mL) is added dropwise. The reaction mixture was stirred at
room temperature for 48 h and then evaporated. The residue was dissolved in THF (3 mL) and
treated with 1 M tetrabutylammonium fluoride in THF (0.4 mL), while stirring at room tempe-
rature for 2 h. The reaction mixture was evaporated, and the oily residue was purified by pre-
parative thin-layer chromatography (10 preparative plates, 17:3 CH,Cl,/Me,CO, second dev-
elopment 4:1 CH,Cl,/Me,CO) to afford pure 8 (0.007 g, 7.5 %) in the form of an oil, [a]p =
=+10.0 (c 0.1, CHCl3), R¢=0.30 (9:1 CH,Cl,/Me,CO, three successive developments).

1,2-O-Isopropylidene-5-C-(thiazol-2"-yl)-o-D-gluco-pentofuranose (14). To a solution of
compound 13 (2.166 g, 8.32 mmol) in anhydrous EtOAc (80 mL) was added H5IOg4 (3.103 g,
13.61 mmol). The reaction mixture was stirred at room temperature for 6 h, then filtered and
evaporated, leaving a light-pink reaction mixture. The residue was purified on a column of
flash silica (11:9 Et,O/light petroleum), whereby a mixture of alcohols 13a was obtained
(0.876 g, 56 %) in the form of a colourless syrup, Ry = 0.37 (1:1 Et,O/light petroleum). IR
(film): Vyax 3371 cm! (OH). (H)ESI-HRMS (m/z): calculated for [C;oHoOs + NH,']
236.11286, observed 236.11285.

To a solution of purified compound 13a (0.161 g, 0.74 mmol) in anhydrous CH,Cl, (6
mL) a 2-TST (0.174 g, 1.09 mmol) solution in CH,Cl, (3 mL) was added dropwise at room
temperature. After stirring at room temperature for 12 h, the solvent was evaporated and to
the residue was added THF (10 mL) and tetrabutylammonium fluoride (0.886 mmol in 8.86
mL THF). After stirring at room temperature for 2 h, the reaction mixture was concentrated to
a smaller volume, and after the addition of aq. NaHCO; solution, extracted with EtOAc. The
combined extracts were dried and evaporated, and the remaining crude product 14 was puri-
fied on a column of flash silica (light petroleum/EtOAc 1:1), whereby pure product 14 (0.048
g, 24 %) was obtained, which crystallized from a mixture of CH,Cl,/hexane as white crystals,
m.p. 120 °C, [a]p = —12.5 (¢ 0.2, acetone).

Cytotoxic activity

Test cells. The in vitro cytotoxicities of test compounds were evaluated against seven
human malignant cell lines: K562 (ATCC CCL-243, chronic myeloid leukaemia), HL-60
(ATCC CCL-240, promyelocytic leukaemia), Jurkat (ATCC CCL-1435, T cells leukaemia),
Raji (ATCC CCL-86, Burkitt’s lymphoma), MCF-7 (ATCC HTB-22, ER" breast adenocar-
cinoma), HeLa (ATCC CCL2, human cervix adenocarcinoma) and A549 (ATCC HTB-38,
lung carcinoma). Cytotoxic activity against one normal human cell line, MRC-5 (ATCC CCL-
-185, foetal lung fibroblasts), was also estimated.

MTT test. Cytotoxic activity was evaluated by using standard MTT assay,!? after expo-
sure of cells to the tested compounds for 72 h.

Crystal structure determination

Diffraction experiments were performed on an Oxford Diffraction Gemini S diffracto-
meter. Crystal structures were solved and refined as reported previously!4. All hydrogen
atoms are introduced in idealized positions are refined using a riding model. Pertinent crys-
tallographic and refinement data are listed in Table S-III of the Supplementary material to this
paper. CCDC 2218113 and CCDC 2218112 contain supplementary crystallographic data for
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this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via http://www.ccdc.cam.ac.uk/structures.

RESULTS AND DISCUSSION
Chemistry

Synthesis of compounds 3-7 is shown in Scheme 1 and commenced from
the commercially available monoacetone-D-glucose (9).

o)
EtO
N

_b . R0 _d4. e

/ )( S "Q
R! ‘0 ,,/)(

°© AcO o

11a

= CH: 1=
9 9a c[ 10R=CHNOH, R =H
\e

11R=CN,R'=Ac

o] o] o]

HyN HoN HoN EtO

N iorj N orh N f N

7\ .o -— / W\ o, OR 3o /N0 -— /N0

S X s (from 3) s "Q S "Q
0”0 % ”’o)( ”’o)(
HO HO  OH RO AcO

4R=H 12

6 3R=H
Me k E 7 R = cinnamoyl!

Scheme 1. a) NalO4, MeOH/H,O, 1t, 4.5 h; b) NH,OHxHCI, NaOAc, EtOH, rt, 24 h, 78 %
from 9; ¢) Ac,0, reflux, 1 h, 92 %; d) L-cysteine ethyl ester hydrochloride, Ei;N, EtOH,
CH,Cl,, 1t, 3.5 h; e) BrCCl;, DBU, CH,Cl,, 0 °C, 2.5 h, then 4 °C, 43 h, 87 % from 11;

f) saturated NH;, MeOH, 1t, 7 days, 93 %; g) 90 % aq TFA, 0 °C, 0.5 h, then rt, 4.5 h, 89 %;
h) 90% aq TFA, MeOH, 0 °C, 0.5 h, then rt, 4.5 h, 52 %; i) Meldrum’s acid, Et;N, DMF,
46 °C, 69 h, 7 %; j) MCMP, MeOH, rt, 1 h, 22 %; k) cinnamic acid, DCC, DMAP,
MeCN, CH,Cl,, rt, 24 h, 94 %.

5R

Terminal diol cleavage in 9 was achieved with sodium periodate in aqueous
MeOH to afford the unstable aldehyde 9a. The resulting aldehyde 9a was not
purified but was rather immediately treated with hydroxylamine hydrochloride to
yield the expected oxime 10 as a mixture of the corresponding E- and Z-isomers.
The mixture was not separated but was further treated with refluxing acetic
anhydride to give the corresponding nitrile 11 in 92 % yield. Nitrile 11 was
allowed to react with ethyl ester of cysteine hydrochloride, in the presence of tri-
ethylamine at room temperature, to afford thiazoline 11a as an inseparable mix-
ture of C-4 epimers. The crude mixture was not separated but was immediately
oxidized with bromotrichloromethane and DBU to give the thiazole 12 in an
overall yield of 87 % from two steps. Treatment of 12 with methanolic ammonia
provided the amide 3 (93 %) as a result of successive ester ammonolysis and
O-deacetylation at the C-3 position. Hydrolytic removal of the isopropylidene
protective group in 3 gave the expected lactol 4, which upon treatment with Mel-
drum’s acid in the presence of triethylamine gave a low yield (7 %) of target 6. A
better yield of 6 (22 %) was obtained by using the Z-selective Wittig olefination
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of 4 with a stabilized C;-ylide (Ph3P=CHCO,Me, MCMP).15 Apart from spec-
troscopic methods, the structure of compound 6 was confirmed by X-ray analysis
(see Supplementary material for details). Finally, compound 3 was esterified with
cinnamic acid, under the Steglich conditions, !¢ to afford the corresponding 3-O-
-cinnamoyl derivative 7 in 94 % yield. The reason for the preparation of cinnam-
ate 7 lies in the fact that a significant number of cinnamic acid hybrids show anti-
tumour activity.!7-19

The preparation of bioisostere 8 is shown in Scheme 2. D-Glucose was first
converted to the protected aldehyde 7a using the procedure recently developed in
our laboratory20 (see the Supplementary Material for details).

HO HO OH
O ,~OH a b N o
- . — . N
H;\\g om,/ ko ﬁ\/s _ /R
nd  OH o O HO™ 5o
D-Glucose 7a 8
OH
o 0.0 HO N o
(o s
c 0 d \ ko)
%}\QOK O}\Q, 3 0 o
HO o o ©
13 13a 14

Scheme 2. a) See Supplementary material and/or Ref.2%; b) (i) TST, THF, rt, 48 h, (ii) TBAF,
THF, 1t, 2 h, 7.5 %; c) Ref.2!; d) (i) TST, CH,Cl,, tt, 12 h, (i) TBAF, THF, 1t, 2 h, 24 %.

The addition of 2-(trimethylsilyl)thiazole (TST) to hemiacetal 7a (Scheme 2)
in THF using the adopted procedure developed by Dondoni et al.2? occurred with
high diastereofacial selectivity affording, after desilylation with tetrabutylammo-
nium fluoride, a low yield of thiazole 8 (7.5 %). This two-step transformation
involves the initial unmasking of hemiacetal function with the subsequent addit-
ion of reagents to the liberated aldehyde group. Given that compound 8 showed
relatively weak antiproliferative activity against tumour cells, the yield of this
reaction was not optimized. To resolve the stereochemistry at the C-7 position in
product 8, the above-described addition reaction was repeated with the known?23
hemiacetal derivative 13a. The corresponding thiazole derivative 14 was obtained
in a yield of 24 %. The stereochemistry of 14 was unambiguously established by
X-ray crystallographic analysis (see Supplementary material for details). Based
on this result, as well as the observations of Dondoni et al.,?? we concluded that
the newly introduced stereocenter of product 8 has (7S)-stereochemistry.
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Antiproliferative activity

Table I shows in vitro cytotoxicities of synthesized compounds against a
panel of human cell lines (K562, HL-60, Jurkat, Raji, MCF-7, HeLa, A549 and
MRC-5), using the standard MTT assay. Apart from the final products (5-8),
intermediates, 3, 4 and 12 were also included in the assay since they can be con-
sidered pseudo-C-nucleosides related to tiazofurin.

TABLE L. In vitro cytotoxicity (ICs¢* / pM; values are means of three independent experi-
ments. Coefficients of variation were less than 10 %) of (+)-goniofufurone (1), tiazofurin (2),
DOX and analogues 3-8 and 12 after 72 h

Cell line
Compound K562 HL-60 Jurkat Raji MCF-7 HeLa A549 MRC-5
(+)-Goniofufurone (1) 041 20132 3245 1845 1659 832 3521 >100
Tiazofurin (2) 206 067 009 528 2.03 326 592 036
3 2101 7.64 7.09 1564 1052 436 1821 >100
4 255 851 1136 1432 865 831 2464 >100
5 1750 779 1136 7.63 1836 8.64 546 >100
6 1.63  1.02 1852 9.02 261 075 464 97.12
7 354 12,63 432 1264 1002 125 345 >100
8 3.05 354 2502 2541 7.62 9.06 11.59 >100
12 347 910 752 158 1520 3.70 1035 >100
DOX 025 092 003 298 020 007 491 0.10

The results in Table I show that five compounds exhibited micromolar act-
ivity in the culture of K562 cells, although only compound 6 was more potent
than tiazofurin (2). Almost all synthesized compounds were more active than 1
against MCF-7 and HL-60 cells, with lactone 6 being the most potent. It is note-
worthy that analogue 6 exhibited a prominent potency (/Csg = 1.02 pM) against
promyelocytic leukaemia cells (HL-60) with activity similar to DOX. Among all
synthesized molecules, which showed moderate activity in Jurkat and Raji cell
cultures where they were more active than 1 (except 8 against Raji cells), the iso-
propylidene derivative 12 stands out, which was almost twice as active as DOX
and 3 times as active as tiazofurin (2) against Raji cells. Against alveolar basal
adenocarcinoma cells (A549), all compounds were more active than 1, while two
compounds (6 and 7) were slightly more active than DOX. Molecules 6 and 7
showed higher potency than both leads 1 and 2 against HeLa cells of which com-
pound 6 showed submicromolar activity (/Cs9 = 0.75 uM), the best activity rec-
orded in this assay. Like natural product 1, none of the synthesized analogues
were active against normal MRC-5 cells, in contrast to tiazofurin (2) and DOX,
which showed high potencies against these cells in the submicromolar range.

* ]Csy 1s the concentration of compound required to inhibit the cell growth by 50 % compared
to an untreated control.
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In an attempt to determine the structural features important to the activity of
this series of compounds, we compared the activities of: a) compound 7 with a
cinnamoyl ester group at the C-3 position, with 3 (which has an OH group at
C-3); b) the activity of lactol 4, with free OH groups at C-1 and C-2, with the act-
ivity of compounds 6 and 3 with a lactone or isopropylidene ring; c) the activity
of lactol 4 with the activity of the methyl glycoside 5; d) the activity of the C-7
thiazole hybrid 8 with the natural product 1 having a phenyl group at the C-7
position (Fig. S-1 of the Supplementary material). The results of this brief SAR
analysis showed that the presence of the cinnamoyl group at C-3 is beneficial for
the activity of this type of compound; the absence of OH groups at C-1 and C-2
and the structural architecture of a five-membered lactone or isopropylidene ring
(the analysis also showed that pseudo-C-nucleoside 5 is more active against 50 %
of the tested cell lines) and that the introduction of a thiazole ring at the C-7
position of the natural product 1 instead of the phenyl ring, increases the activity
against four of seven cell lines.

Crystal structure of pseudo-C-nucleoside 6

The molecular structure of 6 is depicted in Fig. 2. Absolute configuration of
all stereocenters is determined both from resonant scattering effects, and findings
are in line with assumed absolute configurations of stereocenters whose stereo-
chemistries remain unchanged during the synthetic route.

a7y .‘\L(‘ 5 '

Fig. 2. Molecular structure of 6 (CCDC
2218113) with the atom numbering scheme.

From the structural point of view, 6 is the first structurally characterized
compound that bears a furofuranone ring core coupled to a thiazole ring. The
search of the CSD?4 resulted in only ten structures that contain a thiazole ring
coupled to the C1’ atom of a tetrahydrofuran ring substructure depicted in Fig.
3a. All these structures can be regarded as tiazofurin analogues. Since 6 can also
be regarded as a tiazofurin analogue, where a furanose ring is fused to a lactone
ring, it is of interest to compare the furanose ring conformation in 6 and these
tiazofurin analogues. For this purpose, atom numbering nomenclature established
for furanose rings in nucleotides is used,25:26 as shown in Fig. 3a.
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Fig. 3. a) Substructure fragment used in CSD search. Substituents at C4' were unspecified.
b) Pseudorotational circle for furanose ring conformations found in CSD hits. Conformation
of 6 is indicated by a filled circle, and that of YIHCAT with a star. Preferred conformational

ranges are shaded.

Conformations of the furanose rings are analysed via Cremer—Pople forma-
lism.27 It is found that in seven structures furanose rings adopt conformations
that spread in pseudorotation regions demarcated by 27} and 275 conformations,
while for two structures the range is enclosed between 37, and 374 conform-
ations. These conformational ranges have been established as preferred for ribose
and deoxyribose in nucleosides.?8:29 Structure YIHCAT,30 with the furanose ring
in conformation between OT} and OF is the only outlier. The conformation of the
furanose ring in the 6 is very close to £, which is also an aberration. What
separates YIHCAT and 6 from other structures is the presence of fused rings —
isopropylidene in YIHCAT and furofuranone in 6, which may explain their dif-
ferent conformations. Notably, for all investigated structures, including 6, ring
puckering amplitude falls in the range from 0.30 to 0.45 A. A graphical repre-
sentation of ring conformation space for the investigated structures is given in
Fig. 3b, while details are summarized in Table S-III of the Supplementary material.

Relative to the sugar moiety, the aglycone fragment of the nucleoside can
adopt two main orientations about the glycosyl C1'-N link called syn and anti.25-26
In analogy to that, for C-nucleosides such as tiazofurin and its derivatives, a
torsion angle y (O—C1'—-C-S) can be defined to assess thiazole ring orientation. It
is found that the thiazole ring orients in such a way that sugar O and thiazole S
atoms are in syn orientation, with a restricted range of |y| (0—60°), and the peak of
the distribution at ca. 30° (see Fig. S-3 of the Supplementary material). The cor-
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responding torsion angle for 6 amounts to —24.3(2)°, indicating that the mutual
disposition of the studied rings in 6 is in line with the literature data.

Two intermolecular hydrogen bonds were found in the crystal structure of 6.
Hydroxyl O5-HS5 group is bonded to carboxamide oxygen O6’ of the neighbour-
ing molecule. Interestingly, only one of the carboxamide hydrogen atoms is inv-
olved in hydrogen bonding, with carbonyl oxygen Ol of the lactone ring being
the hydrogen bond acceptor. Details of hydrogen bonding are listed in Table S-V
of the Supplementary material.

CONCLUSION

In conclusion, seven new thiazole hybrids with furofuranone or tetrahydro-
furan scaffolds have been synthesized and evaluated for their in vitro cytotoxicity
against a panel of human malignant cell lines (K562, HL-60, Jurkat, Raji, MCF-
-7, HeLa and A549), as well as toward a single normal cell line (MRC-5). The
key steps in the synthesis of pseudo-C-nucleosides 3—7 and 12 involved the
initial cyclocondensation of the corresponding aldononitriles with cysteine ethyl
ester hydrochloride, followed by subsequent treatment of the resulting C-4' epi-
meric thiazolines with DBU to form the thiazole ring. Goniofufurone bioisosteres
8 and 14 have been prepared by stereoselective addition of 2-(trimethylsilyl)thi-
azole to partially protected hemiacetals, obtained by periodate cleavage of the
terminal diol function in the appropriate D-glucose derivatives. The synthesized
analogues showed moderate to strong antiproliferative activity in cultures of
several malignant cell lines. The strongest activity was shown by hybrid 6 (HeLa
cells, ICsg 0.75 pM) which was more than 10 or 4 times more active than both
control compounds 1 and 2, respectively. The most active compound in Raji cell
culture was hybrid 12, which was nearly two times more potent than the com-
mercial antitumour drug doxorubicin (DOX). Lung adenocarcinoma cells (A549)
were the most sensitive against the synthesized compounds. All were more active
than lead 1, while two compounds (6 and 7) were slightly more active than DOX.
A brief SAR study revealed that the presence of the cinnamoyl group at C-3 may
enhance the activity of this type of analogues.

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/12157, or from the corres-
ponding author on request.
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U3BOJ
CUHTE3A U AHTUITPOJIUPEPATUBHA AKTUBHOCT HOBUX TUA3O/THUX XUBPUA
CA [3.3.0]9YPO®PYPAHOHCKUM WJIU TETPAXUJPOO®YPAHCKUM CKEJIETOM

BECHA KOJUR', MUJIOLL CBUPYEB?, CAFbA BOKUR’, UBAHA KOBAUEBUE’, MAPKO B. POOUE’,
BOJAHA CPERO 3EJIEHOBUE’, BEJIUMUP TIOTICABUH>® 1 MUPJAHA TIOTICABUH?
1YHusep3uu7.em y Hogom Cagy, Meguyuncku Qaxynitein, Hncmiuityt 3a onkonoiujy Bojeogune, uyia Jp
T'ongmana 4, 21204 Cpemcxa Kamenuya, ZYHueepmmew y Hosom Cagy, IIpupogno—mattiemaiiuuxu
Qaxynivein, Jedapiman 3a xemujy, buoxemujy u 3awiniuiny smusoiine cpegune, Tpi Jocuttieja Odpagosuha 3,
21000 Hosu Cag u 3Cpﬁcxa axagemuja nayka u ymemnocwiu, Kneza Muxauna 35, 11000 Beoipag

CHHTETH30BaHU Cy HOBH THa30JIHU XUOPHUOH U ofpeheHa je mUXoBa in vitro JUTOTOKCHY-
HOCT ITpeMa MaHesly XyMaHUX MaJMrHUX henujckux nuHuja. KibydyHW KOpalM y CHHTE3U XU0-
puna 3-7 mormpasymeBand Cy WHHULHWjaJIHY KOHIEH3alHjy 0Arosapajyhux aJZoOHOHUTpHIA Ca
XUIPOXJIOPUJIOM eTHUJIeCTpa LIMCTeMHA, HaKOH Yera je yCjiefuo TpeTMmaH pesynTyjyhux tuaso-
nuHa ca DBU mpu uemy je dopmupaH THa3oiaHH npcreH. buousocrepe 8 u 14 cy mobujene
HAKOH CTEPEOCeeKTUBHE anuliuje 2-(TpUMEeTWICWIWI)THA30/la Ha XeMualerane AodujeHe
NepjonaTHUM pacKUIameM TepMUHAJIHE AWONHEe (QYHKIMje MOroJHUX HeprBarta D-TIYKO3e.
[obujeHn THa3o/NHM aHalO3U Cy MOKa3aad pasiuuMTe aHTUIPOIU(EpATUBHE aKTUBHOCTH Y
KyJATypama NojequHUX TYMOpPCKuX henujckux nuHuja. Hajjauy akruBHocT npema Hela henu-
jama moka3ao je xubpun 6, koju je 610 Bulle o NeceT, OZHOCHO YETHUPH MyTa aKTUBHUjU O]
KOHTPONHUX Monekyina 1 u 2, penom. HajaktuBHUje jemumene npema Raji henujama duo je
xudpuzg 12, xoju je CKopo ABa MyTa aKTUBHUjU OJ, KITMHUYKOT aHTUTYMOPCKOT JIeKa JOKCOpY-
ounnHa. CBu aHano3u cy OwnM akTHBHUjU npema A549 henujama y omgHoCy Ha KoHTponay 1,
TOK Cy jenvmema 6 1 7 Oula HEIITO akTUBHUja Off fokcopyduuuHa. [IpenumunapHa SAR aHa-
JIM3a je OTKpWIa Jja NMPHCYCTBO LIMHAMAaTHE Ipymne Ha monoxajy C-3, y aHajmo3Mma THna 7,
noBehaBa akTUBHOCT pe3ynTyjyhux xudpuna.

(ITpumsseno 30. HoBembpa 2022, npuxsaheno 11. janyapa 2023)
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PREPARATION OF STARTING INTERMEDIATES
3,6-Anhydro-2-deoxy-D-glycero-D-ido-octono-1,4-lactone (S1)

. o o DMF, 48 °C H;\\QI\F
OMO Hd o 0

D-Glucose Meldrum's acid

HO

HO™

S$1
Scheme S-1. Preparation of S1.

To a suspension of D-Glucose (0.180 g, 1.00 mmol in anhydrous DMF (5
mL) was added anhydrous Et;N (1.68 mL, 12.00 mmol) and Meldrum’s acid
(0.290 g, 2.00 mmol). The reaction mixture was stirred at 40 °C for 4 days and
then evaporated. The residue was purified on a column of flash silica (19:1
EtOAc/MeOH) whereby pure S1 (0.102 g, 50%) was obtained as a white powder.
Recrystallization from a mixture of Me,CO/light petroleum gave colourless
needles, mp 119 °C, [a]p = +32.2 (¢ 0.5, H,0), lit." [a]p = +29.0 (c 0.5, H,0),
R¢=0.27 (19:1 EtOAc/MeOH). Spectral data (IR, '"H-NMR, *C-NMR and MS)
were in good agreement with reported values.'

* Corresponding author. E-mail: velimir.popsavin@dh.uns.ac.rs
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(75)-3,6-Anhydro-2-deoxy-7-C-hydroxy-5, 7-O-methylidene-D-ido-heptono- 1,4-lactone (S2)

HO oH
HO' >: T o
o O CH3CN ko /R
0" %o
s1 s2

Scheme S-2. Preparation of S2

To a stirred solution of compound S1 (0.145 g, 0.71 mmol) in anhydrous
MeCN (15 mL) was added HsIOg (0.146 g, 0.64 mmol). After stirring at room
temperature for 22 h, the reaction mixture was evaporated with silica gel and
purified by flash chromatography (9:1 CH,Cl,/Me,CO). This gives a mixture of
pure S2 (0.108 g, 75 %) which crystallizes from Me,CO/hexane in the form of
cloudy needles, mp 152-153 °C, [a]p = +130 (c 0.25, Me,CO), R, = 0.31 (9:1
CH,Cl,/Me,CO). IR, NMR (lH and 13C) and MS data were in good agreement
with previously recorded values.”

SPECTROSCOPIC DATA OF SYNTHESIZED COMPOUNDS
(E,Z)-1,2-O-Isopropylidene-a-D-xylo-pentodialdo- 1,4-furanose-5-oxime (10)

HON
\ O 1
5 ’ R --|3<
o' 270
10

IR (film): Viax 3390, 1637 cm ™.

'H NMR (250 MHz, DMSO-d, 6): 11.27 and 11.13 (2 x s, 1 H each, NOH
both isomers), 7.26 (d, 1 H, Ji5 = 7.2 Hz, H-5, E isomer), 6.67 (d, 0.8 H, J45 =
4.6 Hz, H-5, Z-isomer), 5.88 (m, H-1 both isomers), 5.57 (d, | H, J50u = 4.3 Hz,
OH, E-isomer), 5.43 (d, 0.8 H, J5on = 4.7 Hz, OH, Z-isomer), 4.50 (m, 0.8 H, H-
4, Z isomer), 4.21-4.44 (m, H-2, both isomers, H-4, E-isomer), 4.21 (br s, 0.8 H,
H-3, Z-isomer), 4.03 (br s, 1 H, H-3, E-isomer), 1.39 and 1.23 (2 x s, 3 H each,
CMe,). The ratio of isomers: E/Z = 1:0.8

3C NMR (62.9 MHz, DMSO-d;, d): 147.38 (C-5, Z-isomer), 146.00 (C-5, E-
isomer), 110.83 and 110.73 (Me,C, both isomers), 104.55 (C-1, E-isomer),
104.15 (C-1, Z-isomer), 85.14, 78.18, 74. 98, (C-2 and C-4, both isomers), 75.50
and 74.24 (C-3, both isomers), 26.70, 26.07 and 26.04, (Me,C, both isomers).

(+)ESI-HRMS (m/z): calculated for [CgH;3NOs + Na'] 226.06859, observed
226.06817.
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3-0-Acetyl-1,2-O-isopropylidene-o-D-xylo-furanoseurononitrile (11)

0
NC 1
.||O
M) 3
Ac0 2O
11

IR (film): Vmax 1754, 2260 cm™".

'H NMR (250 MHz, CDCls, 6): 5.95 (d, 1 H, J;, = 3.5 Hz, H-1), 5.40 (d, 1
H, J;4=3.4 Hz, H-3), 495 (d, 1 H, J54 =3.4 Hz, H-4), 455, 1 H, J;, =3.5
Hz, H-2), 2.13 (s, 3 H, COCHj3), 1.45 and 1.27 (2 x s, 3 H each, CMe;).

BC NMR (62.9 MHz, CDCls, d): 168.51 (COCH;), 113.31 (CN), 112.93
(Me,(C), 104.94 (C-1), 81.89 (C-2), 75.06 (C-3), 68.03 (C-4), 26.23 and 25.52
(Me,C), 19.91 (COCH,).

(H)ESI-HRMS (m/z): calculated for [C;oH;3NOs + NH;] 245.11229,
observed 245.11320.
3-0O-Acetyl-4-C-(4'-(ethoxycarbonyl)thiazol-2'"-yl)- 1, 2-O-isopropylidene-a-D-xylo-
tetrofuranose (12)

0]

Et0—4
N
5,/ \ O+
s23, "'3<
Acd 270
12

IR (KBr): Vinax 1755 and 1731 cm™.

'H NMR (400 MHz, CDCl;, 5): 8.20 (s, 1 H, H-5'), 6.09 (d, 1 H, J;, = 3.6
Hz, H-1), 5.80 (d, 1 H, J54=3.1 Hz, H-4), 5.52 (d, 1 H, J54 = 3.1 Hz, H-3), 4.67
(d, 1 H, J1, = 3.6 Hz, H-2), 443 (¢, 2 H, J = 7.1 Hz, CH,CH3), 1.92 (s, 3 H,
COCHs), 1.42 (¢, 3 H, CH,CH5), 1.58 and 1.37 (2 x s, 3 H each, CMe,).

C NMR (100 MHz, CDCls, 5): 168.89 (OCOCHj3), 165.96 (CO,Et), 161.28
(C-2"), 147.00 (C-4"), 133.41 129.48 128.32, and 127.99, (Ph), 128.32 (C-5),
113.08 (Me,(), 104.99 (C-1), 83.40 (C-2), 78.91 (C-4), 77.06 (C-3), 61.60
(CH,CH3), 26.78 and 26.34 (Me,C), 20.60 (OCOCH3;), 14.39 (CH,CHj;).

(H)ESI-HRMS (m/z): calculated for [C;sH;oNO; + H'] 358.09482, observed
358.09550.
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4-C-(4'-(Carbamoyl)thiazol-2'-yl)- 1,2-O-isopropylidene-a-D-xylo-tetrofuranose (3)

4
an
: o)<

IR (film): Vinax 3348, 1668, 1590 cm .

'"H NMR (250 MHz, acetone-ds, 8): 8.16 (s, 1 H, H-5"), 7.46 and 6.89 (2 x br
s, 1 H each, NH,), 6.09 (d, 1 H, J,, = 3.4 Hz, H-1), 5.43 (d, 1 H, J;, = 2.7 Hz, H-
4),4.70 (d, 1 H, J,, = 3.4 Hz, H-2), 4.64 (d, | H, J5, = 2.4 Hz, H-3), 4.44 (brs,
H, OH), 1.50 and 1.33 (2 x 5, 3 H each, CMe,).

BC NMR (62.9 MHz, acetone-ds, 8): 167.94 (CONH,), 163.35 (C-2'),
150.78 (C-4"), 125.18 (C-5'), 112.57 (Me,C), 106.12 (C-1), 86.27 (C-2), 81.76
(C-4), 76.59 (C-3), 27.17 and 26.37 (Me,C).

(H)ESI-HRMS (m/z): calculated for [C;H;3N,OsS + H'] 287.06962,
observed 287.06946.

4-C-(4'-(Carbamoyl)thiazol-2'-yl)-D-xylo-tetrofuranose (4)

)

2 | 4'
5 2' 1
/2

HO OH
4

IR (film): Vi 3354, 1674 cm™".

'H NMR (400 MHz, methanol-d, 8): 8.22 and 8.19 (2 x s, 1 H, H-5' both
anomers), 5.63 (d, 1 H, J,, =3.6 Hz, H-1a), 5.49-5.55 (m, 2 H, H-40 and H-4p),
5.27 (s, 1 H, H-1B), 3.57-4.44 (m, H-2 and H-3, both anomers). Ratio of
anomers: o/ = 1:1.

C NMR (100 MHz, methanol-d,, 8): 172.07 and 171.49 (CONH,, both
anomers), 166.16 and 160.01 (C-4', both anomers), 150.40 and 150.24 (C-2,
both anomers), 126.13 and 125.32 (C-5', both anomers), 105.01 (C-1B), 99.25
(C-1n).

(+)ESI-HRMS (m/2): calculated for [CgH;oN,OsS + H'] 247.03832, observed
247.03747.
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Methyl 4-C-(4'-(carbamoyl)thiazol-2'-yl)-D-xylo-tetrofuranoside (5)

o)

HN-X

N
s JL SO 1.0Me
S 4
3 /2

HO OH

5

IR (film): Viax 3340, 1668 cm ™.

'H NMR (400 MHz, DMSO-d, + D,0, 8): 8.17 (s, 1.5 H, H-5' both
anomers), 7.78 and 7.42 (residual signals from CONH,), 5.43 (d, 0.5 H, J;4,=4.9
Hz, H-4B), 5.32 (d, 1 H, J54 = 5.5 Hz, H-40), 5.04 (d, 1 H, J,, = 4.0 Hz, H-10),
4.83 (s, 0.5 H, H-1p), 4.21 (¢, 1 H, J=5.1 Hz, H-3a), 4.13 (dd, 0.5 H, J,5=1.1,
J34=4.7 Hz, H-3p), 3.97-4.02 (m, 1.5 H, H-2B,a), 3.37 and 3.35 (2 x s, OCH; P
and a).

BC NMR (62.9 MHz, DMSO-d; + D,0, d): 169.49 and 168.87 (CONH, B
and a), 162.45 and 162.41 (C-2' B and a), 149.68 and 149.59 (C-4' B and a),
124.68 and 124.53 (C-5' B and a), 110.30 (C-1P), 103.59 (C-1a), 82.22 (C-4 PB),
80.41 (C-2 B), 78.59 (C-4 a), 76.67 (C-2 a), 76.20 (C-3 B and a), 55.63 and 55.13
(OCH; B and o).

(+)ESI-HRMS (m/2): calculated for [CoH,N,OsS + H'] 261.05397, observed
261.05441.

3,6-Anhydro-6-C-(4'-(carbamoyl)thiazol-2'-yl)-2-deoxy-D-ido-hexono-1,4-lactone (6)

0O

HN-X o 3
N
/%\2' oy
° s)\ﬁggj pu
4"/
Ho ©©
6

0]

IR (KBr): Vinax 1781 cm ™",

'H NMR (250 MHz, DMSO-dq, 8): 8.30 (s, 1 H, H-5), 7.69 and 7.54 (2 x br
s, 2 H, NH,), 5.93 (d, 1 H, Json = 5.1 Hz, OH), 5.26 (d, 1 H, Jss = 3.0 Hz, H-6),
5.05 (m, 1 H, H-3), 5.00 (d, 1 H, J54 = 4.2 Hz, H-4), 4.48 (br s, 1 H, H-5), 2.93
(dd, 1 H, Jy,25 = 18.7 Hz, Jo 3 = 6.2 Hz, H-2b), 2.60 (d, 1 H, J5,, = 18.7 Hz, H-
2a).

C NMR (62.9 MHz, DMSO-dj, 8): 175.63 (C-1), 166.74 (CONH,), 162.37
(C-2"), 149.66 (C-4'), 124.97 (C-5"), 87.60 (C-4), 80.71 (C-6), 77.65 (C-3), 74.00
(C-5), 35.53 (C-2).
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(H)ESI-HRMS (m/2): calculated for [C;oH;oN,OsS + H'] 271.03832,
observed 271.03832.

4-C-(4'-(Carbamoyl)thiazol-2'-yl)-3-O-cinnamoyl- 1,2-O-isopropylidene-o-D-xylo-
tetrofuranose (7)

o}
.3
H,N o\ .
5,/ \\2 1.\0
S #\s / )<
277
d O
H):O
3"
=

7

IR (KBr): vimax 3466, 1725, 1690, 1634, 1578, 1524 cm .

"H NMR (400 MHz, CDCl;, 6): 8.15 (s, 1 H, H-5"), 7.53 (d, 1 H, J5»3- = 16.0
Hz, H-3"), 7.34-7.48 (m, 5 H, Ph), 6.22 (d, 1 H, J,-3»=16.0 Hz, H-2"), 6.18 (d, 1
H, J1,=3.6 Hz, H-1),5.99 and 7.12 (2 X br s, 1 H each, NH,), 5.73 (d, 1 H, J54 =
3.1 Hz, H-4), 5.71 (d, 1 H, J;4=3.1 Hz, H-3), 4.78 (d, 1 H, J,, = 3.6 Hz, H-2),
1.63 and 1.40 (2 x 5, 3 H each, CMe,).

BC NMR (100 MHz, CDCls, 6): 165.32 and 164.87 (CONH, and CO from
cinnamoyl), 162.81 (C-2"), 149.30 (C-4"), 146.53 (C-3"), 133.71 130.79, 128.90,
128.19, (Ph), 124.94 (C-5"), 116.16 (C-2"), 113.01 (Me,C), 105.13 (C-1), 83.48
(C-2), 79.12 (C-4), 76.68 (C-3), 26.82 and 26.23 (Me,C).

(H)ESI-HRMS (m/z): calculated for [ChoHyN,OsS + H'] 417.11148,
observed 417.11006.

3,6-Anhydro-2-deoxy-7-C-(thiazol-2"-yl)-D-glycero-D-ido-heptono-1,4-lactone (8)

HO

O3 2
3 ) 6 Lo
N:227\§5j >§O
4,

osud 1O

5

8

IR (film): Viney 3451, 1789 cm ™.

'H NMR (400 MHz, CDCls, 8): 7.82 (d, 1 H, Jy5 = 3.3 Hz, H-4"), 7.43 (d, 1
H, Jy.s = 3.3 Hz, H-5), 5.35 (¢, 1 H, J = 5.0 Hz, H-7), 4.90-4.99 (br s, 3 H, H-3,
H-4 and OH), 4.72 (br s, 1 H, H-5), 4.48 (1, 1 H, J = 4.4 Hz, H-6), 3.75 (br s, 1
H, OH), 2.65-2.85 (m, 2 H, H-2).

C NMR (100 MHz, CDCls, §): 174.84 (C-1), 170.52 (C-2'), 142.26 (C-4'),
120.24 (C-5"), 88.32 (C-4), 83.56 (C-6), 77.84 (C-3), 75.55 (C-5), 71.29 (C-7),
36.25 (C-2).
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(+)ESI-HRMS (m/2): calculated for [CoH;;NOsS + H'] 258.04364, observed
258.04362.

1,2-O-Isopropylidene-5-C-(thiazol-2"-yl)-o-D-gluco-pentofuranose (14)

HO 0-1..0

341K
#& S HO
* 14
IR (film): Vimax 3340 cm ™.
'H NMR (500 MHz, methanol-d,, 8): 7.75 (d, 1 H, Jys =3.3 Hz, H-4"), 7.57
(d, 1 H, Jys =33 Hz, H-5"),5.88 (d, 1 H, J;,,=3.6 Hz, H-1), 5.21 (d, 1 H, J45=
7.9 Hz, H-5),4.51 (d, 1 H, J; , =3.6 Hz, H-2),4.32 (dd, 1 H, J;4,=2.8, J15=7.9
Hz, H-4),4.27 (d, 1 H, J54=2.7 Hz, H-3), 1.43 and 1.28 (2 x s, 3 H each, CMe,).
C NMR (125 MHz, methanol-d,, 8): 175.51 (C-2'), 142.99 (C-4), 121.18
(C-5"), 112.99 (Me,C), 106.54 (C-1), 86.60 (C-2), 84.39 (C-4), 75.56 (C-3),
70.06 (C-5), 27.23 and 26.58 (Me,C).

SAR ANALYSIS

TABLE S-1. Cytotoxicity data for SAR analysis.

1C50 / HMa, 72 h

Compounds K562 HL-60 Jurkat  Raji MCF-7 HelLa A549

(+)-Goniofufurone (1) 0.41 201.32 32.45 18.45 16.59 832 3521

Tiazofurin (2) 2.06 0.67 0.09 5.28 2.03 3.26 5.92
3 21.01 7.64 7.09 15.64 10.52 4.36 18.21
4 2.55 8.51 11.36 14.32 8.65 8.31 24.64
5 17.50 7.79 11.36 7.63 18.36 8.64 5.46
6 1.63 1.02 18.52 9.02 2.61 0.75 4.64
7 3.54 12.63 4.32 12.64 10.02 1.25 3.45
8 3.05 3.54 25.02 2541 7.62 9.06 11.59
12 3.47 9.10 7.52 1.58 15.20 3.70 10.35
DOX 0.25 0.92 0.03 2.98 0.20 0.07 4.91

“ICs 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 %.

The structure-activity relationships were accessed as follows: the /Csy values
of two compounds were compared, and the A log ICsy was calculated (A log ICs
is a difference between the log /Csy values of an analogue and the corresponding
control compound). Positive A log /Cs, values show a decrease of antiprolifera-
tive activity, whereas negative values indicate an increase in the activity upon the
structural modification being considered. The results are presented in Fig. S-1.
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(a)
@K562 WHL-60 @lurkat & Raji MMCF7 EHela ®A549
| | |
T&3
T T T T T
-1.00 -0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40
Alog (IG5 / pM)
(b)
MK562 WHL-60 wlurkat W Raji EMCF7 EHela ®A549
. | —
6 &4 r
L "
384 j
T
-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50
Alog (IG5 / pM)
(©
MK562 WHL-60 wlurkat W Raji EMCF7 mEHela mEA549
I I I I
5&4
-0.80 -0.60 -0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00
Alog (IG5 / pM)
(d)

MK562 WHL-60 mlurkat WRaji @ MCF7 @Hela A549

8 &1

-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 150
Alog (IG5 / pM)

Fig. S-1. Influence of selected structural features on antitumour activities: (a) presence of
cinnamoyl ester group; (b) presence of lactone/isopropyledene ring; (c) influence of methoxy
group at C-1; (d) influence of thiazol vs. phenyl ring.
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TABLE OF SYNTHESIZED COMPOUNDS

Table S-II. Chemical structures, numbering schemes and names (labels) of synthesised

compounds
Entry Structure Name (label)
HON\
1 5 o Yo (E,2)-1,2-O-Isopropylidene-a-D-xylo-pentodialdo-
“\s 5 )( 1,4-furanose-5-oxime (10)
HO %O
NC— O ! . .
) 753_7 "0 3-0-Acetyl-1,2-O-isopropylidene-o-D-xylo-
Aol 2"’O)< furanoseurononitrile (11)
c
O
Et0—X ,.
3 ] ’:‘ o 3-0-Acetyl-4-C-(4'-(ethoxycarbonyl)thiazol-2'-yl)-
¥ N\g 73 o 1,2-O-isopropilidene-a-D-xylo-tetrofuranose (12)
AcO 21/0)<
0O
Et0—X ,.
4 ] ’:‘ o 4-C-(4'-(Carbamoyl)thiazol-2'-yl)-1,2-O-
¥ N\g 73 o isopropylidene-a-D-xylo-tetrofuranose (3)
HO 2l110)<
(6]
H N4,
5 /] ’:‘ 5 4-C-(4'-(Carbamoyl)thiazol-2'-yl)-D-xylo-
s SWOH tetrofuranose (4)
8 /2
HO  ©OH
O
HN-X
6 ) ’:‘2' o Methyl 4-C-(4'-(carbamoyl)thiazol-2'-yl)-D-xylo-
5 S)W«OMG tetrofuranoside (5)
3 /2
HO  ©H
o} 5
- HzN/‘%N\ » P 3-“‘>= 3,6-Anhydro-6-C-(4"-(carbamoyl)thiazol-2"-y1)-2-
5.' g Ny 0o deoxy-D-ido-hexono-1,4-lactone (6)
HO
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Entry Structure

Name (label)

0O
HoN 4.N3" .
5,/ \\2 1.|O
8 S MA\s / )<
277
d (6]
jo
3"
— o

4-C-(4'-(Carbamoyl)thiazol-2'-yl)-3-O-cinnamoyl-
1,2-O-isopropylidene-a-D-xylo-tetrofuranose (7)

PH
HO
9 N=(" \s |, ><o
4'&3 HO ©
c

3,6-Anhydro-2-deoxy-7-C-(thiazol-2'-yl)-D-glycero-
D-ido-heptono-1,4-lactone (8)

HO 0-1.0

SRS

10 N= 270
#& S HO
v

1,2-O-Isopropylidene-5-C-(thiazol-2'-yl)-a-D-gluco-
pentofuranose (14)

X-RAY ANALYSIS

TABLE S-1III. Crystallographic and refinement details of 6 and 14

6 14
Crystal data
Chemical formula C10H10N205S C11H15NO5S
M, 270.26 273.30
Crystal system Orthorhombic Monoclinic
Space group P2,2,24 P2,
Temperature, K 295 295
alA 5.24495 (15) 9.3233 (3)
b/A 9.6990 (3) 6.5430 (2)
c/A 22.4217 (6) 11.4925 (4)
J 90 91.526 (3)
VIiA 1140.61 (5) 700.81 (4)
Z 4 2
Radiation type Mo Ka Mo Ka
u/mm ' 0.30 0.24
Crystal size, mm 0.67x0.15x0.09 0.67x0.56x0.33
Data collection
Absorption correction type Analytical Analytical
Tnin 0.892 0.743
T nax 0.978 0.937
Measured reflections 18935 10936
Independent reflections 2810 3288
Observed reflections [/ > 20(1)] 2649 3030
Ry 0.024 0.018
(SN 0/ ) e / A" 0.682 0.681
Refinement
R [F*>20(F))] 0.034 0.037
wR [F”] 0.081 0.089
S 1.14 1.09
Reflections 2810 3288
Parameters 175 173
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6 14
Restraints 0 1
H-atom treatment Mixed Mixed
Appa /€A 0.27 0.15
Appin (€A™ —0.26 —0.23
No. of (' )/(I'+]) quotients’ 980 1212
Absolute structure parameter’ 0.04 (2) —0.05 (2)
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TABLE S-IV. Conformational analysis of tiazofurin derivatives and 6. Cremer-Pople
puckering parameters for furanose ring in tiazofurin derivatives and 6 are calculated for
furanose ring atoms enumerated O—C1'—C2'—>C3'—C4’, counting clockwise. Thiazole ring

is coupled to C1’ atom.

CSD refcode 0, /° g,/ A closest descriptor x|/ ° Reference
GAPCUV 53.5 0.401 C2'-exo — Cl'-endo 55.5 4
FAFMOP 58.1 0.345 C2'-exo — Cl'-endo 21.6 5
FAFMUV 59.7 0.307  major C2'-exo — minor Cl'-endo  23.0 5

BOBNEL10 67.0 0.423  major C2'-exo — minor Cl'-endo  30.7 6
VUNNUN 82.5 0.309  major C2'-exo — minor C3'-endo  34.5 7

BETKOA10 83.5 0.369  major C2'-exo — minor C3'-endo  40.8 6
FAFNAC 88.9 0.358 C2'-exo — C3'-endo 32.5 5

6 255.0 (4) 0353 (2) C2'-endo 24.3(2) This work

BOBNOVI10  269.2 0.443  major C3'-exo — minor C2'-endo  20.8 6
VUNPAV 310.2 0.374 C3'-exo — C4'-endo 27.2 7
YIHCAT 349.9 0.329 major O-exo — minor C4'-endo 16.2 8

TABLE S-V Parameters of hydrogen bonding in 6
D—H---4 dD—H)/A  dH--A/A  dD---A)/A Z(D—H-A)/°

N6’—H6'A~-‘Ol_." 0.86 (4) 2.08 (4) 2.935(3) 171 (3)

O5—H5---06"" 0.92 (4) 1.78 (4) 2.696 (3) 176 (3)

Symmetry codes: (1) —x+1/2, —y+1, z+1/2; (ii) —x+2, y—1/2, —z+3/2.

9

v

Fig. S-2. Molecular structure of compound 14 (CCDC 2218112)
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N
L

Frequency

[A/°
Fig. S-3. Distribution of torsion angle y (O—C1—C-S) for analyzed tiazofurin analogues
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Abstract: The influences of n—m interactions in phycocyanin proteins and their
environmental preferences were analyzed. The observations indicate that the
majority of the aromatic residues in phycocyanin proteins are involved in n—n
interactions. Phenylalanine (Phe) and tyrosine (Tyr) residues were found to be
involved in m—7 interactions much more frequently than tryptophan (Trp) or
histidine (His). Similarly, the Phe—Phe and Tyr-Tyr n—n interacting pair had
the highest frequency of occurrence. In addition to n-m interactions, the arom-
atic residues also form m-networks in phycocyanins. The n—m interactions are
most favourable at the pair distance range of 5.5-7 A, with a clear preference
for T-shaped ring arrangements. Using ab initio calculations, we observed that
most of the m—m interactions possess energy from 0 to —10 kJ mol-!. Stabiliz-
ation centres for these proteins showed that all residues found in m—=n inter-
actions are important in locating one or more such centres. T—n interacting resi-
dues are evolutionary conserved. The results obtained from this study will be
beneficial in further understanding the structural stability and eventual develop-
ment of protein engineering of phycocyanins.

Keywords: phycobiliproteins; aromatic interactions; stabilization centers; amino
acid conservation; ab initio study.

INTRODUCTION

Phycobiliproteins (PBPs) are a family of water-soluble, intensely fluorescent
holoproteins consisting of apoprotein and covalently bound linear tetrapyrrole
chromophores called phycobilins that function as components in the photosyn-
thetic apparatus of cyanobacteria and certain algae.! These organisms have been
major contributors to the evolution of oxygen and the absorption of carbon diox-
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# Serbian Chemical Society member.
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ide from the atmosphere.2 Most common PBPs, differing in their protein struc-
ture, phycobilin content attached to conserved cysteine residues, absorbance, and
fluorescent properties, are phycoerythrins, with phycoerythrobilin as red chromo-
phore and phycocyanins (C-phycocyanin and allophycocyanin) with blue-purple
phycocyanobilin chromophore. They are efficiently used in various sectors, e.g.,
as colourants in the food and cosmetics industries and pharmaceuticals.3 In gen-
eral, the stability of phycocyanin aggregates depends on their origin, amino acid
composition, light, pH, temperature and some exogenous substances.# Interest-
ingly, molecular forces (predominantly non-covalent interactions) responsible for
the observed differences in thermal and chemical stability of different phyco-
cyanin complexes are not entirely understood.> Understanding the nature of non-
covalent interactions is thus extremely important to see what causes these vari-
ations in the properties.

Interaction between the arene systems (n—m) has been recognized as a key
stabilizing force in supramolecular chemistry, drug design, biochemistry, crystal
engineering, and molecular science.%-10 The nature of n—m interaction was pri-
marily thought to be dispersive with notable electrostatic contribution depending
on the system in question.!l Although n—7 interactions are accepted as weak,
they still play an important role in the folding and the thermal stability of pro-
teins.!2:13 The calculated n—7 interaction energies of the parallel, edge—face (T-
-shaped) and offset stacked are —6.19, —10.29 and —10.38 kJ mol!, respect-
ively,14 and the major source of attraction are not short-range (such as charge-
-transfer), but long-range interactions (quadrupole—quadrupole electrostatic and dis-
persion).!5 Aromatic residues show a high tendency towards forming clusters bey-
ond the dimer, significantly influencing protein folding, structure and stability.”-16

The presented study expands on our previous work on the non-covalent
interactions and cation—r interactions of phycocyanin crystal structures by ana-
lyzing the same protein group with respect to m—m interactions to better under-
stand their stabilizing role.17-18 We have focused our study on the phycocyanin
interfaces and therefore the m—m interactions within a protein are not considered.
Obtained results might contribute to the understanding of the structural stability
of this class of evolutionary essential proteins with increased practical application
and future designs of novel protein—bioactive compound interactions.

EXPERIMENTAL

Dataset

For this study, we used the Protein Data Bank (PDB), accessed on June 14th, 2022, at
that moment, listing 191,308 resolved structures.!® The selection criteria for phycocyanins to
be included in the dataset were as follows: 1) structures of proteins containing phycocyanin
alpha or beta subunit domain (SCOP Classification, version 1.75)20 were accepted; 2) theor-
etical model structures and NMR structures were not included (these structures were not
accepted as it was difficult to define the accuracy of the ensemble of structures in terms of dis-
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-1 INTERACTIONS IN PHYCOCYANINS 483

placement that was directly comparable to the X-ray diffraction studies); 3) only crystal struc-
tures with the resolution of 2.0 A or better and a crystallographic R-factor of 25.0 % or lower
were accepted; 4) we included only representatives having at least 30 % sequence identity.
After assembling the dataset, several structures containing ligands and mutant amino acids
were rejected, leaving 20 proteins that were actually used as the dataset in our analysis. Hyd-
rogen atoms were added and optimized, where needed, using the program REDUCE,?! with
default settings. REDUCE software adds hydrogen atoms to protein and/or DNA structures in
standardized geometry, optimizing them to the orientations of OH, SH, NH;*, Met (methion-
ine) methyls, Asn (asparagine) and Gln (glutamine) sidechain amides and His rings. The soft-
ware determines the best hydrogen positions by selecting the best overall score from all of the
possible combinations, taking into account single scores assigned for each individual residue
and for groups containing movable protons partitioned in closed sets of local interacting
networks. The PDB IDs of selected protein chain structures were as follows: lall, 1b33, 1cpc,
1199, 1gh0, 1jbo, 1knl, 1phn, 2bv8, 2vjt, 2vml, 3dbj, 3018, 4{f0u, 41le, 4lm6, 4lms, 4po5,
4rmp and 4yjj.

n—7 Interaction analysis

A computer program Discovery Studio Visualizer 202022 was used for the calculation of
various types n—m interactions and their geometrical features with default settings (Fig. 1). n—n
interactions are determined following the methodology of McGaughey.??> This method finds
stacked and staggered m—m interactions by performing the following tests: 1) the distance
between the centroid of each pair of & rings is determined to find those which fall within the
n—n centroid (R,e,) cutoff distance (7 A by default). For these, an atom from each ring should
be within the closest atom distance (Ry,) cutoff distance (default 7 A). The angle 6 between
the normal of one or both rings and the centroid—centroid vector must fall between 0°, and +
the theta angle cutoff (default 90°), and the angle A between the normal to each ring must fall
between 0° and + the lambda angle cutoff (default 90°) or greater. The aromatic systems inc-
lude the aromatic side chains of the residues Trp, Tyr, Phe, and His. However, as His can act
either as a cation or as an aromatic moiety depending on its protonation state, in our study,
REDUCE software did not suggest protonated form presence in our set of proteins.

ring normal

Fig. 1. Parameters for m—m interactions: R ., the dis-
tance between the centroid of each pair of « rings; R,
clo the distance between the closest atom of each « ring; 6,
the angle between the normal of one or both rings and
the centroid—centroid vector; 4, the angle between the
normal to each ring.

ring centroid [T >

Computation of m—r interaction energy

To apply ab initio methods in determining the energies of n—x pairs on the desired level
of theory, with a sufficient level of accuracy and still in the satisfactory time frame, calcul-
ations were performed on the structurally reduced model systems: phenylalanine was simpli-
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fied to toluene (1), histidine to 5-methyl-1H-imidazole (2), tryptophan to 3-methyl-1H-indole
(3) and tyrosine was reduced to 4-methylphenol (4), Fig. 2.24

HNT ™
CHs \=n
1 2
OH
| N Fig. 2. Structurally reduced structures used for calcul-
NH CH, ations of m—m interaction energy. 1 instead of Phe; 2 ins-
3 4 tead of His; 3 instead of Trp; 4 instead of Tyr.

Using reduced model systems in calculations of a specific intramolecular interaction in
large systems is well known and already proven methodology,2> producing accurate enough
results and still significantly reducing computation times and strength needed. More extensive
models, like whole amino acids or parts of the protein chain, will unnecessarily complicate
calculations and probably even bring in errors. Numerous interaction mechanisms are possible
in a larger protein structure, and a single binding energy computation cannot always correctly
determine which of these interactions are present and to what amount they contribute to
overall stabilization. As a result, it is difficult to separate the involvement of the n—m interact-
ion and their energy contributions from the interacting pair residues involved in other non-
covalent interactions.

Ab initio calculations were performed using Jaguar from Schrddinger Suite 2018-1,26
using the LMP2 method with triple zeta Dunning’s correlation consistent basis set?’ and ++
diffuse functions.2® All calculations were performed in a vacuum. The LMP2 method applied
to the study of m—= interactions, showed to be considerably faster than the MP2 method. Con-
trary to that, the calculated interaction energies and equilibrium distances were almost ident-
ical for both methods.26 Several authors found that LMP2 represents an excellent method for
calculating interaction energies in proteins.2%30 Sometimes calculation results can be influ-
enced mainly by BSSE, and taking that into account is mandatory for correct results, making
the calculation times significantly longer. Local correlation methods (such as LMP2) not only
reduce the cost of the calculations but the local Meller—Plesset second-order method LMP2 is
well known for reducing intramolecular BSSE.3!-33

Geometries of interacting structures were optimized using the LMP2/cc-pVTZ(-f)++
level of theory, and their single point energies were calculated at LMP2/cc-pVTZ++ level. We
used a slightly smaller basis set for optimization than for SP calculations because the calcul-
ated geometries are almost identical as the ones produced with a larger basis set, and the cal-
culations are more suitable for our equipment and almost twofold faster. The optimized geo-
metries were placed in space to match corresponding complexes by superimposing heavy
atoms onto their respective coordinates from the crystal structures. Then the energies of dim-
eric structures produced that way were calculated. The n— interaction energies in dimers (1—
pairs) were calculated as the difference between the energy of the complex and the sum of the
energies of the monomers in their optimized geometries.

As mentioned earlier, the energies in this work were calculated in the gas phase. When
observing in vivo processes, we can expect that the water molecules and other atoms and
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groups from the protein structure could be present in the vicinity, influencing the binding pro-
cess. To correctly describe the binding, one must be well aware of the role of solvent in the
complete process of binding to the proteins. To accurately depict the enthalpy of binding and
calculate the interacting energy of bonded structures, high-level quantum mechanical calcul-
ations with extended basis sets, including a large number of atoms both in protein and ligand
as well, together with water molecules, would be needed. But for a complete understanding of
biological complexes and their behaviour, the free-energy changes (AG) have to be calculated
using some statistical mechanics method.343> However, this will exceed the main goal of this
article, which is to point out the possible contribution and significance of the energies of m—n
interactions to stability and orientation in protein complexes. Nevertheless, in the description
of the complete biomolecular process of binding, accompanying entropies and solvation—desol-
vation processes are important and can be a dominant factor in the formation of complexes.

At this moment, our main focus was on the possible influence of the energy profile of
n—7 interactions on protein complexes. Therefore, we selected already-known structures of
protein complexes and attempted to calculate energy contributions that originated just from
specific n—m interactions whenever it was possible. The results relate only to gas-phase com-
plexes, and the role of the solvent was disregarded. It should, however, be mentioned that the
interactions inside the biomacromolecules correspond merely to the gas-phase model, and the
gas-phase interactions thus play a vital role.3

Computation of stabilization centres

Stabilization centres (SC) are defined as the clusters of residues making cooperative,
noncovalent long-range interactions.’” Measured as individual interactions, stabilization
forces resulting from noncovalent long-range interactions are not very strong. Still, since they
are cooperative by their nature, in regions where they act in a group of SC, they could play an
important role in maintaining the overall stability of protein structures. To analyse the SC of
interaction-forming residues, we used the SCide program.3® The criteria SCide uses for deter-
mining SC are as follows: 1) two residues are in contact if there is at least one heavy atom—
—atom distance smaller than the sum of their van der Waals radii plus 1 A; 2) a contact is
recognized as a “long-range” interaction if the interacting residues are at least ten amino acids
apart; 3) two residues form stabilization centres if they are in long-range interaction and if it is
possible to select one—one residue from both flanking tetrapeptides of these two residues that
make at least seven contacts between these two triplets.8

Computation of conservation of amino acid residues

The conservation of amino acid residues in each protein was computed using the
ConSurf server.3? This server computes the conservation based on the comparison of the sequ-
ence of the given PDB chain with the proteins deposited in Swiss—Prot database.*? It identifies
ones that are homologous to the PDB sequence. The number of PSI-BLAST iterations and the
E-value cutoff used in all similarity searches were 1 and 0.001, respectively. All the evol-
utionary sequences related to each of the proteins in the dataset were used in the subsequent
multiple alignments. The residues were classified into nine categories based on these protein
sequence alignments. Residues with a score of 1 are considered highly variable, and residues
with a score of 9 are considered highly conserved.

RESULTS AND DISCUSSION

In this work, we studied the role of m—m interactions in the interfaces of phy-
cocyanin proteins and their environmental preferences. We performed computat-
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ional analysis of the 20 X-ray structures of phycocyanin-containing proteins and
summarized n—m interactions to better understand the high stability of phycocya-
nin oligomers. Also, the relative preference of m—r interacting amino acids in inter-
faces, interaction geometries, and energetic contribution of n—m interactions, stab-
ilization centres, and conservation score of amino acid residues were analysed.

Preference of aromatic residues for forming n—r interactions

We have analysed the frequency of occurrence of aromatic amino acid resi-
dues which are involved in m—m interactions. The results are given in Table 1.
There are 158 n—n interactions in phycocyanin proteins in the data set we used. It
is interesting to note that there is an average of 8 interactions per protein inter-
face. We observed that in these proteins, Phe and Tyr have a higher occurrence
than His and Trp. However, many amino acids are found in phycocyanin inter-
faces very rarely. Less than 1 % of the His and Trp residues in our database are in
phycocyanin interfaces.!7 Considering the benzene ring in Phe and Tyr residues,
the greater electro negativity of sp? C relative to H produces substantial C-——H*
dipole. The C—H dipole accounts well for n—x interaction in phenylalanine.4! In
tyrosine, the hydroxyl group in the ortho position on the benzene ring increases
the m-stacking by withdrawing the m-electron density from the substituted ben-
zene, reducing the electrostatic repulsion with other the benzene ring.4>2 We com-
pared the occurrence of interacting pairs to find the preference for phycocyanin
proteins (Table I). When homo-pairs of aromatic side chains are considered, the

TABLE I. Frequency of occurrence of m—m interaction-forming residues in active centers of
phycocyanin proteins

Residue Number? Occurrence, %
His 12 3.80
Phe 144 45.57
Trp 5 1.58
Tyr 155 49.05
Total 316 100
Interacting pair

His—His - -
His—Phe 6 3.80
His—Trp — -
His—Tyr 6 3.80
Phe—Phe 63 39.87
Phe-Trp - -
Phe-Tyr 12 7.59
Trp—Trp - -
Trp—Tyr 5 3.16
Tyr-Tyr 66 41.78
Total 158 100

- - - - - . b - -
*The number of times a particular amino acid occurs in an appropriate interaction; “percent of amino acid occurs
in an appropriate interaction
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highest percentage of interactions is observed between Phe—Phe and Tyr-Tyr
residues. Among the hetero-pairs, the occurrences of the Phe—Tyr pair are more
frequent than other interacting pairs. Hence, these interaction pairs may be quite
important in the structural stability of phycocyanin proteins.

We have also analysed the multiple 7—x interactions (w-networks) in phyco-
cyanin proteins. These n-networks might add more stability and play an import-
ant role in understanding the 3D structure of proteins.43 The analysis showed that
about 75 % of the total n—r interactions in the dataset are involved in the form-
ation of multiple © interactions. The connectivity of the n-ring is found to inc-
rease along the length of a network from 2m to 7m. A large m-network can
enhance the stability of a protein conformation and can have a considerable inf-
luence on protein—ligand interactions. It has also been shown that the addition of
an aromatic pair on the protein surface increases its stability.#* An illustrative
example of a typical 7n-network of allophycocyanin B from Synechocystis PCC
[PDB ID 4POS5] is shown in Fig. 3.

[ =%

Fig. 3. The view of Trp—Tyr interacting pair and 7= network in allophycocyanin B from
Synechocystis PCC [PDB ID 4PO5]. The interactions are marked with pink dashed lines.

Interaction geometries and energetic contribution of m—r interactions

The native structure is the compromise of many noncovalent interactions
existing in proteins, and the geometrical features relating to the two residue-types
are expected to be rather broad. However, based on the distribution of interplanar
angles, it was suggested that there is nonrandomness in the packing of side chains.*>
On the basis of the orientation of the aromatic rings, the n—r interactions between
two aromatic species have been broadly classified into three categories: edge to
face (T-shaped), parallel displaced, and parallel stacked.*¢6 For example,
McGaughey et al. analysed 505 proteins and determined that an offset parallel-
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-stacked conformation was, on average, 4.18 kJ mol~! more stabilizing than a T-
-shaped geometry.23:47 The frequency distribution of the distance and angle para-
meters of m—m interacting pairs are analysed. These results are shown in Fig. 4.
The n—m interacting pairs are most favourable in the distance range (Repn) of 5.5—
—7 A (Fig. 4a). At separation distances below 5 A, aromatic pairs are rarely obs-
erved, a result of obvious physical constraints. The distribution of R|, for m—mn
interactions was found to be a narrow peak at 4 A (Fig. 4b), which is the optimal
average distance between two aromatic rings in a T-shaped orientation. This is
because T-shaped orientations have a shorter R, than parallel orientations. Reg-
ardless of the angle, the aromatic side chains orient in a fashion to minimize R,
between the two rings and thus maximize the van der Waals attraction. The nor-
mal of one or both rings and the centroid—centroid vector (6) was found to be
bimodal with a prominent minimum between 40 and 60° (Fig. 4c) and it nearly
equally prefers apical and equatorial ring orientations. Considering the plane—
—plane angle (1), the angles were distributed between all angles (0—90° range)
(Fig. 4d). While axial aromatic pairs (4 > 50°) are more frequent, there were a
few interactions with angles below 40° (shows coplanarity), possibly to maxi-
mize 7 stacking and packing.23 Overall, the preferred orientations are quite sim-
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ilar to those found with aromatic—aromatic interactions,*® and the T-shaped ori-
entation is observed. The geometries observed in abundance are not necessarily
the ones that have the highest interaction energy between the two moieties in a
pair, but the ones that can provide the maximum overall stability to the protein
structure by the optimum use of all 7 interactions.

The quantification of non-covalent interactions is of great importance for a
rational approach to biological systems, including protein structure and function,
antibody binding, or drug design, as well as for the further development of supra-
molecular chemistry.#? Therefore, the energetic contributions of residues involved
in m—7 interactions were computed using ab initio calculations at the LMP2 level.
Within a large protein structure, numerous interactions are possible, and some-
times it is not easy to parse out the role of the m—m interaction in their energetics
by a simple calculation. Therefore, the interacting pair residues participating in
other non-covalent interactions were not analysed. The results for m—m interacting
pairs are presented in Fig. 5. The energies calculated for many of the n—n inter-
actions are substantially stabilizing, with 10 % of the total showing positive (rep-
ulsive) interaction energies. The repulsive nature of those interactions emerges
from the unfavourable geometries of m—m interactions in the crystal structures and
is usually counterbalanced by other stronger interactions (salt bridge, H-bonding,
or similar).24 Namely, we mentioned earlier that, when examined under isolated
conditions, this type of interaction is considered unfavourable, but similar to
other potentially unfavourable interactions, their influence can be compensated
by other interactions from the rest of the polypeptide chain. In our database, it
was found that n—m interactions showed energy less than —20 kJ mol™!, and most
of them have energy in the range 0 to —10 kJ mol~!. The energies associated with
7—7 interactions may be important contributors to the overall protein stability. It
should also be taken into account in supramolecular chemistry and protein eng-
ineering fields.*3
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The results of our ab initio calculations of optimized structures showed that
the strongest attractive m—m interaction (—18.58 kJ mol™!) exists between
A:Tyr65-1:Tyr65 pair in the monoclinic structure of phycocyanin from Gloeo-
bacter violaceus (PDB ID 2vml; Fig. 6).

Fig. 6. Details of the strongest attractive
n—7 interaction of phycocyanin from Glo-
eobacter violaceus (PDB ID 2vml). The
interaction is marked with a pink dashed
line: A:Tyr65 — LTyr65; R, = 4.00 A,
Ry, =3.55 A, =24.85° 1=553° E =
=-18.58 kJ mol!.

Stabilization centers and conservation of amino acid residues

The unit of stabilization centre is one pair of interacting residues that are far
enough in the primary structure and the interactions of which are also supported
by other interactions formed by residues located in their vicinity in the primary
structure.37 We have computed the stabilization centre for all m—m interaction
forming residues in phycocyanins. Considering the whole data set, 41.4 % of all
stabilizing residues are involved in building 7—= interactions. It was interesting to
note that all residues involved in n—x interactions were included in at least one
stabilization centre. These observations strongly reveal that these residues may
contribute significantly to the structural stability of these proteins in addition to
participating in m—x interactions.

The level of evolutionary conservation was often used as an indicator of the
importance of certain positions in maintaining the protein’s structure and/or func-
tion.50 Conservation score is a useful parameter for the identification of con-
served residues in a protein sequence based on the phylogenetic relations between
homologous sequences. Considering the conservation score of n-interacting resi-
dues, we found several residues with a conservation score of 9, and there are 57.8
% of residues with a conservation score higher or equal to 6. Our results assumed
that most of the residues involved in n—m interactions are evolutionarily con-
served. Therefore, we believe that n—r interacting residues have an additional
role in maintaining the structure and function of phycocyanin proteins.

CONCLUSION

Even though many studies are done on the molecular aspects, there are no
reports on the systematic analysis of n—m interactions in phycocyanin proteins. In
the present study, the analysis of the role of m—r interactions in phycocyanin
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proteins indicate that most of the aromatic residues are involved in n—m inter-
actions and contribute significantly to the structural stability of these proteins.
Considering the individual contribution of the aromatic residues towards m—m
interactions, Phe and Tyr residues are found to have exceeded the other two aro-
matic amino acids. We compared the occurrence of interacting pairs to find the
preference for phycocyanin proteins. The Phe—Phe and Tyr—Tyr pairs have a
higher frequency of occurrence than other pairs. Furthermore, the multiple inter-
action patterns found in the present study indicate that around 75 % of the total
interacting residues participate in multiple n—mr interactions. We also find that all
these interacting pairs are favourable in the distance range of 5.5-7 A. Con-
sidering the angle distribution, effective n—m interactions can be realized above a
wider area above the 7 ring, indicating a clear overall preference for T-shaped
rings arrangements. The ab initio calculations of the optimized structures of int-
eracting n—x pairs showed that favourable energy interactions were less than —20
kJ mol~!, while most of them have energy from 0 to —10 kJ mol~!. A significant
percentage of the m—n interacting residues also are located as stabilization centres
and thus might provide additional stability to these proteins. The conservation
patterns in the present study indicate that more than half of the residues involved
in these interactions are evolutionarily conserved. These results were comparable
with our earlier observations in protein—porphyrin complexes and superoxide
dismutases and show that the fundamental property of m—= interactions, namely
non-randomness in the packing of side chains, holds by and large for all categ-
ories in macromolecular structures.

In conclusion, the observations obtained in this study identify n—r inter-
actions and structural motifs that contribute to stabilizing the increasingly used
phycocyanin proteins, are relevant to the understanding of structure-function rel-
ationships, and are helpful to the efforts made to design and engineer pro-
tein—protein complexes.
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U3BOJ
O 3HAYAJY n—r MHTEPAKLIIMJA Y CTPYKTYPHOJ CTABMJIHOCTH ®UKOLIUJAHUHA

JIYKA M. BPEBEPUHA', MWJIAH P. HUKOJIUR', CPBAH B. CTOJAHOBUR” u MAPUO B. 3/IATOBUE'
’Yuueepwmew y Beoipagy — Xemujcku paxyniueii, beoipag u ZYHueepsumew y Beotpagy — Huciuiyi 3a
xemujy, wexHooIujy u meitianypiujy, beoipag

AHaNmU3UpaHU Cy YTHIAjU T—7 UHTEpPaKLHja y MPOoTeHHUMa DUKOLHjaHHHUMA U BUX0Be
npedepeHLyje Ka OKpYXemy. 3anaxamwa Mokasyjy fa je BehrHa apoMaTMYHMX OcCTaTaka y
npoTerHUMa (GUKOLHMjaHUHHMA YK/BYYEHa Y T—T UHTepakuuje. YTBpheHo je ma cy ocrauu de-
HunanaHrHa (Phe) u TuposuHa (Tyr) MHoro ueurhe yk/by4eHH y n—t UHTepaKLUje Hero TpHUIl-
todana (Trp) wiu xuctuguna (His). Cniuyno Tome, unTeparyjyhu n—n nmaposu Phe—Phe u
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Tyr-Tyr umanu cy HajBehy ydecTanocT nojas/prBama. JJooaTHO, apOMAaTUYHK OCTalld Takohe
CTBapajy m-Mpexe y PUKOLHjaHUHUMA. T—7 UHTEpaKIUje Cy HajIl0BObHUjE Y PacloHy AUC-
TaHIM Taposa of 5,5-7 A, ¢ jacHom cxmonomhy 3a pacnoper IpcTeHoBa y ofmuky cnosa T.
Kopucrehu ab initio npopauyHe, IpUMETUIH CMO Aa BehuHa n—71 UHTepaKlKja UMa eHEPIUjy y
pacnony oz 0 mo —10 kJ mol”. Crabunuzaumonu LEHTPH OBHX ITPOTEHHA MOKa3alu Cy Jia cy
CBU OCTalld NpoHaheHH y m—m MHTepaKkuHjaMa BaKHHU y JIOLUPAaky jeHOT WIM BHUILIE TaKBUX
[leHTapa. m—m HHTePaKIMOHH OCTalld Cy EBOJTYTHBHO KOH3epBUpaHH. Pe3synratu moduseHH
0BOM CTyZ#HjoM Ouhe oI KOPHUCTH Y TajkeM pa3yMeBamwy CTPYKTypHe CTaOMIHOCTH U eBeHTyasl-
HOM Pa3BOjy MPOTEMHCKOT MHXXemhepHUHTa (DUKOLHjaHHHA.

(TIpumisero 16. nenembpa 2022, pesunupano 7. dhedpyapa, mpuxsaheno 20. pebpyapa 2023)
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Abstract: The immobilization of cross-linked tannase onto carboxyl-function-
alized multi-walled carbon nanotubes (MWCNT-COOH) was achieved via
physical adsorption. Glutaraldehyde was used to cross-link the enzyme mole-
cules. Spectroscopic and morphological characterizations of the enzyme-nano-
tubes composite were carried out, which authenticated the successful adsorpt-
ion event. Enzyme composite is proven equal to, or even superior than free
tannase, in terms of catalytic activities and stabilities, when measured under
different thermal, pH and recycling conditions. Whilst both free and immo-
bilized tannase preparations exhibited optimum catalysis at pH 5.0 and 35 °C,
tannase-nanotubes composite possesses better thermal stability. The immobil-
ized preparation retained 75 % of its initial catalytic activity following ten con-
secutive uses. The study demonstrated a facile method to produce catalytically
efficient nanobiocatalyst composite for biotechnological applications.

Keywords: MWCNT; MWCNT—-COOH; nanobiocatalyst; enzyme immobiliz-
ation; enzymes stability and reusability.

INTRODUCTION

The initial hydrolysis of tannin is mediated by tannase (tannin acyl hydro-
lases, EC 3.1.1.20), which catalyzes the hydrolysis of ester and depside bonds
found in tannins to release, e.g., gallic acid, catechin and glucose.! The enzyme
also fulfills a number of applications for different industrial sectors, such as food
and beverages, cosmetics, as well as biological remediation. However, the role of
tannase in the production of gallic acid is the most often highlighted. The com-
pound is a feedstock in the production of antibacterial drugs, and in the synthesis
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of esters such as propyl gallate, an important additive and antioxidant in the food
industry.2

Recently, developments in nanomaterials and their applications have opened
up numerous opportunities in the area of nanobiocatalysis.3 Carbon nanomat-
erials have been promoted as versatile supports for enzyme immobilization due
to their small size, large surface area, mechanical and thermal stabilities.# Enz-
yme attachment to a nanoscale support material allows for a much higher enzyme
loading, and catalytic stability was exceedingly better than those of free enzyme.5
Among the various nanostructured materials, such as nanoparticles, nanofibers or
carbon nanotubes (CNT), the latter is considered markedly promising for enzyme
immobilization.®

Two main types of CNT namely, single-walled carbon nanotubes (SWCNT),
and multi-walled carbon nanotubes (MWCNT) have been utilized as a support in
enzyme immobilization.3:7 Whilst SWCNT are attractive because of their higher
surface area/high enzyme loading capacity, MWCNT are preferred alternative
due to their better dispersibility, environmental and health safety. MWCNT have
been frequently reported as a popular choice of starting nanomaterial for poten-
tial developments in recent years owing to their unique properties such as bio-
compatibility, high mechanical stability, good dispersibility, and high surface-to-
volume ratio, ordered, nonporous structure, and large surface area.8 Recently, a
wide variety of enzymes such as ferredoxin-NAD(P)" reductase (NAhAa),? lip-
ase, !V L-ribose isomerase,!! L-asparaginase,8 peroxidase!? and cellulase!3 have
been successfully immobilized on carboxyl-functionalized MWCNT (MWCNT-
—COOH) for various applications. The nanobiocatalyst composites obtained are
stable and active at a relatively high temperature, providing a unique combination
of useful attributes such as low mass transfer resistance, as well as recycling of
the catalyst.13

In this study we have investigated the attachment of tannase from Aspergil-
lus ficuum to carboxyl-functionalized multi-walled carbon nanotubes (MWCNT-
—COOH) via facile adsorption, hence its immobilization. The efficiency of
immobilized enzyme preparation, along with its stability and reusability were
compared to its free counterpart.

EXPERIMENTAL
Materials

Carboxyl-functionalized multi-walled carbon nanotubes (MWCNT—COOH, length of 1.5
pmxouter diameter of 9.5 nm, Cat. #755125), tannic acid, gallic acid, rhodanine, potassium
hydroxide and tannase from Aspergillus ficuum (EC 3. 1. 1.20; > 150 U g'!) were purchased
from Sigma—Aldrich. Citric acid and trisodium citrate dehydrate were procured from Merck.
Ultrapure water (18.2 MQ-cm resistivity at 25 °C) was used to prepare buffer and reagent sol-
utions. All chemicals used are ACS reagent grade, and were used as received from the sup-
pliers.
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Immobilization of tannase onto MWCNT-COOH

The MWCNT-COOH (3 mg) was dispersed in 3.0 ml of 50 mM citrate buffer (pH 4.7)
via sonication at 37 kHz frequency, and 0.8 W sonification power (Elmasonic P30H, Elma,
Singen, Germany) for 30 min. To the suspension, 0.3 mg of tannase was added, followed by
incubation at 25 °C for 60 min under constant shaking at 200 rpm. Subsequently, 0.18 ml
glutaraldehyde (3 vol. %) was added to the mixture, followed by shaking at 200 rpm, 25 °C
for 60 min. Afterwards, the suspension was centrifuged for 30 min (6153g), and the super-
natant was decanted. The unbound proteins were removed by washing with citrate buffer (pH
4.7) for at least five times. Then, the recovered enzyme-nanotubes composite was lyophilized
overnight, and stored at 4 °C prior to use.

The enzyme loading efficiency was estimated as reported by Ulu et al.:3

. . CV; —CyV;

Enzyme loading efficiency (%) =100—-_——% (1)
i’

where C; is the initial enzyme protein concentration (mg ml"), V; is the initial volume of

enzyme solution (ml), Cy is the residual enzyme protein concentration in the total supernatant

(mg ml), and V¢ is the total volume of total supernatant (ml). The enzyme protein concen-

trations in solutions were measured by the Bradford assay with Bovine Serum Albumin (BSA)

as a standard protein.
Characterization of tannase—nanotubes composite

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer, model: Spectrum™ 400)
in the frequency range (450—4000 cm!) was employed to analyze the signature functional
group signals of MWCNT—COOH and tannase-immobilized MWCNT—COOH composite
from He—Ne laser that emits red light with a wavelength of 633 nm. Field emission scanning
electron microscopy (FESEM, FEI, model: FEL Quanta™ 450 FEG, operating voltage 10 kV)
and transmission electron microscope (TEM, Carl Zeiss, model: Libra® 120 FEG) operated at
accelerating voltage of 120 kV were used to observe the fine morphologies of pristine
MWCNT-COOH and tannase-nanotubes composite.

Tannase assay

Tannin hydrolysis was determined based on the formation of chromogen between gallic
acid and rhodanine (2-thioxo-4-thiazolidinone), resulting in a colored product with strong
absorption at A,,,, 520 nm according to Sharma et al.!* Tannic acid at a final concentration of
0.075 mM was used as the substrate, and different concentrations of gallic acid were applied
in standard calibration. One unit (U) of tannase activity is defined as 1 pumol of gallic acid
released per min at pH 4.7 and 30 °C.

Effects of pH and temperature on tannase activities

The optimum temperature for free- and immobilized tannase catalysis were determined
by performing enzyme assay at different temperatures from 20 °C to 45 °C at pH 4.7. Another
set of experiments was also carried out to examine the effects of pH on free and immobilized
enzyme activities (at 30 °C) in 50 mM citrate buffer at different pH, i.e., 3.5 to 5.5, and in 50
mM phosphate buffer at different pH, i.e., 6.0 to 7.0. The ratio of enzyme activity-to-enzyme
activity at optimal pH or temperature yields residual enzyme activity (%).

Thermal stability of free and immobilized tannase

Thermal stability of the free- and immobilized tannase was investigated by incubating
the preparations at different temperatures (30, 40, 50, 60 and 70 °C) and pH 4.7 (50 mM cit-
rate buffer) for 60 min in the absence of enzyme substrate. After 60 min, the residual tannase
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activities were determined. The relative activities of the free and immobilized tannase without
incubation were considered to be 100 %.
Reusability of immobilized tannase

The reusability of the immobilized preparation was evaluated according to the standard
assay conditions. After each cycle, the immobilized tannase was recovered by centrifugation
(6153¢g, 30 min). The pellet was washed thrice with assay buffer before the subsequent cycle.
For the consecutive successive cycles, the immobilized preparation was resuspended in a fresh
substrate solution, and the reaction was carried out as described earlier. The activity of the
immobilized preparation in the first cycle was considered to be 100 %.
Statistical analysis

All experiments were performed in triplicates. The data obtained were expressed as mean
+ standard deviation. Microsoft Office Excel (Microsoft Corporation, USA) was used to
calculate the means and standard deviations, and graph plotting.

RESULTS AND DISCUSSION
The enzyme loading efficiency

In this study, 0.1 mg of MWCNT-COOH was found efficient for the immo-
bilization of 0.1 mg tannase via adsorption mechanism with the protein loading
efficiency of 81 % under the experimental conditions used.

Fourier transform infrared spectroscopy (FTIR)

From Table I, for MWCNT—COOH, the signal peaks at 1740 and 2922 cm~!
are due to C=0 and O-H stretching of carboxylic groups (O=C-OH) from the
side wall of the graphite structure.!5> For MWCNT—COOH-tannase composite,
signal peaks at and 1543 cm! are attributed to the amine C—N stretching and
amine N—H bending lend support that tannase enzyme was successfully attached
to the MWCNT—COOH carrier, !0 presumably via non-specific interactions inv-
olving hydrogen bonding and van der Waals forces between the amino acids of
the enzyme and MWCNT—-COOH carrier. Stable non-specific, multipoint inter-
actions between tannase molecules and MWCNT-COOH are hypothesized to
minimize enzyme conformational changes hence preventing the distortion of its
active site.

TABLE 1. Signal assignments for: a) pristine MWCNT-COOH and b) MWCNT-COO-tan-
nase composite

Sample Frequency, cm-1 Functional group
MWCNT-COOH 1740 C=0 stretching
2922 O—H stretching
MWCNT-COOH-tannase 1168 Amine C—N stretching
composite 1543 Amine N-H bending
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Morphologies of MWCNT—COOH and tannase-immobilized MWCNT—-COOH

Figs. 1 and 2 show the FESEM and TEM micrographs of the MWCNT-
—COOH and tannase-immobilized MWCNT—-COOH, respectively. As shown in
Fig. 1a, the MWCNT—COOH sample exhibits a distinct, smoother strands of
tubes. On the other hand, for tannase-immobilized MWCNT—-COOH sample
(Fig. 1b), the morphology is in contrast to pristine MWCNT—-COOH, which indi-
cates successful deposition of the enzyme molecules onto the carbon nanotubes.
The observed increase in thickness dimension of the strands of the enzyme—nano-
tubes composite sample (Fig. 2b) compared to MWCNT-COOH sample (Fig.
2a) is ascribed to the adsorption of tannase onto the outermost wall of MWCNT—
—COOH. These morphological characteristics bear strong resemblance to the

images reported in the previous study of lipase enzyme immobilization on
MWCNT-COOH. 15

(b)
Fig. 1. FESEM micrographs of the MWCNT—COOH: a) before and b) after tannase
immobilization.

@ S (b)
Fig. 2. TEM micrographs of the MWCNT—COOH: a) before and b) after tannase
immobilization. The increased thickness of the carbon nanotubes is due to deposition
of enzyme molecules onto outermost wall via physical adsorption.
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Optimum pH and temperature for free and immobilized tannase

Fig. 3 shows the effect of pH on the relative activities of free and immobil-
ized tannase. The enzyme activities were highest at pH 5.0 for both free and
immobilized preparation, hence, 5.0 is the optimum pH value. Immobilized tan-
nase showed no observable alteration in its optimum pH and shared a similar
pH-activity profile with its free counterpart. The finding is in general agreement
to the previous study, i.e., identical optimum pH at 5.0 for both free and immo-
bilized tannase obtained from Aspergillus ficuum.16-17 In contrast, Li et al.13 rep-
orted that the optimal pH value for immobilized tannase (pH 4.5) was lower than
that of the free tannase (pH 5.5) when sourced from 4. niger.

The effects of temperature (20—-45 °C) on the free and immobilized enzyme
activities were studied in 50 mM citrate buffer (pH 4.7, Fig. 4). Both free and
immobilized preparations showed identical optimum temperature at 35 °C. Although
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Fig. 3. Effects of pH on the enzyme activities. Square marker refers to the immobilized
enzyme preparation while circle marker to free tannase.
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Temperature, °C
Fig. 4. Effects of temperature on the enzyme activities. Square marker refers to
immobilized enzyme preparation while circle marker to free tannase.
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temperature profiles of immobilized enzyme exhibited similar trend to those of
free enzyme, significantly higher relative activities were observed for immobil-
ized preparation over the temperature range studied. Similar observation was rep-
orted where free and immobilized A. ficuum tannase exhibited the same optimal
temperature after immobilization onto pristine MWCNT.16 It has been reported
that immobilization may not necessarily alter the optimum temperature of tan-
nase catalysis.!8:19

Thermal stability of free and immobilized tannase

Fig. 5 shows the effect of temperature on the stability of the free and immo-
bilized tannase preparations. The immobilized tannase preserved over 60 % of its
initial activity while its free counterpart lost half its initial activity after incub-
ation for one hour at 60 °C. It is clear that immobilization provides a more ther-
mally-stable enzyme preparation compared to free tannase. Similar results were
observed for tannase from A. fubingensis when immobilized onto carboxyl-func-
tionalized super-paramagnetic ferroferric oxide particles,!® and also tannase from
A. ficuum immobilized onto pristine MWCNT nanocomposites.!® The immobil-
ization had put a restriction on the enzyme molecule conformational mobility,
thus reducing the likelihoods of thermal-mediated deactivation of the enzyme.20
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(=]

30 40 50 60 70
Temperature, °C

Fig. 5. Thermal stabilities of the free- and immobilized tannase preparations. Square marker
refers to immobilized enzyme preparation while circle marker to free tannase.

Reusability of the immobilized tannase

The tannase-immobilized MWCNT-COOH composites retained residual
activity above 75 % following ten batches of consecutive reactions (Fig. 6),
whereas tannase immobilized onto pristine MWCNT recorded significantly lower
residual activity at 34 % after ten cycles.!® In other study, L-asparaginase-immo-
bilized MWCNT—-COOH doped calcium-alginate beads retained only 37 % of its
initial activity after ten successive catalytic cycles.8 From the results, it can be
concluded that tannase is far more stable when immobilized onto the MWCNT-
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—COOH surface compared to the single use, free enzyme, which opens up a wide
possibilities for practical applications of tannase in the future.

Since tannase adsorption onto the MWCNT—COOH is exclusively due to
non-specific interactions such as hydrogen bonding and van der Waals, it is
highly likely that enzyme leakage, over the combined course of applications and
washing steps, is responsible for the observed minor losses of activities during
consecutive uses of the immobilized enzyme preparation (Fig. 6). Such occur-
rence is not uncommon, and almost certain to ensue in the case of physical ads-
orption of an enzyme to a solid support compared to when an enzyme is cov-
alently coupled to the support. Nonetheless, the observed loss is rather negligible
for each cycle relative to its precursor.

100 { —F—g_

0
1=
1

I

(=2}
&
L

20 4

Residual Tannase Activity (%)

1 2 3 4 5 6 7 8 9 10
Reuse number

Fig. 6. Reusability of tannase-immobilized MWCNT—COOH preparation.

CONCLUSIONS

This study shows that tannase from Aspergillus ficuum was successfully
immobilized onto carboxyl-functionalized MWCNT via the physical absorption
method. The immobilized preparation exhibits identical optimum pH and tem-
perature with its free counterpart with the exception of better thermostability. The
facile immobilization also allows for catalytic reusability up to ten consecutive
cycles with minor reduction in activity. Potentially wide applications for nano-
biocatalyst, with such attributes, are envisaged.
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U3BOA

AJZICOPITIIMJA TAHAS3E U3 Aspergillus ficuum HA BUIIECJIOJHE YIJBEHUYHE
HAHOULEBH CA KAPBOKCHJIHUM I'PYITAMA

MATTHEW RAJ ALIAS', CHONG-BOON ONG' 1 MOHAMAD SUFFIAN MOHAMAD ANNUAR?

'School of Science and Psychology, Faculty of Arts and Sciences, International University of Malaya-Wales,
50480 Kuala Lumpur, Malaysia u “Institute of Biological Sciences, Faculty of Science, Universiti Malaya,

50603 Kuala Lumpur, Malaysia

Hmodunusanuja yMmpekeHe TaHa3e Ha MyJTHNheIHjCKe yI/beHHUHE HaHOLIEBH Ca KapOoK-

cunHuM rpynama (MWCNT-COOH) je nmocturayta GpuU3HuKoM afcopnuujoM. Tiytapaniexus
je xopuimrheH 3a ympe)xaBame Mosexysna eHsuma. CrekTpockorncka 1 Mopdosionika Kapakre-
pHY3anyja KOMIO3UTHOT MaTepHjajia eH3UMa U HaHOLIeBH je TMOTBPAWIA YCIEUIHy afCoOPILHjy.
EH3MMCKH KOMIIO3UT Ce 110Ka3ao jefIHaKUM WU D0/bUM 0f CJI000[HE TaHase y CMHUCIY KaTa-
JIMTHYKE aKTUBHOCTH U CTADMJIHOCTH, O] Pa3IMuYUTHM TemnepaTypHuMm, pH u yciosuma pe-
uuKInpama. Maxko cnodogHa 1 MMOOWIM30BaHA TaHA3a MCIIO/bABajy ONTHMalIHE KaTaIUTHUYKe
ocodure Ha pH 5,0 u 35 °C, KOMIO3UT TaHa3e U HAHOLIeBH UMa Behy TepmanHy cTadunHOCTH.
Hmobunu3oBaHy mpenapart 3ampkaBa 75 % IOYeTHe KaTaluTHYKe aKTHBHOCTH HAKOH JieceT
y3aCTONHUX NMpUMeHa. Y pafly je IpHuKkasaH jefHOCTaBaH METOJ, 3a NPOU3BOAKY KaTaTUTUYKU
edHrKacHOT HaHODHOKaTaIU3aTopa 3a OUOTEXHOMOWKY yroTpedy.

10.

11.

(TTpumisero 21. HoBemBpa 2022, peBuaupaHo 3. jaHyapa, npuxsaheno 1. maprta 2023)
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Abstract: The absence of designated remedies for coronavirus disease 19
(Covid-19) and the lack of treatment protocols drove scientists to propose new
small molecules and to attempt to repurpose existing drugs against various
targets of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
order to bring forward efficient solutions. The main protease (MP™) is one of
the most promising drug targets due to its crucial role in fighting viral replic-
ation. Several antiviral drugs have been used in an attempt to overcome the
pandemic, such as hydroxychloroquine (HCQ). Despite its perceived positive
outcomes in the beginning of the disease, HCQ was associated with several
drawbacks, such as insolubility, toxicity, and cardiac adverse effects. There-
fore, in the present study, a structure-based virtual screening approach was
performed to identify structurally modified ligands of the chloroquinoline (CQ)
scaffold with good solubility, absorption, and permeation aimed at eventually
suggesting a more dependable alternative. PDB ID:7BRP MP™ was chosen as
the most reliable receptor after cross-docking calculation using 30 crystal struc-
tures. Then, a SiteMap analysis was performed and a total of 231,456 structur-
ally modified compounds of the CQ scaffold were suggested. After Lipinski
criteria filtration, 64,312 molecules were docked and their MM-GBSA free
binding energy were calculated. Next, ADME descriptors were calculated, and
12 molecules with ADME properties better than that of HCQ were identified.
The resulting molecules were subjected to molecular dynamics (MD) simul-
ation for 100 ns. The results of the study indicate that 3 molecules (CQ_22;
CQ_2 and CQ_5) show better interactions and stability with the MP™ receptor.

* Corresponding author. E-mail: mohamed.aissaoui@univ-annaba.dz
https://doi.org/10.2298/JSC221017003 A
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Binding interaction analysis indicates that GLU143, THR26, and HIS41 amino
acids are potential binding hot-spot residues for the remaining 3 ligands.

Keywords: COVID19; MP® receptor; structure-based approach; ADME;
MM-GBSA.

INTRODUCTION

Since the outbreak of the Covid-19 disease starting from Wuhan city in
China, in December 2019, it has been rapidly spreading worldwide and was
declared a global health emergency pandemic by the World Health Organization
(WHO).! Consequently, there was an urgent need for therapeutic strategies to
develop antiviral drugs and vaccines that can eradicate this highly contagious
virus. This pandemic represents a real threat to global public health and has
already infected millions of people leading to a great number of deaths world-
wide. The number of casualties is continually increasing at the time of writing
this manuscript.2-3

Coronaviruses (CoVs) are large-sized enveloped viruses with a spherical
shape, holding single-stranded RNA of positive-sense.* SARS-CoV2 is a novel
strain of coronavirus that shares 79.5 % of genomic sequence similarity to
SARS-CoV.5 The coronavirus has a crown shape that contains four structural
proteins.® These proteins are the spike (S) surface glycoprotein, the non-glyco-
sylated envelope (E) protein, the membrane (3CLpro, or MP™) protein, and the
nucleoprotein (N) protein. The infection triggers when the Spike protein of the
SARS-CoV-2 (COVID-19) interacts with the ACE2 (angiotensin-converting enz-
yme 2) by TMPRSS?2 protease.”~?

The MP™ is considered one of the most interesting therapeutic targets in
CoVs, as a result of its crucial function in processing the polyproteins that are
translated from the viral RNA.10 These viral polyproteins are cleaved by a pro-
teolysis process to numerous useful proteins.!! Since the MPI cleaves at 11 sites
to produce smaller proteins for viral replication, and because of its non-similarity
to human proteins, makes the MP™ a potential target in anti-Covid-19 drug
design.12-14

Since the Covid-19 outbreak, several antiviral drugs have been considered
for the treatment of the disease, but their clinical uses were limited due to qual-
ity-related safety issues!S such as Remdesivir!® and the antimalarial drug hydro-
xychloroquine (HCQ)/Chloroquine(CQ), Fig. 1.17-19

These drugs were massively used across different countries and were author-
ised as part of national emergency use programmes and clinical trials by the US
Food and Drug Administration (FDA) along with the European Medicines
Agency (EMA) for patients affected by SARS-CoV-2 pneumonia.20

Despite being less toxic than CQ, HCQ was found to be a potent inhibitor
against SARS-CoV-2 in vitro.> However, this drug was associated with several

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

(CC) 2023 SCS.



DIVERSIFYING THE CHLOROQUINOLINE SCAFFOLD AGAINST MP® 507

downsides such as insolubility, toxicity and instability. Moreover, increasing
concerns arose when these drugs were used on patients with Covid-19, whether
by administering them alone or in combination with other drugs, as a result of
cardiac and neuropsychiatric adverse effects.21:22 Substantial randomised trials
have overpowered features of CQ along with HCQ for Covid-19 effects and there
is continued worry about the effects that these treatments may have on patients,
whether they have Covid-19 or not.23-25
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Chloroquine Hydroxychloroquine

Fig. 1. Chemical structures of chloroquine and hydroxychloroquine.

Aiming towards bringing forth a more reliable and safer substitute for HCQ,
in the present study a virtual screening (VS) based drug repurposing method was
performed to identify structurally modified compounds of the CQ scaffold with
good solubility, absorption, permeation, non-toxic and non-carcinogenic charac-
teristics compared to the parent molecule (HCQ). Drug repurposing is a process
of exploring new uses for already existing drugs. It can be a cost-saving and
quick strategy as new drug discovery can take numerous years.26-27

Considering computational studies, molecular docking play a major role in
the identification and screening of hit molecules and the pathway involved in
their mechanism of action. Several in silico-based virtual screening studies were
conducted for the identification of potential hit molecules.28-30

Accordingly, in this study, Covid-19 MP'© crystal complexes available in the
PDB were thoroughly explored by cross-docking in order to identify the most
reliable PDB structure among them that resulted in PDB ID: 7BRP (Fig. S-1 of
the Supplementary material to this paper) as the most appropriate one.3! There-
after, SiteMap analysis was undertaken to better explore the active site of MPr©
followed by VS and then the molecular docking phase. The absorption, distri-
bution, metabolism and excretion (ADME) properties were calculated and the
top-scoring compounds were identified as potential MP'© inhibitors. Finally,
filtered hits with drug-like properties were used for running molecular dynamics
(MD) simulations. A systematic approach based on structure-based drug design-
ing was used in this study as described in Scheme 1.
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Scheme 1. Schematic representation of the study design illustration.
MATERIAL AND METHODS
Computing system

The VS workflow and analysis were performed on Centos 7.7 x86-64 (Dell Optiplex
7010). The software that were used in this study were Maestro Schrodinger Release 2018-4
(Maestro, Schrédinger, LLC, New York, NY, 2018) and Chimera 1.15.32

Cross-docking and protein selection

The three-dimensional structures of 30 MP™ targets were retrieved from RCSB PDB.33
Each protein was prepared using the protein preparation wizard in Maestro.3* The protein
structure was integrity adjusted, and the missing side-chain atoms within the protein residues
were predicted by Prime.3® Hydrogen atoms were added after deleting ions, cofactors and
water molecules. The a-carbons of the structures for each target were aligned to each other
using a reference structure; then, each ligand was docked into all 30 structures of the target
from which the ligand was extracted (Fig. S-2 of the Supplementary material).

Both the docking reliability and protein selection were evaluated by calculating the root-
-mean-square deviation (RMSD) between the crystalized position of the ligand and that pre-
dicted by the docking software in the various target structures. The evaluation was performed
for both ligands and proteins structures. The XP (extra precision) docking mode included in
Glide (grid-based ligand docking with energetics) module of Maestro was selected as the
docking protocol in the next steps of virtual screening, with a docking score value of HCQ
equal to 22.21 kJ molL.

SiteMap analysis

A SiteMap analysis for the docked complex of the MP™ HCQ was performed to under-
stand the structure and to exploit the different regions of the active site of the protein in inter-
action with HCQ. The analysis was performed using the SiteMap module of Schrodinger.3¢
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Data set generation and preparation

Using CombGlide,?’ a data set of 231,456 CQ derivatives was generated by creating 3
sites of substitutions on the HCQ structure. The preparation of the ligands was carried out
utilizing the LigPrep module of the Schrodinger Suite.3® The OPLS3 force field was selected
for energy minimization.?® All possible protonation and ionization states including stereo-
chemistry, tautomers and ring conformations were generated. A maximum of 32 stereoiso-
mers per ligand were taken into account when creating stereoisomers. For each ligand, only
the conformation with the lowest energy was retained. Through Lipinski Ro5 (rule of five)
filtration using QikProp,*® a module of the Schrédinger software suite, only 64132 CQ deri-
vatives with drug-likeness property were selected for the virtual screening study.

Virtual screening workflow

In order to identify the appropriate compounds that perfectly fit the binding site of the
Mpre| the above selected derivatives were considered for a virtual screening study. The sel-
ected database was initially screened with molecular docking calculations. Only 5021 ligands
were selected with an acXP-docking score > 22.21 kJ mol'!. The ones that succeeded were
ranked based on the RMSD value compared to the HCQ reference structure. Only 100 ligands
with a RMSD value < 0.2 nm were kept. The Prime MM/GBSA (molecular mechanics/ Pois-
son—Boltzmann generalized born surface area) was used to rank the best compounds; 71 lig-
ands with MM/GBSA values comparable to or greater than that of the standard ligand (HCQ)
were selected. Additionally, a variety of key ADME properties were also calculated with the
aid of QuikProp, taking oral absorption as the primary filtering criterion. Therefore, 12 ligands
with oral absorption >80 % were subjected to molecular dynamics simulations (MD). Finally,
to validate the accuracy of the results and the stability of the selected ligands, MD simulations
were conducted using Desmond.*! The simulation started by solvating the complex using the
TIP3P water model (transferable intermolecular interaction potential 3) with an orthorhombic
box of 1x1x1 nm3. The system was made electrically neutral by adding appropriate counter
ions. OPLS3 force field parameters were utilized for the simulations study. The model sys-
tems were relaxed before the simulations. The simulation was then performed using an NPT
ensemble system with 300.0 K temperature and 105 Pa pressure. The complexes were sub-
jected to molecular dynamics simulation for 100 ns. The RMSD of the proteins and ligands
was used to assess the stability over time of simulation.

RESULTS AND DISCUSSION
Cross-docking and docking protocol validation

In order to validate both the docking reliability and protein selection in terms
of qualitative prediction of the ligand-binding site disposition, 30 MP™ targets
were considered. Through cross-docking for all complexes, the ligands were ext-
racted from their X-ray complex and subjected to a conformational search. They
were then docked in all the structures of the same target using the glide XP dock-
ing method and the obtained docking results were compared with the experiment-
ally determined ligand dispositions (co-crystallized ligand) taking into account
the average root-mean-square deviation (RMSD) as the principal parameter. The
main results obtained from the cross-docking studies are summarized in Fig. S-3
of the Supplementary material. The MP™ protein with PDB ID:7BRP seemed to
be the best performing receptor with an RMSD of 0.27 nm. Based on this ana-
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lysis, the7BRP receptor was selected in the next stage of this study. The 3D crys-
tal structure of the 7BRP receptor has a resolution of 0.180 nm, a structural
weight of 68.81 kDa and amino acid length of 307 and it contains two chains.*2

SiteMap analysis and dataset creation

The SiteMap analysis was realized using the MP™ PDB ID: 7BRP receptor
in the complex with HCQ after docking calculation by the Glide-XP method. The
SiteMap results are summarized in Table I with a SiteScore of 0.946.

Understanding the interaction of the HCQ in the active site using SiteMap
analysis revealed the presence of two principal regions, the first was a hydro-
philic region with ligand hydrogen-bond donors and acceptors interactions (Fig.
S-4aof the Supplementary material) representing a hydrophilic-score of 0.563,
the second was the hydrophobic region occupied by the chloroquinoline moiety
that seemed to be suitable for occupancy by this hydrophobic group (Fig. S-4b)
with a hydrophobic-score of 0.442.

TABLE 1. Summary results of SiteMap analysis using MP'°-HCQ complex; SiteScore: the
SiteScore is based on a weighted sum of several properties as the number of site points;
Dscore: druggability score, uses the same properties as SiteScore but with different coef-
ficients; Phobic: hydrophobic region score; philic: hydrophilic region scores

Site SiteScore  Size Dscore Volume Contact Phobic Philic
Sitemap_site_1 0.946 387 1.044  290.178 0.501 0.442  0.563

The suggested strategies of this study can provide insights into HCQ-MP
interactions to propose an effective modification on the CQ scaffold. After ana-
lysis, where modifications on CQ scaffold would be expected to promote the
binding mode was revealed. Therefore, 3 substitution sites were suggested (Rj,
R, and R3) and a data set of 231,456 molecules based on the CQ scaffold were
designed and computationally optimized (Fig. 2).

Fig. 2. The proposed chemical structure of the chloroquinoline scaffold.

These molecules were designed by substituting different groups with differ-
ent characteristics at the positions R1, R2 and R3. The VS methodology using
molecular docking, Lipinski Ro5 filtration, as well as MM-GBSA, ADME and
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MD simulation were employed to identify the ligands having a better affinity for
the MP0 protein of SARS-CoV-2.

Virtual screening strategy

Lipinski Ro5 filtration. As the first step of the VS workflow, the 231,456
generated derivatives were subjected to Lipinski’s Ro5 filtrations, such as mole-
cular weight, H-bond donor/acceptor and octanol/water partition coefficient
(QPlogPo/w). Only 64,132 derivatives with drug-likeness property were selected.
The docking results of the 64,132 modified CQ scaffold against MP™ were exam-
ined. As hydroxychloroquine potently inhibits viral infection of SARS corona-
virus (SARS-CoV-1),43 the binding mode of this compound was taken as a refer-
ence structure in the next stage of docking calculation. All 64,132 ligands were
inspected based on their docking score and the ones showing a docking score >
22,21 kJ mol~! were chosen. Therefore, 5021 ligands were selected. To choose
ligands that maintain the same binding mode of HCQ inside the active site,
RMSD values were calculated between the docked HCQ pose and the remaining
5021 ligands poses using the ‘superimpose’ module. Finally, 100 ligands having
the same binding mode as HCQ with a RMSD value of < 0.2 nm were kept.

MM-GBSA study. The stability of the ligand after binding to the active site of
the enzyme was confirmed by MM-GBSA analyses computation. All 100 ligands
were subjected to calculation of the ligand-receptor binding energy. After MM-
-GBSA analysis, only 71 ligands with binding energy better than HCQ (Table S-I
of the Supplementary material), were submitted to an accurate prediction of their
ADME properties

ADME analysis. The ADME properties of the last selected derivatives (71
ligands) were calculated. As the ligands had previously passed through Lipinski
RoS5 filtration, it could be predicted that the selected ligands obeyed Lipinski’s
Ro5 and are likely to be orally active. Hence, these ligands were screened
through a variety of key ADME properties based on oral absorption as a primary
filtering criterion. Only 13 ligands with oral absorption comparable to or greater
than 80 % were selected. The remaining ligands were following the standard
parameters and the results are shown in Table II. Finally, ADME property ana-
lysis concluded that the final screened ligands show drug-likeness properties.

MD simulation. The simulations were performed to gain more insight into
the stability of the ligand—protein complex. The results of the MD simulations
were examined based on the RMSD of both, the protein backbone (Co atoms) and
the ligand of interest. The protocol was further validated using the crystal struc-
ture of MP™© (PDB ID:7BRP) complexed with HCQ as the reference structure.
MD simulations were processed for 100 ns. The RMSD plot for Ca (in blue)
complexed with HCQ was observed to be in the range of 0.10-0.20 nm (Fig. 3a),
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this result clearly reveals that the presence of HCQ in the active site of protein
kept it stable throughout the simulation time.

TABLE II. ADME properties of HCQ and all 13 ligands to determine their “drug-likeness”;
PSA: van der Waals surface area of polar nitrogen and oxygen atoms (acceptable range : 7.0—
—200.0); dHB: estimated hydrogen bonds that could be donated (acceptable range: 0.0-6.0);
aHB: estimated hydrogen bonds that could be accepted (acceptable range: 2.0-20.0); OPlogS:
predicted aqueous solubility (acceptable range: —6.5-0.5); QPlogPo/w: predicted octanol/
/water partition coefficient (acceptable range: —2.0-6.5); QPPCaco: predicted apparent Caco-
-2 cell permeability in nm/s (< 25 poor and >500 great); QPlogBB: predicted brain/blood
partition coefficient (acceptable range: —3.0-1.2); PHOA: percent human oral absorption (80
% is high and 25 % is low); ROS5, number of violations of the Lipinski rule of five (maximum
is 4; in all cases found 0)

Mw PSA  dHB aHB QPlogS QPlogPo/w QPPCaco QPlogBB PHOA

gmol’  nm’ mol dm™ %

H CQ 335.876 0.48946 57 -3.385 3.265 383.503  -0.322  90.308
CQ_7 442947 0.80245 94 4761 3.807 836.988  —1.262 100.000
CQ_10 499.008 1.07465 94 4724 3.745 513.809 —-1.291 100.000
CQ_22 490.003 0.85299 7.7 —5.635 4.409 1409.075 —0.921 100.000
CQ_56 366.847 1.00931 6.4 -3.517 2.303 222546  -1.303 100.000
CQ_2 496.051 0.91490 6.2 5455 4.604 97.758 —-0.890 100.000
CQ_15 427933 0.89329 87 4518 2.976 793.489  -0.947 96.267
CQ_49 470.013 0.81156 94 4321 3.611 248.735  —0.647  90.968
CQ_52 385.895 0.79992 72 4444 3.299 206.815  —0.759 87.706
CQ_64 425911 1.02547 9.6 -4.077 3.412 138.152  -1.394  85.229
CQ_42 401.895 1.11224 85 3974 2.329 295.147 1351 84.791
CQ_43 401.895 1.11224 85 3974 2.329 295.147 1351 84.791
CQ_53 441.962 0.96928 87 -3.560 3.121 100.413  -1.150  81.049
CQ_14 480.054 0.81486 9.0 -3.909 4.021 49.230 -0.615  80.777

Title

DN W NN WA WWWWWW—IN

The Ligand—RMSD plot for HCQ (in red) was found in the range of 0.05 to
0.48 nm with a little fluctuation during initial time of simulation. However, it
gradually attained stability towards the end of the simulation with an RMSD of
0.18 nm. The graph of Ligand—RMSD specifies that the MP'-HCQ complex is
stable during the MD simulation time and the HCQ ligand constantly maintained
its interactions with the receptor during the whole simulation.

The 13 compounds selected through the VS study were subjected to the
same MD simulations protocol described above. The RMSD of their disposition
during the simulation compared to their initial docking pose was calculated and
the stability of the interactions predicted by docking calculations were analysed.
Only compounds showing an average RMSD < 0.3 nm and maintained at least
one H-bond with the receptor for more than 70 % of the whole MD simulation
were then retrieved.

Applying this restriction, 10 compounds were rejected and the remaining 3
compounds, CQ 22, CQ 2 and CQ 56 (Fig. 4) were considered for 3D inter-
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action analysis due to their stability during MD simulations (Fig. 3b, c and d). A
summary of structure-based VS strategy is provided in Table III.

(a) (b)
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Fig. 3. The RMSD graphs obtained after MD analysis of: a) HCQ; b) CQ_22; ¢) CQ_2;
d) CQ_5e.
TABLE III. Mpro residue interactions, docking score and energy of HCQ and the 3 hits
Title Docking  Glide energy Glide Residual interactions
score, kJ mol"! kI mol! model, kI mol'" H-bond  mn stacking Hydrophobic
H _CQ -22.24 -170.47 —-196.09 CYS145, HIS41 MET165,
SER144 MET49
CcQ 22 -23.89 -261.30 -363.50 THR26, HIS41 VALIS6,
GLY143 MET49
CcQ2 -22.30 —244.09 -300.19 THR26, HIS41 MET165,
CYS145, PHE140,
GLY143 VALIS6,
CQ 56 -27.16 -215.89 —281.72 HIS164, HIS41 MET165,
ASN142, MET49
GLY 143,
THR26
H
N
O _NH ~ HO HO, S
[N N Y OH N
on H [ g H ‘ H
Cl cl Cl
cQ_22 cQ_2 €Q_s6

Fig. 4. 2D Structure of the 3 selected hits.
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The root mean square fluctuation (RMSF) value of macromolecular residues
for the 3 complexes was determined to be well within the allowed range of 0.3
nm. A few residues changed slightly, with an RMSF values of 0.2—0.3 nm. How-
ever, the bulk of residues exhibited smaller variations, with an average value of
less than 0.1 nm as shown in Fig. S-5 of the Supplementary material. The obs-
erved RMSF of the 3 ligands complex within the MP™ binding site was found to
be within the range. The observed RMSF of the 3 ligands (CQ 22, CQ 2 and
CQ_56) complex within the active binding site of the MP™ enzyme was found to
be within the range of 0.09-0.25 nm throughout the 100 ns simulation time as
shown in Fig. S-6 of the Supplementary material. This clearly indicates that the
ligands were stabilized within the active site with minor functional fluctuations
that are required for interacting with the target macromolecule.

The interactions made by ligands CQ 22, CQ 2 and CQ 56 with MP© enz-
yme are given in Fig. S-7 of the Supplementary material in which the interaction
types with their percentages during 100 ns MD simulation run are represented.
Histograms represent the interaction fraction of these ligands. Hydrogen bonds,
hydrophobic interactions such as © cation, n—7 stacking, water bridges and ionic
interactions made by ligand with amino acids of proteins during 100 ns MD sim-
ulation are represented in Fig. S-7. For all the histograms in Fig. S-7, the stacked
bar histograms are normalised over the course of the trajectory; for example, a
value of 0.8 suggests that 80 % of the simulation time of the specific interaction
is maintained. Values over 1.0 are possible as some protein residue may make
multiple contacts of the same subtype with the ligand. All the histogram bars sug-
gest that all the ligands (CQ_22, CQ 2 and CQ_56) form strong interactions with
several amino acids of MP™, In several instances, the interaction fraction shoots
above the value of 0.7, which shows strong interaction of ligands with that amino
acid.

Binding interactions analysis of Mpro HCQ complex

In this investigation, the function of amino acids within the MP™ active site
evaluated. Therefore, a molecular interaction study was performed and HCQ
binding mode interaction was taken as reference. As shown in Fig. S-8 of the
Supplementary material, the binding mode analysis of HCQ with MP™ showed
the presence of hydrogen bond interactions as well as hydrophobic interactions.
The terminal hydroxyl group of the HCQ made two H-bonds as an acceptor with
SER144 and CYS145. The quinoline ring of HCQ displayed n—m stacking inter-
actions with HIS41, and hydrophobic interactions with MET165; MET49 and
VAL186.44

Binding interactions analysis of the Mpro CQ22, CQ 2 and CQ 56 complexes

Docking results showed that the CQ 22 molecule was mainly combined
with MP™ through three H-bonds. The first as a donor through the hydroxyl
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group with THR26, the second exhibited by the pyrimidine nitrogen as an
acceptor with the same residue, and the last as an acceptor with GLY 143 through
the carbonyl group. Moreover, favourable conventional interaction was displayed
by the quinoline ring as m—m stacking interaction with HIS41. Hydrophobic
interactions with VAL186, and MET49 were also present, as shown in Fig. 5a.

N\ H163

8 Charged (negative) Polar Distance — Salt bridge
Charged (positive) Unspecified residue -= H-bond Solvent exposure
Glycine Water — Metal coordination
. Hydrophobic Hydration site = Pi-Pi stacking
@ Metal X Hydration site (displaced) —e Pi-cation

Fig. 5. Binding disposition of selected ligands after docking calculations in the active site of
MPr: a) CQ_22 in pink sticks; b) CQ_2 in cyan sticks; ¢) CQ_56 in magnate sticks. H-bonds
are shown as black lines.

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

(CC) 2023 SCS.



5 1 6 AISSAOUI et al.

Considering CQ 2, four H-bonds were formed; one among them was similar
to the HCQ with CYS145 as an acceptor through the carbonyl group. The same
carbonyl group formed a hydrogen bond with GLY143. The two-remaining
H-bonds were exhibited by hydroxyl group with THR26 as acceptor and donor
simultaneously. The presence of n—n stacking conventional interaction through
quinoline ring with HIS41was noted (Fig. 5b).

Compound CQ 56 showed four H-bonds; the first through the amino group,
located at the fourth position with HIS164 as a donor group. The second as a
donor with ASN142 through the hydroxyl, located at the second position. The
last two H-bonds as acceptor with GLY 143 and THR26 through hydroxyl and
carbonyl groups, respectively. Likewise, m—m stacking conventional interaction
through the quinoline ring with HIS4 was present (Fig. 5c¢). The ligand—amino
acid interaction of residue HIS41 always took place in all the 3 stable ligands
through n—n stacking interactions with the quinoline ring.

In addition, common H-bound interactions were detected with GLY 143 and
THR26 residues, when these compounds have substituent with acceptor and
donor character in that region (hydrophilic region, Fig. S-4), which is not the case
in the HCQ molecule. This suggests that the presence of a hydrogen bond inter-
action with both GLY 143 and THR26 may improve the stability within the MPr©
active site. Therefore, the docking results indicate that GLY 143, THR26 and
HIS41 amino acids in the binding pocket are potential binding hot-spot residues
for our ligands. Additionally, the presence of substituents with acceptor and
donor characters in the hydrophilic region improves the stability and the inter-
action mode of the molecules.

CONCLUSIONS

The Covid-19 pandemic caused a global health crisis worldwide leading to
many casualties. The constant mutations of the virus jeopardized the effective-
ness of vaccines as a distinct solution. This emphasized the need for therapeutic
drugs that target and inhibit the replication of the virus. Drug repurposing is con-
sidered as an important strategy in fighting the pandemic considering the urgency
of the health situation given that the traditional process of developing targeted
drug can take a long time. HCQ was considered by research organizations as a
potential drug against the coronavirus during the early days of the pandemic.
However, the lack of sufficient evidence of its usefulness along with some
adverse effects lead the WHO to eventually revoke the drug. Thus, the present
study attempts to conduct a structure-based VS approach to discover a new modi-
fied CQ scaffolds able to affect the Sars-CoV2 MP™ that may be more effective
and reliable alternatives. The results of the study show that CQ 22, CQ 2 and
CQ_56 molecules demonstrate better docking scores (—5.712, —5.332 and —6.493,
respectively) as well as better ADME properties in comparison to HCQ. Analysis
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of the binding interactions of the selected ligands shows that within the active
substrate binding pocket of MP™©, HIS41, THR26 and GLY 143 are the specific
amino acid residues involved in interaction with target molecules. This empha-
sizes their significance as key residues capable of facilitating substrate-ligand
complex formation and modulating the MP'© enzyme function as potential inhib-
itors. The presented data may provide some insights into the development of novel
potent MP inhibitors and hold promise for new potential SARS-CoV-2 drugs.

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/12105, or from the corres-
ponding author on request.
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H3BOJ
OUBEP3U®UKAIINJA CKEJIETA XJIOPOXWHOJIMHA 3A BJIOKUPAIGE ITTABHE
[TPOTEA3E SARS-CoV-2: [IPUCTYII BUPTYATHUM CKEHHPABEM KOPUCTERH
CROSS-DOCKING, SITEMAP AHAJIM3Y U CUMYJIALTUJY MOJIEKYJICKOM
IUHAMHUKOM

MOHAMED AISSAQUI', BILLEL BELHANI', ABDELMOUMEN BOULEBNANE?, ABDESLEM BOUZINA'
v SALAH EDDINE DJILANI®
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*Laboratory of Synthesis and Organic Biocatalysis, Department of Chemistry, Badji-Mokhtar-Annaba

University, Algeria

OxncycTBo oppeheHux nekoBa 3a dosect kopoHa Bupyca 19 (Covid-19) v HeMamwe mpoTo-
KoOJla 3a TpeTHpame, HaBeJIo je HayYHUKe Ja Npelsioke HOBe Majle MOJIEKyse U Aa MOKyLIajy
nocrojehe yiexoBe fa IpeHaMeHe [IPOTHUB Pa3IMYHMX LWbAaHUX TEIIKUX PECIMPATOPHUX CHH-
npoma kopoHasupyca 2 (SARS-CoV-2) u nohy nmo edukacHux peuerma. [7aBHa mpoTeasa
(MP™) je jenna on Hajsume obehasajyhux mera jekoBa 300r CBOje K/bydHe yiore y 6opdu
TPOTHUB pervIuKalyje BUpyca. Hekoauko aHTHBUPYCHHX JIEKOBA je KOPUITheHO y TOKYIIajy oa
ce mpesasuhe naHgeMuja, nomyT xuapokcuxinopokuHa (HCQ). Yopkoc ona)keHUM IO3HMTHB-
HUM ucxopuMa y nouetky donectd, HCQ je mosesaH ca HEKOJIMKO HeZOCTaTaka IMOMyT Hepac-
TBODP/BMBOCTH, TOKCUUHOCTH U HEXe/beHUX edexara Ha cple. 3aTo, Y OBOj CTy[IUjH, YpagHiIH
CMO Ha-CTPYKTYpH-3aCHOBAaH BHUPTYaJHH CKPUHHHT Ia OW HIOEHTU(DUKOBAIU CTPYKTYPHO
monuduKoBaHe nUraHge xnopoxuHonuHckor (CQ) ckeneTa Koju UMajy nodpy pacTBOP/BUBOCT,
arcopnuyjy ¥ MpoXXKUMame y Wby eBeHTyaIHOT Cyrepucama Moy3gaHuje anrepHatuBe. PDB
ID:7BRP MP™ je uzabpaH kao HajmoysnaHMju peLentop HakoH cross-docking uspadyHaBama
xopucrehu 30 xpucranHux ctpykrypa. OHpa je ypahena SiteMap aHanu3a ¥ IPENJIOKEHO je
yKynHO 231456 CTpyKTypHO MOAM(HUKONBaHUX jenumema ca CQ ckxenerom. Hakon ¢uirpu-
pama ca KpuTtepujyma JIunuHckor, 64312 monexyna je JOKOBAHO M M3padyHaTe Cy HBHUXOBE
MM-GBSA cnobonHe eHepruje Be3uWBama. 3aTUM Cy u3pauyyHaTH wuxosu ADME pmeckpum-
TOpH, U uneHTUuUKOBaHO je 12 Monexyna ca ADME cBojcteuma Homum og HCQ. Tu mone-
KyJI Cy MTOJBPTHYTH CUMYJIallUju MoleKyackom fuHamukom (MD) 3a 100 ns. Pesyntartu cTy-

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

(CC) 2023 SCS.



5 1 8 AISSAOUI et al.

Iyje mokasyjy na Tpu mosnekyna (CQ_22; CQ_2 u CQ_56) noka3yjy do/by HHTepaKLHUjy U CTa-

on

nHocT ca MP™ penentopom. BesuBHe uHTepakuuje ykasyjy ma cy GLU143, THR26 u HIS41

dMHHO KHCEJIUHE l'IOTEHI_II/IjaIIHe prhe TayKe 3a MpeocTtaia 3 nuraHpa.

10.

11.

12.

13.
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15.

16.

17.

(ITpumsbeHo 17. okrobpa, peBunupano 3. neuemdpa 2022, npuxsaheHo 11. janyapa 2023)
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Abstract: Bisphenol A (BPA) is a monomer commonly used in the production
of epoxy resins, plastic bottles and dental filling materials. Due to its chemical
structure, BPA and its derivates show activity similar to the endocrine horm-
ones. It can bind to estrogen receptors and cause neurological disturbances,
even at low doses. Therefore, it is important to determine BPA and its deri-
vatives quickly and sensitively at low concentrations. In this study, a single
amperometric tyrosinase enzyme biosensor was designed for the determination
of the amount of BPA, bisphenol F (BPF) and bisphenol S (BPS) monomers.
Tyrosinase was immobilized onto a modified carbon paste electrode by cross-
-linking with glutaraldehyde. The amount of BPA (BPS and BPF) was deter-
mined directly on the reduction of quinone compound released as a result of the
enzymatic reaction at —0.15V. K,pp) value of the designed biosensor for BPA
was found 0.00067 uM, the linear operating range was 0.001-0.005 uM (a) and
0.03-0.1 uM (b) and the lower detection limit was found 1 nM for each mono-
mer. It is clear that designed biosensor enable the fast, efficient and precise
determination of BPA and its derivatives released from materials used in dental
materials.

Keywords: BPA; BPF; BPS; tyrosinase enzyme; biosensor; estrogen.

INTRODUCTION
Bisphenol A (2,2-bis(4-hydroxyphenyl) propane, 4,4'-isopropylidenediphe-
nol, BPA) is an important industrial chemical used as a basic component in the
production of epoxy resins and polycarbonate plastics, which have wide applic-
ations in industry. It is frequently used in plastic products in our daily lives such

* Corresponding author. E-mail: merveozdemirkeskin@gmail.com
https://doi.org/10.2298/JSC221122013B
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as large returnable, refillable water bottles, food service products, feeding bottles,
jugs, glasses, household food containers. In addition, BPA is an important com-
ponent of bisphenol A glycidylmethacrylate (Bis-GMA), a molecule known to be
the basis of composite resins used in dentistry.l-2 In the international dentistry lit-
erature, it is stated that BPA and/or its derivatives can be released into the oral
cavity from composite fillings and fissure sealants at doses that can produce act-
ive substance.

BPA shows activity similar to endocrine hormones due to its chemical struc-
ture. In other words, the emphasis that estradiol and diethylstilbestrol, due to the
presence of phenol groups in their structures, BPA and its derivatives have sim-
ilar effects by binding to estrogen receptors, and that they can cause neurological
disorders even at low doses worries researchers.3 For this reason, it is important
to determine BPA and its derivatives (bisphenol S, BPS, bisphenol F, BPF, etc.)
quickly and sensitively at low concentrations.

Due to the negative effects of BPA and its derivatives on human health, a
number of methods have been developed to determine its amount in the liquids
which comes into contact with BPA containing products.* The BPA derivates
BPF (4,4'-dihydroxydiphenylmethane) and BPS (4,4’-sulfonyldiphenol) also have
estrogenic, progesteronic and anti-androgenic effects and are used in production
of daily life products such as food cans, plastic bottles, efc.

However, most of methods to determine BPA and its derivates are based on
spectrophotometry and/or chromatography, requiring time-consuming sample
preparation and pre-analysis processes. In addition, these methods depend on
large capital investment causing high operating costs. Moreover, the analysis
with these methods require qualified person and interpretation of analysis results
is time-consuming.>-6 For this reason, many research groups are working on dev-
eloping fast, sensitive, innovative and relatively cheaper methods for the analysis
of BPA and its derivatives. Biosensor could be one of the innovative methods
used in BPA determination. Biosensor is defined as a device combined with a
biological agent and a physicochemical converter.

In this study, a new biosensor modified with Fe3O4 nanoparticle was des-
igned to determine the released amounts of BPA and its derivatives contained in
some orthodontic materials. For this purpose, carbon paste electrode was modi-
fied by using commercial Fe304 nanoparticle. Tyrosinase enzyme was immobil-
ized onto modified electrode by cross-linking with bovine serum albumin (BSA)
and glutaraldehyde. Optimum operating conditions of the biosensor as tempera-
ture, pH, glutaraldehyde amount and substrate concentration were studied. Linear
operating range and detection limit were defined. Released BPA concentration
from different dental filling materials as real sample was determined under deter-
mined optimum operating conditions of the biosensor. Although there are biosen-
sor studies for BPA determination in the literature, it was seen that there are
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almost no biosensor studies for the determination of BPA derivate such as BPS
and BPF. In this study, a fast, high sensitivity and sensitivity low detection limit
as well as low cost new biosensor has been developed for the determination of
both BPA and BPS and BPF.

EXPERIMENTAL

Tyrosinase enzyme (purified from fungus and as 2500 units) was purchased from Sigma-
Aldrich. BPA, BPS, BPF, mineral oil, glutaraldehyde, carbon powder, disodium hydrogen
phosphate and monosodium hydrogen phosphate were obtained from Merck.

All electrochemical experiments were performed using a computer-connected CHI1230A
model electrochemical analyzer of CHI Company (CH Instrument, BASi, Kent Avenue, West
Lafayette, IN, USA). Amperometric measurements were performed in a three-electrode cell
system. A carbon paste electrode with a surface area of 0.6 cm? was used as the working elec-
trode, Ag/AgCI (BAS RE-5B) was used as the reference electrode and platinum wire (MW-
-1032) was used as the counter electrode. After each electrochemical study, the working elec-
trode was stored at 4 °C in distilled water or in the buffer solution.

Modification of carbon paste electrode

A known amount of graphite powder (0.0650 g) was weighed precisely, 30 ul of nujol
and 40 mg of Fe;0,4 nanoparticles were added to it and mixed homogeneously. The resulting
mixture was filled into the electrode chamber so that there was no space left. Finally, the sur-
face was cleaned and polished.”

Enzyme electrode preparation and amperometric measurements

2.0 mg BSA (bovine serum albumin), 50.0 pL phosphate buffer solution, 100.0 pL tyro-
sinase (50.0 units/mL) and 40.0 pL glutaraldehyde (2.5%) was mixed homogeneously. This
mixture (190 pL totally) was dropped onto the surface of modified carbon paste electrode
(MCPE) and dried at room temperature. The prepared enzyme electrode was washed first with
distilled water and then with buffer solution. It was stored in the buffer solution at 4 °C when
not in use (Fig. 1 a).®

BPA, BPF and BPS were used as different substrates of tyrosinase separately. Determin-
ation of the amount of BPA is based on the reduction of quinone compound released as a
result of the enzymatic reaction (Fig. 1b). For this purpose, 0.1 M supporting electrolyte
(NaCl) was added to the measurement medium (pH 7.0 phosphate buffer). The electrode was
equilibrated at varying potentials (versus Ag/AgCl electrode (3.0 M KCI)) until a constant
current value was obtained. BPA solution was added to the cell after equilibrium current (i,)
was recorded, and the system was stirred. At the end of the reaction, the final current (i,) was
recorded. The BPA concentration was plotted against the obtained current difference.’
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Fig. 1. Possible oxidation mechanism of BPA by tyrosinase.*
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After determining the working potential, the optimum conditions (substrate concentrat-
ion, pH, temperature) and the factors affecting its performance (operational stability, storage
stabilization, interference effects) of the designed biosensor were determined. Finally, the
amounts of BPA released from different dental filling materials were determined.

RESULTS AND DISCUSSION

BPA, a monomer of resins and plastics in the structure of many products
used in daily life, released over time, increases the amount of intake into the
human body and creates a toxic effect. Released BPA should be below the tol-
erable daily intake level (0.05 mg per kg of body mass).6 Due to its chemical
structure, BPA can imitate estrogen and exhibit similar activity. It is stated in
studies that BPA has negative effects on human health, especially on the endo-
crine system.3:!! For this reason, it is important to determine BPA quickly and
with high sensitivity.!!

Electrochemical characterization and determination of the response and working
potential of CPE and MCPE electrodes to BPA

The electrochemical performance of the CPE and MCPE were studied using
cyclic voltammetry and K3Fe(CN)g as a redox probe.!2 The cyclic voltammo-
grams of the electrodes are presented in Fig. 2. 0.05 mM K3Fe(CN)g solution in
0.10 M H,SO4 supporting electrolyte with a scan rate of 100 mV s~! were doc-
umented. It was clear that the reduction and oxidation peaks of 0.05 mM
K3Fe(CN)g are seen quite clearly in the alternating voltammograms of the bare
carbon paste electrode, while the 0.05 mM K3Fe(CN)g obtained in the modified
carbon paste electrode under the same conditions.

The voltammograms of CPE was shown in Fig. 2a (2). The reduction peak at
0.22 V and the oxidation peak at 0.34 V were obtained. When 0.05 mM
K3Fe(CN)g solution was added in cell (voltammogram 3), the reduction peaks at
0.22 V and oxidation peaks at 0.34 V increased. This increasing of the peaks
were related with increased amount of K3Fe(CN)g. The same process was per-
formed with the MCPE under the same conditions (Fig. 2b). As examined from
the voltammograms 2 and 3 in Fig. 2b, no visible reduction or oxidation peak
was observed with the addition of K3Fe(CN)g. According to this results it could
be concluded that the surface of the carbon paste electrode has changed by
modification of Fe3O4 nanoparticles. The decrease in the peaks indicated the
modification of the carbon paste electrode (Fig. 2).

To determine the response of carbon paste electrode (CPE) and MCPE to
BPA, the electrodes established equilibrium at —0.20 V potential separately.!3-14
Then, tyrosinase enzyme was added into the cell and was kept for a while until
equilibrium was reached, and the equilibrium current recorded. The current dif-
ferences (Ai) were recorded by adding bisphenol A solution at increasing cell
concentrations between 1-500 pM. The current differences against increasing
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bisphenol A concentrations were plotted (Fig. 3a). As seen in Fig. 3a, the bisphe-
nol A response of the prepared modified carbon paste electrode is approximately
two times higher than that of the carbon paste electrode.

Current, pA

Potential, mV

Current, pA

Potential, mV

(b)
Fig. 2. Cyclic voltammograms of K3Fe(CN)g in 0.10 M H,SO4 supporting electrolyte (scan
rate of 100 mV s’'); a) bare CPE; b) MCPE. 1. 10.0 mL 0.10 M supporting electrolyte; 2. 1
+ 0.05 mM K3Fe(CN)g; 3. 2 + 0.05 mM K3Fe(CN)g.

The working potential of the MCPE was determined after the working elec-
trode reached the equilibrium at potentials ranging from —0.1 to —0.25V. BPA
solution was added into the cell at increasing concentrations (1-500 uM) and the
current values obtained at the end of the reaction were recorded. Current differ-
ences versus bisphenol A concentration were plotted (Fig. 3b). With the data
obtained, the best reduction potential of the quinone compound formed at the end
of the reaction was determined as —0.15 V.
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Fig. 3. a) Amperometric responses of CPE and MCPE to different concentrations of BPA;
b) effect of working potential on BPA response of MCPE (at 25 °C, in 0.1 M,
pH 7.0, phosphate buffer).

Effects of Fe304 nanoparticles amount on amperometric response of BPA effect
of the amount of glutaraldehyde

In order to find out the optimum quantity of Fe304 nanoparticles in MCPE
on response of quinone compound, working electrodes were prepared by adding
35.0, 40.0 and 45.0 mg Fe304 separately. The reduction currents of quinone com-
pound were measured with each electrode at —0.15 V. The BPA concentration
was plotted against Ai results and 40.0 mg Fe304 showed the best linearity and
the highest response current (Fig. 4a).

In many studies, glutaraldehyde (CHO-CH,CH,CH,—CHO) is preferred as a
cross linker.”>15 Since glutaraldehyde is a small molecule, it can interact with
amine groups both on the enzyme surface and interior and as a result the active
site of the enzyme may be blocked by excessive cross-linking. The three-dimen-
sional structure of the enzyme may change and activity losses may occur.1® The
amount of glutaraldehyde used should be investigated, for being sure that the act-
ive site of the enzyme is not affected, to avoid loss of activity. Best glutaral-
dehyde amount was defined by using prepared electrodes with the addition of 20,
30, 40 and 50 puL (2.5 %) glutaraldehyde solution separately for the determin-
ation of bisphenol A. Equilibrium current was recorded and current differences
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were plotted. An increase in currents was observed when the amount of glut-
araldehyde was increased from 20 to 30 pL and from 30 to 40 uL. There was a
loss in activity detected by decreased currents with the electrode prepared by the
addition of 50 pL glutaraldehyde. It was clearly seen from the graph that the
highest currents recorded with the electrode designed by using 40 uL glutaral-
dehyde (Fig. 5b). The findings could be explained as 30 ul glutaraldehyde was
insufficient to immobilize the enzyme and had difficulty in holding the structure
together, and 50 pL glutaraldehyde caused loss of activity in the enzyme due to
excessive binding.

400

300

-E 40 mg
it ——35mg
-
= =15
100 —a me
]
0.0 0.1 0.2 0.3 0.4 0.5
BPA Concentration, mM BPA: 1.0 to 500 yM
(a)
2000
1500 } N
=l 20 L
% 1000 —+—30 L
- T
3 a0pL
500 i 50 L.
— m
D 1 Il 1 1 J
0.0 0.1 0.2 0.3 0.4 05
BPA Concentration. mM ' BPA: 1.0 to 500 uM

Fig. 4. Effect of Fe;04 (a) and glutaraldehyde (b) amount on BPA response of MCPE
(at 25 °C, in 0.1 M, pH 7.0, phosphate buffer).

Effects of pH and temperature

One of the most important factors for enzymes, to show their activities with
maximum velocity and low K, value, is pH. Since there could be different ioniz-
ations on the active site or side groups of the enzyme at different pH values, the
optimum pH value at which the enzyme shows the best activity should be deter-
mined. For this purpose, different buffer solutions ranged between 4.0 and 9.0
were used to determine the effect of pH on amperometric response of designed
electrode. An acetate (acetic acid/sodium acetate) buffer solutions of pH 4.0 and
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5.0, phosphate (NaoHPO4/NaH;PQy4) buffer solutions of pH 6.0, 7.0 and 8.0 and
glycine/sodium hydroxide buffer of pH 9.0 were used. When the Ai response cur-
rent values at increasing concentrations (1-500 uM) were plotted against pH, the
highest response current values were at pH 5.0 representing the optimum pH of
the designed biosensor (Fig. 5a).

3000 . .
¢ * *
-
—4=pH7.0
2000 B - —B=pH 50
= __'_‘_‘—'—-—,J——___.____!
4 & —d—pH 8.0
e I & —i
k| 1000 —@=pH 50
=#=pH 2.0
+ +
—o—pH 40
o .
0.0 0.1 0.2 03 0.4 05
pH BPA: 1.0 to 500 yM
(a)
3000 T
2000 |
5 1000
0
10 20 30 an 50 50 70 80

Temperature, °C BPA: 100 uM
(b)
Fig. 5. Effect of pH (a) and temperature (b) on BPA response of MCPE.

In literature, it was stated that BPA biosensors prepared with different mat-
erials had optimum operating performance at different pH values varied between
3.0 and 7.0.11.17-19 The reasons for this difference in pH values could be exp-
lained by the different modification materials and immobilization process.

Temperature is an important parameter for enzyme activity. Enzymes deg-
rade at high temperature. To examine the effect of temperature on the current res-
ponse of enzyme electrode, the temperature of the solution in the thermostatic
cell was adjusted to 20 °C using a thermostatic circulating water bath. Then, BPA
solution was added with an intracellular concentration of 1.0x10~4 M, and at the
end of the reaction Ai value for 20 °C was calculated. The same process was
carried out for the temperatures between 30 and 70 °C with 10 °C step. These
amperometric response currents were measured at different temperatures in trip-
licate and plotted (Fig 5b). It is clear that the enzyme electrode showed the best
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activity at 40 °C. Nevertheless, in terms of the practicality of the biosensor, all
studies were carried out at room temperature.’>1 1,15

Substrate concentration and calibration curves BPA and its derivates

In order to examine the effect of the substrate concentration on the prepared
biosensor, the amperometric currents of the increasing bisphenol A concentration
(1-500 nM) at —0.15 V were recorded. Ai current obtained by increasing bis-
phenol A concentration results were used for preparing Michaelis—Menten curve.
It was observed that the current differences increased linearly as the bisphenol A
concentration increased, then deviated from linearity and increased hyperbolic-
ally at increasing concentrations. The same process was also carried out separ-
ately for BPS and BPF substrates. Lineweaver—Burk curve was prepared to cal-
culate the K, constant by plotting the data as (1/([BPA]-1) Ai-l. The observed
value of K (app) provides important information about the catalytic activity and
affinity between enzyme and substrates. A low Ky (app) value indicates a high
affinity and kinetic activity between enzyme and substrate. Increasing concentrat-
ions of bisphenol A, BPS and BPF separately resulted in a quite small current
differences after a certain concentration.

When the data of Fig. 6a in linear regions were plotted, it was seen that there
were two calibration charts that could be used for the determination of bisphenol
A. When the calibration graphs were examined, it was determined that there were
linear operating ranges between the concentrations 1-5 nM and 30-100 nM. This
situation allows to determine BPA and its derivatives in wide range. The limit of
detection (LOD), was calculated according to S/N = 3 criterion and calculated as
1 nM.

The Km(app) value as 0.00067 uM and the Iax(app) value as 3.34 pA was
clearly seen in Fig. 6a. Different Ki(app) values as 0.00815 M;20 326 uM;2! 12
uM;22 0.34 mM23 were reported earlier. It is obvious that the Km(app) value of
designed biosensor, in the present study, is quite lower than the K (app) values
reported in literature. One of the biggest advantages of the designed biosensor is
its ability to measure even at very low concentrations.

When the data of Fig. 6b in linear regions were plotted, two calibration
charts were seen that could be used for the bisfenol S determination. When the
calibration graphs were examined, it was observed that there were linear operat-
ing ranges between 1-5 nM and 10-100 nM concentrations and the lower detec-
tion limit was 1 nM. It is seen that the Ki(app) value is 0.00075 uM and the
Imax(app) value is 2.50 pA (Fig. 6b).

When the data of Fig. 7 in linear regions were plotted, it was noticed that
there were two calibration charts that could be used for the determination of bis-
phenol F. When the calibration graphs were examined, it was determined that
there were linear operating ranges between 3—10 nM and 10-50 nM concentrate-
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ions and the lower detection limit was 1 nM. It is seen that the Ki(app) value is
0.00075 uM and the Imax(app) value is 2.50 pA (Fig. 7).
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Fig. 6. Effect of: a) bisphenol-A (BPA) and b) bisphenol-S (BPS) concentration on the
response of biosensor; I) Michael-Menten curve, II) calibration curve 1 and III) calibration
curve 2 (-0.15 V operating potential, at 25 °C, in 0.1 M, pH 5.0, acetate buffer).
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Fig. 7. Effect of bisphenol F (BPF) concentration on the response of biosensor;
I) Michael-Menten curve, II) calibration curve 1 and III) calibration curve 2
(=0.15 V operating potential, at 25 °C, in 0.1 M, pH 5.0, acetate buffer).

It is clear that the designed biosensor has low Kiy(app), LOD and LOQ values
for all three substrates. This shows that the tyrosinase enzyme has a high affinity
for all three substrates (BPA, BPF and BPS) individually.

In Table I, characteristic analytical parameters of the different BPA biosen-
sors were compared. It is clear that the designed biosensor has a low detection
limit and wide calibration range for each substrate, and that BPA and its derivat-
ives can be determined with high sensitivity in complex analysis environments.

TABLE I. Comparison of analytical characteristics of the different BPA biosensors

Linearity
Immobilization Working of bio- LOD

K., Optimum RSD

matrix E/V  sensor nliri(fl M pH o, Long-term stability Ref.
umol L™!
Tyr/Au@PDA- -0.20 0.012- 0.01 nr 7.0 1.69 After 30 days, the !4
rGO-CS/GCE 3.68 modified electrode
remained 92 % of
its initial response
CYP2C9- -0.36 1.25-10.0 0.58 3.90 7.0 nr  The amperometric 24
PAM/GCE response after 10

days is 92 %
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TABLE I. Continued

Linearity

Immobilization ~Working of bio- ﬁrggl K., Optimum RSD Long-term stability Ref
matrix E/V  sensor - uwM pH % ’

umol L™!
Tyr/SWCNT- —0.10 4.00-11.5 0.97 nr 6.0 2.1 The amperometric 2
PolyLys/GCE (n=15) response after 30

days is 94.2 %
Tyt/TiO,- -0.50 028 0.066 nr 6.0 5.1 Theresponseon 26
MWCNT-PDDA- 45.05 (n = 5)the 14 day was 25
Nafion/GCE % of the initial
value

Au-rGO paste - 100nM 3.52 - 7.4 5.60 - 27
based 3D-printed L'to10 (n=15)
platform mM LI
MD/Graphene - 10nML! 305 - - - - 28

t0 0.10

mM L-!
Try/Fe;04 NPs -0.15 0.001- 1.0 0.00067 5.0 491 The amperometric This
modified carbon 0.005 and (n=18) response after 20 study
paste electrode 0.03-0.1 daysis 57.11 %

Operational stability of BPA biosensor and storage stabilization of the enzyme
electrode

To investigate the reusability of the electrode, the current changes were det-
ermined after successive measurements at a constant substrate concentration of
10 nM. The Ai values were plotted against the number of measurements (Fig.
8a). The relative standard deviation (RSD) calculated from the current changes
obtained as a result of 18 measurements was found 4.91 % and it was observed
that the electrode lost 5.43 % of its initial activity. The reusability of the elec-
trode prepared in this study was found to be quite good.

In order to determine the storage stabilization of the electrode, amperometric
response current was measured using 10 nM BPA concentration at certain inter-
vals (1-3-10-15-20. days) for 20 days by resting the enzyme electrode in the
buffer solution (pH 5.0) at 4 °C. At the end of the 20th day, the electrode retained
57 % of its initial activity (Fig. 8b).

Interference effects

Acetonitrile, ethyl acetate, hexane, phenol, nitrophenol, urea and potassium
nitrate were chosen as interfering agents. The effect of interfering agents on bis-
phenol A determination was examined at concentration of 10 nM both for sub-

strate and interfering agents. Minimizing or eliminating the interferences that
may occur is important for the detection and accuracy of real sample analysis. It
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was determined that none of these interfering agents caused an interference in
bisphenol A determination.
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Fig. 8. a) Operational stability of the biosensor; b) storage stability of the biosensor.

BPA determination in different dental materials

Three different orthodontic materials were examined to determine the effect-
iveness of the biosensor on real samples. In the first sample, the orthodontic
adhesive (Transbond XT, 3M Unitek, CA, USA) used to bond the brackets to the
tooth surface was prepared in a metal mold with a height of 2 mm and a diameter
of 4 mm, and the LED light source (VALO LED, Ultradent, South Jordan, UT,
USA) It was polymerized by applying it for 3 s on both the front and back sides.
The obtained sample was placed in a glass tube containing 5 mL of distilled
water.?

In the second sample, a 1 mm thick 1 cmx1 cm piece of thermoplastic plaques
(Simona Ag, Kirn, Germany) used in the reinforcing treatment was placed in a
glass tube containing 5 mL of distilled water in order to preserve the new posit-
ion of the teeth after orthodontic treatment.

In the third sample, during the fixed orthodontic treatment, the braces remain
in the slots on the brackets without moving, thus transmitting force towards the
tooth; 10 pieces of elastic ligature (Dentsply GAC, Islandia, NY, USA) were
placed in a glass tube containing 5 ml of distilled water, considering that they
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would be placed on the brackets of the incisors, canines and premolars on a
single jaw.

Measurements were made after the samples were kept in glass tubes for 1 h.
Care was taken not to use plastic materials during the preparation and experi-
mentation of the samples. 100 pL of the obtained sample was added to the mea-
surement medium, and after 20 min of mixing, the measurement was taken in
200 s. These studies were repeated three times and averaged, Ai mean value was
calculated and plotted against bisphenol A concentration. The average of the cur-
rent difference (Ai) for 3 different samples was calculated to determine the
amount of BPA of the samples. It was determined that (0.0002196+8.18)x10~7,
(0.0000909+1.02)x10-6 and (0.000275+4.08)x10-¢ mg/kg BPA from 1 mg of
composite to 1 mL of water was released for samples I, II and III, respectively.

CONCLUSION

In this study, a new tyrosinase enzyme-based biosensor was designed by
modifying the carbon paste electrode using Fe3O4 nanoparticles. The designed
biosensor has a response time of 200 s, two linear detection intervals and a very
low detection limit (1 nM) for each substrate (BPA, BPS and BPF). Released
BPA should be below the tolerable daily intake level (0.05 mg per kg of body
mass).® With this designed biosensor, measurements can be made at concentrat-
ions lower than 0.05 mg/kg.

With this newly designed biosensor, it is possible to detect three different
species (BPA, BPS and BPF) separately with a single biosensor, at low concen-
trations, with high sensitivity, and with a wide detection range. Considering the
reproducibility, shelf life and interference effects on the biosensor, the designed
biosensor is capable of providing fast, high-sensitivity and economical BPA and
its derivatives determination.

Acknowledgement. This study was supported by Gazi University with project number
05/2020-11.

U3BOJ

OU3AJHUPAIE ETEKTPOXEMUJCKOI BUOCEH30PA BA3UPAHOI' HA TUPO3MHA3HU
3A BUCOKO OCETJ/bUBY U BP3Y JETEKIINJY BUCOEHOJIA A U IhETOBUX NEPUBATA

ONUR CAN BODUR', MERVE KESKIN? BASAK ARSLAN AVAN® u HALIT ARSLAN’

'Department of Chemistry, Faculty of Science, Gazi University, Ankara, Republic of Tiirkiye, *Vocational
School of Health Services, Bilecik Seyh Edebali University, Bilecik, Republic of Tiirkiye u *Department of
Orthodontics, Faculty of Dentistry, Gazi University, Ankara, Republic of Tiirkiye

bucdenon A (BPA) je MoHOMEp KOjH ce OOMUHO KOPHUCTH Y MPOU3BOLKH €MIOKCH CMOJa,
IIacTUYHUX OoIla M MartepHjana 3a 3ydoHe rombe. 36or cBoje xemujcke cTpykrype, BPA u
FETOBY JIEPUBATH MOKA3Yjy aKTUBHOCT CIMYHY €HIOKPUHUM XOpMOHHMA. OH ce MOKe Be3aTH
3a eCTpOreHCKe peleNTope W M3asBaTH Heyposolike nopeMehaje, yak M y mMaaum fgo3ama.
Crora je BakHa Op3a M oceT/bMBa JeTekudja BPA U BeroBux nepuBaTa y MaJuM KOHIIEHTpa-
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oujama. Y OBOM HCTpPakKMBamwy je OU3ajHUpaH aMIlepOMeTpHjCKH DHoceH30p Ha Da3u eH3nMa
THPO3MHAa3e 32 KBAaHTUTAaTUBHO onpehuBame moHomepa BPA, ducdenon F (BPF) u duchenon
S (BPS). TuposuHasa je uModunncaHa Ha eleKTPOIU Of YIJbeHHYHe NacTe MOAHW(QHUKOBAHOj
yMpexaBawmeM ca ImyTapanfexupom. Konmunna BPA (BPS u BPF) je ompehena nupextHo
penyKLHjoM XWHOHCKOT jefiliema Koje je ocaodoheHo y eH3MMcKoj peakuuju Ha —0,15 V.
Onpeheno je ma je BpemHOCT Km(app) O¥3ajHUPAHOT OHOCEH30pa 32 BPA 6,7x10™* UM, nuHeapHU
paguwm orcer je 0,001-0,005 pM u 0,03-0,1 uM u na moma rpaHuna geTeKkiuje u3Hocu 1 nM
3a CBAKM 0Jl MOHOMepa. JacHo je moka3aHo Ja Au3ajHupanu duocensop omoryhasa 6p3o, edpu-
KacHO Y ImpenusHo oppehusame BPA 1 merosux aepusara 0ci1000h)eHUX U3 AEHTaTHUX MaTe-
pujana.

(ITpumsbeHo 22. HoBemOpa 2022, pesunupano 13. dedpyapa, npuxsaheno 21. mapta 2023)
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Abstract: The outbreak of the COVID 19 pandemic confirmed the importance
of personal protective equipment including the respiratory face masks as bar-
riers to pathogens. Taking into account that face masks are mainly composed of
polypropylene (PP) non-woven materials this study explores the possibility of
in situ biosynthesis of silver-based nanoparticles as an antimicrobial agent on
PP material. A pomegranate peel extract was used as a “green” agent for syn-
thesis and stabilization of nanoparticles. Hydrophobicity of PP fibers was over-
come by modification with corona discharge at atmospheric pressure. In order
to improve the binding of silver ions, corona modified PP material was impreg-
nated with biopolymer chitosan in the presence of crosslinker 1,2,3.4-butane-
tetracarboxylic acid. SEM analysis revealed the presence of spherical Ag-based
nanoparticles on the fiber surface with an average size of approximately 69 nm.
The higher the concentration of the precursor salt, the higher the silver content
after the reduction. Larger amounts of Ag-based nanoparticles provided stronger
antimicrobial activity against bacteria Escherichia coli and Staphylococcus
aureus, and yeast Candida albicans.

Keywords: pomegranate peel; chitosan; Ag nanoparticles; corona discharge.

INTRODUCTION

Until the outbreak of the COVID 19 pandemic, protective personal equip-
ment including respiratory face masks has been mainly reserved for medical pro-
fessionals but the years of living with SARS-CoV-2 virus stressed the importance
of protective masks in everyday life.! Commonly used respiratory protective
masks such as N95 and KN95 are composed of multiple layers of polypropylene
(PP) non-woven material. In general, PP non-woven materials are widely used in
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medical textiles as a part of personal protective equipment like facemasks, dis-
posable surgical gowns, drapes, shoe covers, head covers, etc.2 Keeping in mind
that PP fibers do not provide any antimicrobial activity, protective masks can
only act as a physical barrier to pathogens transmission but they are not able to
inactivate pathogens.! Furthermore, the probability of pathogen penetration
through the mask increases with wearing time.!-3 To overcome the possible con-
tamination of users, frequent change of mask is recommended, but this is not
economically and environmentally acceptable. Moreover, properties of PP fibers
and fabrication method of face masks do not allow the efficient sterilization for
re-use by standard methods in disinfect solutions.!:3:# These shortcomings of per-
sonal protective equipment are particularly common in hospital environment
where transmission of pathogens from patients to personnel and vice versa ind-
uces additional spreading of hospital infections.>

A variety of antimicrobial agents have been tested for possible application to
PP non-woven materials.%~12 Extraordinary antimicrobial activity against E. coli,
S. aureus and C. albicans is obtained by impregnation of PP non-woven material
with thymol using supercritical CO,.® During the pandemic of fly influence A
HIN1, Borkov et al. discovered that respiratory protective face masks impreg-
nated with copper oxide showed influenza biocidal properties without change of
physical barrier properties.” Excellent antimicrobial activity is also obtained by
in situ synthesis of copper oxide nanoparticles on PP non-woven material using
ascorbic acid as a reducing agent.8 Coating of protective mask with a thin layer
of copper film results in the reduction of virus SARS-CoV-2 by more than 75
%.9 Kumar et al. reported that face masks coated with copper nanoparticles could
provide significant protection from SARS-CoV-2 transmission.!0 Promising
method for imparting biocide activity to N95 facemasks proposes simultaneous
polymerization and grafting of C12-quaternized benzophenone using a UV irrad-
iation.! Nanostructured silver films successively deposited on the surface of PP
non-wovens by magnetron sputter coating provides satisfactory antibacterial act-
ivity.!1 Good antimicrobial activity is also achieved by in situ synthesis of silver
nanoparticles on PP material with glucose as a reducing agent.!2

Modification of PP non-woven material is a big challenge for scientists
because of chemical inertness and hydrophobicity of PP fibers. To overcome this
problem, many authors proposed the deposition of active agents like copper
oxide or silver onto PP surface using magnetron sputter coating systems.%!!
Kumar and co-workers designed special microfluidic 3D spray device for dep-
ositing the nanocomposite layer onto a non-woven mask.!0 The deposition of
quaternary ammonium salts by dissolving them in acetone and then exposing to
254 nm UV light to initiate benzophenone cross-linking is also proposed.! The
activation of PP surface by corona discharge at atmospheric pressure before
further processing is another efficient approach.® Namely, plasma oxidation
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results in introduction of polar groups on the fiber surface improving the hyd-
rophilicity and reactivity, and facilitating the further coating with biopolymer
alginate and copper oxide nanoparticles.®

In the current study, corona discharge is applied for the activation of PP non-
-woven material prior to coating with biopolymer chitosan in the presence of
crosslinker 1,2,3,4-butanetetracarboxylic acid. Chitosan, which is non-toxic, bio-
compatible, biodegradable, was selected due to its affinity to heavy metal ions,
and thus to Ag-ions.!3 To keep in line with environmental friendless and follow
the trends in the synthesis of metal-based nanoparticles (NPs), a waste pomegran-
ate peel (Punica granatum) was used as a green agent for the synthesis of Ag-
-based NPs. Pomegranate peel is reach in various polyphenolic compounds,
which act as stabilizing agent. The influence of the concentration of silver nitrate
as a precursor salt on antimicrobial activity of textile nanocomposite against
Gram-negative bacteria E. coli, Gram-positive bacteria S. aureus and yeast C.
albicans was explored. To the best of our knowledge there are no literatures data
dealing with biosynthesis of Ag-based NPs using pomegranate peels extract onto
PP nonwoven material modified with cross-linked chitosan.

EXPERIMENTAL
Modification of PP non-woven material

PP non-woven material cleaned with ethanol (Zorka Pharma) was treated with corona
discharge at atmospheric pressure using a commercial device Vetaphone CP-Lab MK II. The
sample was placed on the electrode roll covered with silicon coating, rotating at the minimum
speed of 4 m/min. The power was set to 700 W, the number of passages was 30 and the dis-
tance between the electrodes was 2.2 mm. This sample is denoted CPP.

CPP fabric was further treated with biopolymer chitosan (CH, ChitoClear®, source: Pan-
dalous borealis, Primex, deacetylation degree of 90 % and viscosity of 847 mPa-s,) with or
without 1,2,3,4-butanetetracarboxylic acid (BTCA, Acros Organics). A CH solution was pre-
pared by dissolving 1.00 g of CH in 100 mL of 1 vol. % acetic acid (Zorka Pharma), which
was stirred at room temperature for 24 h. In order to eliminate the gas bubbles formed during
the agitation, the solution was left to settle for 30 min.

CPP sample of 0.50 g was immersed in 75 mL of freshly prepared CH solution and left
for 1 h at the room temperature. After padding (1 kg cm™), the sample was dried at 80 °C for
8 min, rinsed with distilled water and left to dry at room temperature. This sample is denoted
CPP_CH.

The coating in the presence of BTCA was performed using the following procedure: 2 %
of BTCA and 1.2 % of sodium hypophosphite (SHP, Acros Organics) as a catalyst were added
to 75 mL of prepared CH solution. After being immersed in 75 mL of freshly prepared sol-
ution for 1 h, the sample was padded, dried at 80 °C for 5 min and cured at 120 °C for 3 min.
Dry sample was then rinsed with distilled water and left to dry at room temperature. This
sample is denoted CPP_CHB.

CPP sample (0.50 g) was also treated with 75 mL of 2 % BTCA solution in the presence
of 1.2 % of SHP. This sample is denoted CPP_B.
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Extraction of reducing agent and in situ biosynthesis of Ag-based NPs

Pomegranate peel was collected and further grinded in the Institute for Medical Plant
Research “Dr Josif Panci¢” (Serbia). 5 % water extract was prepared at 80 °C within 1 h. Ext-
ract was subsequently filtered and used for the synthesis of Ag nanoparticles.

CPP_B, CPP_CH and CPP_CHB (0.50 g) were immersed in 30 mL of 10 and 20 mM
solution of AgNOj; for 2 h and then rinsed with distilled water. The synthesis of Ag-based NPs
was conducted in 30 mL of pomegranate peel extract at 60 °C for 1 h. The samples were
thoroughly rinsed with distilled water and dried at room temperature. The samples obtained from
10 mM AgNOsj solution are denoted CPP_B_Ag10, CPP_CH_Ag10 and CPP_CHB_Agl0. In
the same manner the samples synthetized form 20 mM AgNOj solution are denoted CPP_B_Ag20,
CPP_CH_Ag20 and CPP_CHB_Ag20. CPP_CHB sample treated only with pomegranate peel
extract is denoted CPP_CHB_P. The whole procedure is illustrated in Fig. 1.

In situ biosynthesis of

‘ Corona treatment Sorption of Ag'- ions ] -based nanoparticles

Coating with chitosan I

and BTCA
o g

o~ A,
o om

Fig. 1. Schematic illustration of proposed procedure.

Characterization of synthetized materials

The morphology of the samples along with the qualitative analysis of chemical compo-
sition and distribution of silver over the surface was investigated by field emission scanning
electron microscopy equipped with an energy dispersive X-ray spectrometer (FESEM-EDS,
FEI SCIOS 2 Dual Beam). The samples were recorded under high vacuum with an acceler-
ation voltage of 7 keV, while the EDS mapping acquisition time was 30 min. The size and
size distribution of NPs were analyzed using the open-access imaging software tool Imagel.

The Ag" uptake on CPP_CHB_Agl0 and CPP_CHB_ Ag20 from AgNOj; solution was
calculated on the basis of the concentration of residual Ag* in the solution which was mea-
sured using a Spectra AA 55 B (Varian) atomic absorption spectrometer (AAS). The Ag*
uptake (g) was calculated as:

g= V(CAgO - CAg)
m

M

where Cjpyo is the initial concentration of Ag® in the solution (mol LD, Cpg is the
concentration of Ag" in the solution after 2 h long adsorption (mol L1), ¥ is the volume of the
AgNOj solution (L) and m is the weight of the fabric (g).

AAS was also applied for measuring the total Ag content in the materials after reduction.
The samples were solved in 1:1 HNO; solution. The experiments were done in triplicate.
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Color coordinates (CIE L*, a*, b*) of the fabrics were determined by spectrophotometer
(Datacolor SF300, USA) under illuminant D65 using the 10° standard observer. On the basis
of measured CIE color coordinates, the color difference (AE*) between the fabrics before and
after the synthesis of Ag NPs was determined as:

AE" = \/(Aa*)z +(AD") +(AL)? ?)

where: AL* — the lightness difference; Aa* — red/green difference; Ab* — yellow/blue differ-
ence.

Fourier transform infrared (FTIR) spectra of control and synthetized samples were rec-
orded in the ATR mode using a Nicolet iS5 FTIR spectrometer (Thermo Scientific) at 2 cm'!
resolution, in the wavenumber range 5004000 cm'!.

The wettability of the samples was studied using a thin-layer wicking test of wettability
(TLW) which was carried out in the horizontal direction according to Chibowski and Gon-
zales-Caballero.!* The samples were cut into strips (1 cmx10 ¢cm) and dried for 30 min at 100
°C. Each dry sample was inserted between two glass plates with a ruler and carefully put into
touch with deionized water in a Petri dish. Starting from the moment when the water began to
penetrate into the fabric sample, the time at which the water penetrated a certain distance in
the fabric was measured. For each fabric sample, at least 10 measurements were made, and the
average value was presented as a result.

The antimicrobial activity of PP samples modified with Ag-based nanoparticles was
tested against Gram-negative bacteria E. coli ATCC 25922, Gram-positive bacteria S. aureus
ATCC 25923 and fungi C. albicans ATCC 24433, using a standard test method for determin-
ation of the antimicrobial activity of immobilized antimicrobial agents under dynamic contact
conditions ASTM E 2149-01 (2001). Microorganisms were cultivated in 3 mL of tryptone soy
broth (supplemented with 0.6 % of yeast extracts) at 37 °C in thermostat for 18 h (late expo-
nential stage of growth). 50 mL of sterile physiological saline solution was subsequently ino-
culated with 0.5 mL of microbial inoculum. One gram of each sample, control and impreg-
nated with particles, was sterilized in autoclave (30 min) and placed into a flask (with sterile
physiological saline solution and inoculum) that was shaken at 37 °C for 2 h. 1 mL aliquots
from the flask were taken for viable cell determination and put (1 mL) in a Petri dish on the
tryptone soy agar (with 0.6 % yeast extracts). The Petri dishes were incubated at 37 °C for 24
h. After 24 h of incubation at 37 °C, zero-time (inoculum) and two-hour counts of viable mic-
roorganisms were made. The percentage of microbial reduction (R, %) was calculated in
accordance with the following equation:

R=1005=C (3)
o
where Cy (CFU — colony forming units) is the number of microorganism colonies on the con-
trol fabric and C (CFU) is the number of microorganism colonies on the fabric impregnated
with Ag particles. Number of microorganism’s colonies was expressed as colony forming
units in 0.1 mL aliquots. The experiments were done in triplicate.

In an attempt to evaluate the leaching of Ag™ from the samples, impregnated fabrics were
dipped into physiological saline solution (9 g L'! NaCl) and left to rest at temperature of 37 °C
for 1, 3, 6 and 24 h. The concentration of released Ag* was measured after 1, 3, 6 and 24 h by
AAS. The experiments were done in triplicate.
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RESULTS AND DISCUSSION

Taking into account that corona treatment leads to activation of PP fibers
surface, i.e., creation of polar groups in the polymer chain, the first step in the
current study was to examine if newly formed polar groups only altered the fiber
surface hydrophilicity or they could be potential sites for binding of Ag™. The
preliminary results confirmed that corona activation of PP non-woven material
brought about significantly improved hydrophilicity. Biosynthesis of Ag-based
NPs is commonly followed by color change (yellow shades) of textile substrates.
The lack of color change of CPP samples after the synthesis of Ag-based NPs
pointed out that the synthesis of NPs did not occur. In other words, corona activ-
ation did not provide adequate active groups for binding of Ag®. The next step
was to select an environmentally benign agent that can provide desirable active
groups for the sorption of Ag". The ability of biopolymer chitosan to form the
complexes with heavy metal ions was utilized for modification of CPP non-
-woven material. Amino groups of chitosan enhanced the binding of Ag"™ and
consequently the substrates changed the color to yellow shades after the NPs syn-
thesis step with bio-extract. A distinct color unevenness of obtained sample indi-
cated insufficiently efficient coating of CPP sample with chitosan. In order to
improve the coating of CPP samples, chitosan was eventually applied in the pre-
sence of BTCA as a crosslinking agent. Fig. 2a shows that such modification pro-
duces uniform color of the samples suggesting that BTCA enhances the binding
of chitosan to fibers. Fig. 2a also illustrates three successive synthesis steps through
the color change. Namely, after the adsorption of Ag™, as expected, the samples
retained white. After the synthesis step in the presence of pomegranate peel ext-
ract, the color was changed to ocher and finally, after drying the samples, became
brownish. Evident color changes confirm the formation of Ag-based NPs.15-17

After adsorption of  After synthesis of After drying at
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= 907
<

I 85
m
jas)
U‘ 80
&

75

5 s
= 70 L
I ~
ol P
<‘ 65 o
as) ¢
= &
U\
a
o
@) :

Fig. 2. Color change of the samples during the synthesis of nanoparticles: a) photographs of
the samples after each step of in situ biosynthesis and b) CIE L*, a*, b* coordinates.
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The results of objective quantification of color change are presented in Fig.
2b and Table I. Compared to control sample, the samples impregnated with Ag-
-based NPs are significantly darker. This is particularly pronounced in the sample
where 20 mM AgNO3 solution was applied. A large color difference (AE* = 7.46)
between CPP_SHB Agl10 and CPP_CHB_Ag20 indicates that the concentration
of precursor salt strongly affects the amount of synthesized Ag-based NPs and
consequently, the color of the samples. Evident color changes are in line with
AAS analysis (Table II), which shows that higher concentration of AgNOj3 sol-
ution causes larger Ag" uptake and higher total content of silver in the samples.
The difference between the values of initial uptake and the total content of silver
(Table II) is suggested to be due to the reduction processes ran at higher tem-
perature. Such trend is already described in literature.!”

TABLE L. CIE L*, a*, b* differences between the samples

Control Sample AE* AL* Aa* Ab* Descriptions

CPP CPP_CHB_P 26.6 —17.6 5.23 19.26 Darker, less green, yellow
CPP_CHB_Agl0 27.4 -17.0 4.63 30.0 Darker, less green, yellow
CPP_CHB_Ag20 28.3 -22.1 7.01 16.1 Darker, less green, yellow

CPP_CHB _Agl0  CPP_CHB_Ag20 7.46 -5.09 2.45 —4.87 Darker redder less yellow

TABLE II. Ag" uptake and total content of silver in the samples

Total content of silver

+ -1
Sample Ag’ uptake, pmol g after reduction, pmol g'!
CPP_CHB Agl0 10.44+0.84 4.10£0.10
CPP_CHB_Ag20 35.24+0.13 7.69+0.13

Chemical changes induced by corona and chitosan treatment are evaluated
by FTIR spectroscopy. FTIR spectra of PP, CPP and CPP_CHB samples are
shown in Fig. 3. The spectrum of PP non-woven fabric reveals all characteristic
bands for PP: CH3 and CH, asymmetric and symmetric stretching vibrations
(29502830 cm™!), CH; asymmetric deformation vibrations or CHj scissor
vibrations and CH3 symmetric deformation vibrations (1457-1356 cm~!) and
vibrations associated with C—C bonding (1200-800 cm1).18:19 Corona treatment
results in creation of two new bands at 1720 and 1636 cm~!. The absorption band
at 1720 cm™! is ascribed to carbonyl groups in aldehydes and ketones,
respectively. The band at 1636 cm™! is likely due to COO~ asymmetric stretching
vibrations.!8:19 Coating with chitosan led to decrease in intensity of the band at
1720 cm™! along with significant decrease in the intensity of band at 1636 cm™!.
Additionally, a new band at 1555 cm! attributed to vibration in secondary amide
appeared.20:21 The appearance of this band implies that amide groups are formed
between the amino groups of chitosan and carboxyl group of BTCA. A broad
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band between 3225-3350 cm!, that is pronounced in CPP_CHB spectra, is
ascribed to asymmetric stretching vibrations of -NH; or —OH groups.2!
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Fig. 3. FTIR spectra of the samples after modification with corona and chitosan.

In addition to chemical changes, corona treatment causes morphological
changes on the PP fibers surface. FESEM micrograph shows that corona discharge
creates the holes (Fig. 4b) on the flat surface of PP fibers (Fig. 4a). This is in line
with our previous observation.® Fig. 4c reveals that spherical Ag-based NPs with
an average size of 69+17 nm are synthetized on the surface of CPP_CHB Ag20
sample pointing out that waste pomegranate peels could be successfully exploited
for the synthesis of NPs. It is reported that pomegranate peel extract consists on
punicalagin and punicalin components, that belong to the group of ellagatannins
containing 16 and 10 phenolic hydroxyls per molecule, respectively.l® Poly-
phenols can act as reducing and stabilizing agents to some metal ions.22 XPS
analysis revealed that use of pomegranate peels for in situ biosynthesis of Ag-
-based NPs results in the formation of AgCl NPs.16 Other researchers also sug-
gested that that AgCl is the most typical compound found in final product of
plant-mediated synthesis of Ag NPs.23:24 Fig. 4c shows EDX element distri-
bution mapping of CPP_CHB_ Ag20 surface. Different colors were used to visu-
ally distinguish the presence of carbon (red), nitrogen (green), oxygen (cyan),
chlorine (violet) and silver (yellow). Besides carbon and oxygen, the obtained
maps indicate that nitrogen along with chlorine and silver uniformly covered the
fiber surface. The regions with a larger silver content were found to approxim-
ately coincide with those covered with chlorine indicating that NPs might be syn-
thesized in the form of AgCl, which is in line with literature.!5-16.23.24 Namely,
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AgCl is the most typical compound detected in the final product of plant-medi-
ated synthesis of Ag NPs.23:24 A size distribution of NPs (Fig. 4d) demonstrates
that significant number of particles, synthetized on the CPP_CHB_Ag20 surface,
are in the range between 30 and 90 nm.
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b) CPP, c) CPP_CHB_Ag20 sample with
B I S iy o corresponding elemental maps and d) size
30 40 s 60 70 80 90 100 10 120 distribution of Ag-based nanoparticles over
Particle size, nm CPP_CHB_Ag20 sample.

As already mentioned, corona treatment was performed to improve the hyd-
rophilicity of PP fibers. Thin-layer wicking test cannot be applied for evaluation
of the control PP material as it is highly hydrophobic. Simple drop test showed
that PP non-woven fabric became immediately wet after corona treatment. Coat-
ing with biopolymer chitosan diminished the effect obtained with corona (Fig. 5),
but the material can be still considered as hydrophilic because the wetting time
measured by drop test was less than 2 min. It is interesting to note that the coat-
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ing of CPP fibers with biopolymer alginate also has a negative influence on the
fiber surface hydrophilicity.8 Synthesis of Ag-based NPs positively affected the
material hydrophilicity compared to CPP_CHB sample. The difference between
CPP_CHB_Agl0 and CPP_CHTB_Ag20 samples as a consequence of the total
content of Ag was observed once again. CPP. CHB Agl10 sample demonstrated
better hydrophilicity than CPP_CHB_Ag20 sample.
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Fig. 5. Rate (X¥/time) of thin-layer wicking of water into investigated samples.

Finally, the main reason for the synthesis of Ag-based NPs was to impart
antimicrobial activity to PP non-woven material. The three most frequently tested
pathogens were selected for investigation of antimicrobial activity of synthesized
samples. The results, summarized in Table III, reveal that both samples provided
excellent antimicrobial activity against Gram-positive bacteria S. aureus and
yeast C. albicans. In the case of Gram-negative bacteria E. coli moderate anti-
bacterial activity was obtained. The larger the amount of silver in the samples,
the better the antimicrobial activity. It should be emphasized that CPP, CPP_CHB
and CPP_CHB_P samples did not provide any antimicrobial activity against
tested strains. Although the antimicrobial action of Ag NPs has been widely
investigated for a long-time, the exact mechanism of their antimicrobial action
has not been completely resolved yet. It is supposed that the combination of
various processes such as attack of cell membrane by Ag™ released from Ag NPs,
metal-microorganism contact, generation of ROS, etc., leads to cells death.24:25

The possible release of silver was assessed in the physiological saline sol-
ution. Physiological saline solution was selected to simulate the body fluids. Fig.
6 presents the dependence of released amount of Ag® on time. A similar amounts
of Agt were released from the sample independently of time. Again, the higher
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the total silver content, the larger the amount of released Ag*. Taking into
account the results from Table II, it is clear that after the release study approxim-
ately 87 and 92 % of silver retained in the CPP_CHB_Agl0 and CPP_CHB_Ag20
samples, respectively. Since the released amount of Ag" did not change signific-
antly over time, it could be assumed that stable nanocomposite was obtained.

TABLE III. Antimicrobial activity of samples with Ag-based NPs

Microorganism

Sample E. coli S. aureus C. albicans

CFU R/ % CFU R/ % CFU R/ %
Inoculum 8.5x103 - 9.2x10* - 1.3x103 -
PP 6.6x10° - 4.0x10% - 8x10% -
CPP_CHB_Agl0 7.0x10% 89.3 185 99.5 1.2x103 98.5
CPP_CHB_Ag20 2.8x10% 95.8 20 99.9 800 99.0
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Fig. 6. Release study of Ag* from sample in physiological saline solution.

Moreover, the amount of released Ag* is very important from the cytotox-
icity point of view since cytotoxicity of metal-based NPs have been thoroughly
investigated over the last decade. Results from Fig. 6 implied that maximum
amount of released Ag™ was about 0.7 umol g-! within 24 h. According to our
previous studies and literature data, detected amount of released Ag™ could be
considered as safe for human skin cells.15:26.27

CONCLUSION

Antimicrobial PP non-woven materials can be efficiently produced by pro-
posed green synthesis procedure, which includes: i) activation of PP fibers by
corona discharge at atmospheric pressure, ii) coating with biopolymer chitosan in
the presence of BTCA and iii) in situ biosynthesis of Ag-based nanoparticles
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using pomegranate peel extract as stabilizing agent. Each synthesis step induces
change in color, hydrophilicity and surface chemistry of fibers. FESEM micro-
graph revealed that surface of PP fibers was covered with spherical nanoparticles
implying that applied extract can be successfully used as a green agent for syn-
thesis of Ag-based nanoparticles. Larger amounts of silver were synthesized with
higher concentrations of precursor salt. Developed nanocomposite material pro-
vides a good antimicrobial protection against S. aureus and C. albicans with
small quantity of released ions into physiological saline solution.
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Technological Development and Innovation of the Republic of Serbia (Contracts No. 451-03-
-47/2023-01/200135 and 451-03-47/2023-01/200287).

U3BOJI

BPUOCHUHTE3A HAHOYECTHLIA HA BA3U CPEBPA HA HETKAHOM
IMMOJIUIIPOITMIIEHCKOM MATEPUJAJTY 3A EOUKACHY AHTUMHKPOBHY AKTUBHOCT

AHAT. KPKOBABUR', JOBAHA JI. CTOJUYMR', MAJA M. PAIIETUR' u IAPKA [I. MAPKOBUR’
1YHueep3umem y Beoipagy, Texnonowxo—metnanypwxu Gaxynitei, Kapueiujesa 4, 11120 Beoipag u

2)’Hueep3umew y Beoipagy, Hnosayuonu yenitiap TexHomowxo—metianypuxol paxynitenia,
Kapnetujesa 4, 11120 Beoipag

[Tojaom COVID 19 mannmemuje je moTBpheHa BaKHOCT ymoTpede JWYHE 3aUITUTHE
oTpeMe Kao LITO Cy PecrupaTopHe Macke Koje MpyXajy (PU3UYKy 3alUTHTy Of IMaTOTeHUX
cojeBa MUKpoorpaHu3ama. majyhu y Buzly fa ce 3aliTUTHE Macke yIJIaBHOM IPOU3BOJE Off
HEeTKaHOI MaTepHjaia of IOJUINPOIUIEHCKUX BllakaHa, y OBOM paly je UCnHUTaHa MoryhHoCT
in situ DMOCHHTEe3e HaHouecTHla Ha Dasu cpedpa Kao aHTHMHKDODHOI CpeACTBa Ha IMOJIH-
MPONMWIEHCKOM MaTepHjany. EKCTpaKT of kope Hapa je ynoTped/beH Kao ,,3eJIeH0" CPEeCTBO 3a
CUHTe3y HaHoyecTHLa. XuApo@odHOCT NONUITPONMIEHCKUX BllaKaHa je mpesasuheHa wuxo-
BOM MOJUGDUKAIIjOM KOPOHA MPaKeHheM Ha aTMOC(EPCKOM IMTPUTUCKY. Y LIHbY odosbiama
B€3UBama joHa cpedpa, MOJUIPONMIEHCKA MaTepHjal MOOU(HUKOBAaH KOPDOHOM je HMMIIper-
HUpaH OHONOIMMEPOM XHTO3aHOM Yy TIPUCYCTBY ympexusauda 1,2,3,4-OyraHteTpakapbo-
KcuinHe kucenvHe. ®ECEM aHanu3oM je MOTBpHEHO NMpHUCYCTBO CepHUX HaHOUECTHLAa Ha
MOBPLIMHHU BilakaHa, TPOCEYHUX JUMEH3Hja oko 69 nm. Beha xoHIeHTpanHja pacTBOpa COMU
mpeKkypcopa nornpuHocH Behem canpikajy cpebpa HakoH penykuuje. Behe xonuunHe uectuna
Ha Dasu cpebpa obe3denmune Cy CHaXHH]y aHTUMHUKPOOHY aKTHBHOCT Ipema OakTepHjama
Escherichia coli u Staphylococcus aureus v xBacuy Candida albicans.

(Tlpumisero 12. janyapa, pesuaupano 23. dedpyapa, npuxsaheno 9. anpuna 2023)
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Abstract: Soil erosion is a problem that affects the landscape at different scales
and represents a serious challenge for land management and soil conservation
in both natural forests and meadows. The aim of this study was to determine
how the parent material and land use affect the physical and chemical
properties of the soil in the area of the Fruska Gora Mountain. The soils were
separated into five bedrock types: serpentinite, marl, trachyte, shale, loess and
two land use types: forest and meadow. Twenty-three forest soil and 24 mea-
dow soil from a depth of 0—20 cm were sampled from the Fruska Gora Mt. The
following properties were determined: pH, electrical conductivity, oxidation-
reduction potential, content of organic carbon, sodium adsorption ratio, aggre-
gate size and stability. There is no statistically significant difference in pH
values, redox potential (Eh), electrical conductivity (EC) and sodium adsorp-
tion ratio (SAR) values between the analysed forest and meadow soils, but there
is a statistically significant difference in the content of organic carbon (Cy). It
can be concluded that both the parent material, and to a slightly less extent,
land use have a great influence on physico-chemical properties of the soil.

Keywords: soil characteristics; bedrock; forest; meadow; environmental change.

INTRODUCTION

Physical and chemical properties of soils are important for those in charge to
choose the best land use practise on the local level.! This is especially important
when soil protection is in question. Applying forest management strategies that
maintain forests with a closed canopy can help prevent soils erosion processes.
However, the resistance to erosion of forest soils can dramatically change in the
conditions of climate changes, with increasing occurrences of outbreaks of pests
and pathogens, forestfires, etc.?

* Corresponding author. E-mail: nevena.antic@ihtm.bg.ac.rs
https://doi.org/10.2298/JSC221221012G
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Similar to forests, meadow soils are also subjected to climate change imp-
acts, such as increased temperatures and changing precipitation patterns. Dryer
and hotter conditions may result in loss of valuable habitat, but also in the
encroachment of new species, and a greater risk of wildfire. Increased drought
frequency could also cause major changes in vegetation cover. Vegetation shifts
can impact ecosystems and species, and changes in species composition and plant
productivity may also impact the human communities that rely on agricultural
production in these regions. Losses of vegetative cover coupled with increases in
precipitation intensity and climate-induced reductions in soil aggregate stability
will dramatically increase potential erosion rates.3

Forest soils, especially those under native forests, differ from soils of other
land use systems in terms of their infrequent (but sometimes major) disturbance,
and high organic matter content which may increase the capacity to buffer the
effects of climate change. Some of the effect of climate change on soils in such
forests may be slow but cumulative, and would require special and sensitive
parameters to detect any change in terms of soil health. Any alteration to either
the quantity or the quality of soil organic matter under climate change is probably
the most important factor affecting soil health under forests. This is because
organic matter exerts strong controls on the physical,chemical and biological
properties affecting soil “fertility”.3 Mountain soils are generally shallow and
their fertility is often concentrated in the uppermost layers. Therefore, soil eros-
ion is a key problem that affects the landscape at different scales and represents a
serious challenge for land management and soil conservation.#

Soil structure is important for soil stability and land degradation and depends
on geological settings and land use practices. Physical and chemical features
determine soil erodibility, but less is known how their interactions alter erodib-
ility.5 Soil texture, the content of organic carbon, pH value, electrical conduct-
ivity, and total water-soluble cations clearly differentiate forest soils by the type
of bedrock and were proven to be explanatory variables.6

Physicochemical characteristics can be directly or indirectly influenced by
the soil aggregate stability which can be used as a soil degradation indicator.”
Aggregate stability is the ability of aggregates to resist stresses causing their
disintegration such as tillage, swelling and shrinking of clay minerals, raindrop
impact, etc. Land use has a significant impact on aggregate stability, and forest
soils generally have better structure than meadow soils.8

Forest soils contain more carbon per unit area than meadow or arable land.?
The increased organic carbon content in forest soils is associated with the type of
vegetation.

Besides land use, bedrock is essential for soil quality; however, its impact on
soil degradation is not sufficiently understood. Soil degradation in changed
environmental conditions depends largely on the bedrock, which was until rec-
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ently considered of subordinate significance compared to climate and pedological
characteristics. Bedrock has a significant role in vegetation growth through the
regulation of soil physico-chemical properties, and it can alter the response of
vegetation to climate properties.!!

Considering the heterogeneous nature of soils, more information is needed
for a better understanding of the effect of both land use and geological settings.
The aim of this study is to determine how the parent material and land use affect
the physical and chemical properties of the soil in the area of the Fruska Gora Mt.

EXPERIMENTAL

Details related to sampling sites and procedure are given in the Supplementary material
to this paper.

Determination of soil aggregate size and aggregate stability, content of organic carbon
(Corg)> PH value, redox potential (Eh), determination of electrical conductivity (£C) and avail-
able ions concentration (Na", K*, Ca?", Mg?") were conducted. Sodium adsorption ratio
(SAR), as an index of soil disperisvity, was calculated from the concentration of available
ions.

Aggregate size analysis was done according to a standard sieving procedure using a set
of sieve sizes ranging from 16 to 1 mm (16, 8, 4, 2 and 1 mm).

Stability of soil agregates was determined by sieving previously air-dried soil through a
sieve of 4 and 2 mm pore size to obtain fraction of 2-4 mm size aggregates. 5 g of these
agregates were weighed and gently placed into a 250 cm? beaker containing 50 cm?3 of distil-
led water. At the moment of descent, the stopwatch was turned on. After 10 min, the water
was sucked out with a pipette, and the soil was dried. The dried soil was sieved on a 2 mm
sieve. The content of stable aggregates was obtained from the differences between the initial
weight of the soil aggrregates and the portion that remained on the sieve.

Elemental analysis was performed in order to determine the content of organic carbon
(Corg) in the tested samples. Measurements were performed on a Vario EL III instrument,
CHNOS elemental analyzer, Elementar Analysen Systeme GmbH.

Determination of the pH value of the soil was obtained using a pH meter AD 1000 pH /
mV & temperature meter (Adwa), which was previously calibrated with buffer solutions from
the set of instruments, pH values 4, 7, 9. The redox potential was determined potentiomet-
rically, using a Pt electrode, and a calomel electrode as a reference, on the HI 9321 Micropro-
cessor pH meter (Hanna Instruments) and soil electrical conductivity was determined using a
Cond-330i conductivity meter (WTW). For all three measurments the soil was prepared in the
same way. 5 g of representative sample was added to 25 cm? of distilled water, and the sus-
pension was placed on a shaker for 30 min, after which the sample was centrifuged.

Determination of available Na*, K¥, Ca?" and Mg2" in soil was done by inductively
coupled plasma optical emission spectrometry (ICP-OES) method, analytical method used for
the qualitative and quantitative determination of elements. The ICP-OES instrument used for
this analysis was the Thermo Scientific iCAP 6500 Duo ICP (Thermo Fisher Scientific, Cam-
bridge, UK). The parameters of the source at which the measurements were performed were:
RF generator power: 1150 W, axial gas flow rate: 0.5 L/min, nebulizer gas flow rate: 0.5
L/min, cooling gas flow rate: 12 L/min.

The dispersivity index/sodium adsorption ratio (SAR), where all concentrations are in
milliequivalents per L, was calculated using the equation:!?
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\/E[Na*}
\/[Caz+] + [Mgz*]

Statistical 7-test was used to analyze the existence of possible differences in soil pro-
perties according to the land use. The least significant difference (LSD) one-way analysis of
variance (ANOVA) test was used in the context of the analysis of variance between bedrock
types with the F-ratio suggesting rejection of the null hypothesis, when the difference between
the population means is significant. For interpretation of parameter results, the principal com-
ponent analysis (PCA) and correlation coefficients were calculated using the SPSS Statistics
20 package.

SAR = (1)

RESULTS AND DISCUSSION

Soil samples of five types of bedrock and two types of land use from the
Fruska Gora Mt. were analyzed with the aim to determine the possible differ-
ences in their physicochemical properties.

The soil aggregate size analysis was conducted with the purpose of deter-
mining the most represented aggregate size class. On average, meadow soils have
a larger portion of soil aggregates in the class < 2 mm, with a total of 38.77 %
compared to 23.87 % of forest soils, and vice versa, the content of 16—8 mm and
8—4 mm aggregates are higher in the forest soils. The dominant aggregate size for
most soils is 8—4 mm, except for loess meadow and trachyte forest with the 4-2
mm aggregate size being dominant (Table I). The highest content of 16—8 mm
and 8—4 mm aggregates is found in marl forest soils, followed by the shale forest.
Highest portion of smallest aggregates have loess meadow and serpentinite mea-
dow soils.

TABLE 1. Distribution of soil aggregate size, %; LM — loess meadow; SeM — serpentinite
meadow; MM — marl meadow; SeF — serpentinite forest; MF — marl forest; TF — trachyte
forest; ShF — shale forest; A VG — average value; SD — standard deviation

Aggregate size, mm

Bedrock and land use type >T16 s P ;) 1 1
LM AVG 0.00 8.9 20.59 27.03 19.5 23.98
SD 0.00 11.32 9.67 3.82 6.27 11.36
SeM AVG 0.00 6.51 28.58 25.57 21.9 17.44
SD 0.00 4.92 6.37 3.77 3.5 5.57
MM AVG 0.00 5.27 35.13 24.54 18.7 16.36
SD 0.00 6.34 7.53 2.11 4.11 6.51
SeF AVG 2.58 9.14 33.45 2421 19.09 14.11
SD 6.31 7.57 5.76 4.9 5.33 5.04
MF AVG 0.41 36.92 43.95 12.31 473 1.68
SD 1.01 18.65 13.4 6.89 3.96 1.23
TF AVG 0.00 2.56 23.67 30.84 28.52 14.42
SD 0.00 3.63 2.41 2.92 6.3 2.65
ShF AVG 0.50 16.01 38.55 23.05 12.03 9.86
SD 1.22 8.11 7.05 4.17 3.64 3.82
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Stability of soil aggregates was investigated for all forest and meadow soil
samples.

On average, it was found that forest soils have lower average aggregate
stability (51.04 %) than meadow soil (60.05 %), Fig. 1. However, meadow soils
have a smaller range of stable aggregates than the forest soils. The content of
stable aggregates, regarding geological settings and the land use type is
decreasing in the following order: LM > TF > MF > ShF > SeM > SeF (Fig. 1).
The ratio of stable/unstable aggregate is lowest for SeF soils (0.24) and highest
for LM (2.30).

"i9 B

[ ]25%~75%

I Range within 1.5IQR’

20 4 . X
E — Median Line
= Mean
10 4

¢ Outliers

804

W =) =1
=3 =} <
1 1 1

Stable aggregates, %
&
1

Fig. 1. Content of soil stable aggre-
gates. LM — loess meadow; SeM —
serpentinite meadow; MM — marl
meadow; SeF — serpentinite forest;
. r . ; : : ; MF — marl forest; TF — trachyte for-
LM SeM MM SeF MF TF ShF eSt; ShF _ shale fOreSt.

@
I

Since the stability of soil aggregates was tested on 4—2 mm size, the analysis
of variance (ANOVA) was performed to determine the possible existence of dif-
ferences between this soil aggregates size depending on: the bedrock type, land
use type, and depending on both of these factors simultaneously.

Statistically significant difference (p < 0.05) among bedrock type was found
between aggregate size of 4-2 mm sampled over shale and trachytes, loess and
marls, serpentinites and marls, serpentinites and trachytes, as well as among
aggregates of marls and trachytes soils. No significant difference (p > 0.05) was
found between aggregates size of 4—2 mm among solely meadow soils, while, on
the contrary, a significant difference (p < 0.05) was found between forest soils on
serpentinites and marls, serpentinites and trachytes, as well as among marls and
trachytes. ANOVA performed for both of these factors for all soil samples
showed that significant difference (p < 0.05) exists between aggregates size of 4—
—2 mm of ShF and MF, ShF and TF, LM and SeF, LM and MF, SeM and MF,
SeM and TF, MM and MF, MM and TF, SeF and MF, SeF and TF, MF and TF.

Corg Was measured in all soil samples, indicating that forest soil covers the
range of 1.75-6.08 %, while in meadow soil is in the range of 1.06—1.98 % (Fig.
2). The average value of Cyg is statistically different (p < 0.05) between the
given two types of soil, being 2.97 % for forest soils and 1.48 % for meadow
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soils. The obtained results show that Corg depends on the land use. According to
the ANOVA there is a statistically significant difference (p < 0.05) in Corg in
soils on different bedrock types. The organic carbon content decreases in the
following order: TF > MF > ShF > SeF > LM > SeM > MF. In comparison with
the land use, a smaller impact was established. Thus MF and MM soils have a
statistically significant difference (p < 0.05) in Corg, which can be related to the
influence of land use.

6 I Range within 1.51QR
— Median Line
Mean
+ Outliers
gL OQutiers |
C\O.‘ —1
=
=]
£ 4
S *
2
2
503 EI . . .
S Fig. 2. Organic carbon content in Fru-
Ska Gora soils. LM — loess meadow;
24 . B SeM — serpentinite meadow; MM —
= EI marl meadow; SeF — serpentinite for-
| . est; MF — marl forest; TF trachyte for-
T T T T T T T
LM SeM MM SeF MF TF ShF est; ShF — shale forest.

EC, Eh and pH of all soil samples were measured with the aim to determine
the physicochemical properties of soils of different bedrock and land use type.

The pH value of forest soils varies in the range of 6.0-7.13 classifying them
as weakly acidic to neutral soils, while the pH of meadow soil varies in the range
of 5.77-7.29 classifying them moderately acidic to neutral soil. Mean values and
standard deviations of the analysed parameters are presented in Table II. EC
measured in forest soils vary in the range from 76.8 to 333 pS cm=3, and in mea-
dow soil from 61.2 to 294 uS cm3, while Eh of forest soils varies in the range
from 444.4 to 575.8 mV, and meadow soil similarly from 452.8 to 559.7 mV.

TABLE II. Physicochemical properties of soils; SD — standard deviation; ShF — shale forest;
SeF — serpentinite forest; MF — marl forest; TF — trachyte forest; LM — loess meadow; SeM —
serpentinite meadow; MM — marl meadow

Parameter ShF SeF MF TF LM SeM MM
pH Mean 6.77 6.79 6.85 6.7 6.9 6.27 6.82
SD 0.21 0.38 0.22 0.28 0.28 0.37 0.34
Eh Mean 52738 51742 508.65 496.32 498.55 544.09 504.72
mV SD 23.6 39.59 10.91 27.48 5.6 10.41 23.42
EC Mean 191.53 130.58  197.85 282.4 259.83 89.97 233.39
puScm3  SD 80.68 42.23 58.58 36.41 21.04 14 3791
SAR Mean 0.04 0.12 0.08 0.08 0.02 0.21 0.07
SD 0.01 0.06 0.03 0.00 0.01 0.02 0.04
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The difference in soil pH on different bedrock type was tested by one-factor
analysis of variance, and it was found that there is a statistically significant dif-
ference (p < 0.05) between individual soil groups (Table III). Post hoc Fisher’s
test of the least significant difference (LSD) showed that the statistically signific-
ant deviations in pH values exist in the following soil pairs: serpentinites — marl
and serpentinites — loess (4 = 0.42 > LSD = 0.33). ANOVA conducted on ana-
lysed parameters showed there is no statistically significant difference (p > 0.05)
between pH in forest and meadow soils which can imply that the land use does
not significantly affect the soil pH value. Furthermore, Fisher’s LSD test proved
that the statistically significant differences (p < 0.05) exist in the following soil
pairs: SeF—SeM; SeM—MF; SeM-MM; SeM-TF; SeM—SeM; SeM—ShF (4 0.63—
—0. 43> LSD 0.35-0.30).

TABLE III. One-factor analysis of variance of physicochemical properties of soils

Parameter F factor Significance
pH 2.71 0.04
Eh/mV 4.95 0.00
EC/uS cm 2223 0.00
SAR 0.51 0.73

ANOVA analysis showed that there is a statistically significant difference
(» < 0.05) in the values of oxidation-reduction potential between the soils of
different bedrock. Fisher’s post hoc LSD test determined the existence of a stat-
istically significant difference (p < 0.05) in £k values in the following soil pairs:
serpentinites—marl; serpentinite—trachyte; serpentinites—trachyte; trachyte—shale;
trachyte—shale (4 37.1-27.12 > LSD 28.16-16.98). The result of the #-test shows
that there is no statistically significant difference (p > 0.05) in the values of oxid-
ation—reduction potential between forest and meadow land.

The ANOVA method was used to examine the differences in the £4 values
of the soil, taking into account the land use and the bedrock. The Fisher’s LSD
test determined the existence of a statistically significant difference (p < 0.05) in
the following soil pairs: SeF—SeM; SeM—MF; SeM—-MM; SeM-TF; SeM-SeM;
TF-ShF; MF-ShF (4 26.67-47.77 > LSD 21.10-27.11).

The result of the 7-test shows that there is no statistically significant differ-
ence (p > 0.05) in the values of EC between forest and meadow soil. The LSD
test determined the existence of statistically significant differences (p < 0.05)
between the following soil pairs: serpentinites—marl; serpentinites—trachytes;
serpentinites—loess; serpentinites—shale; marl—trachytes; trachytes—shale; loess—
—shale (4 176.19—63.22 > LSD 56.52-34.08). The ANOVA was conducted to
examine the £C values of the soil. Taking into account the land use and the bed-
rock type there was a statistically significant difference (p < 0.05) between the
tested samples. Fisher’s LSD test the existence of a statistically significant differ-
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ence (p < 0.05) in the following soil pairs was determined: SeF—MF; SeF—MM;
SeF-TF; SeF-LM; SeF-ShF; SeM -MF; SeM-MM; SeM-TF; SeM-LM; SeM—
—ShF; MF-TF; MF-LM; TF-ShF; LM-ShF (4 192.43-60.95 > LSD 51.89-
—47.37). The obtained results show that there are large deviations depending on
the parent matrial. The biggest difference comes from serpentinite, both forest
and meadow, and this shows a strong influence of the geological substratum on
the examined parameter.

In results obtained depending on the bedrock statistically significant differ-
ence (p < 0.05) was found between the pH value of soil sampled over loess and
serpentinites, and serpentinites and marls. Significant differences (p < 0.05) in
the Eh values exist between the soil sampled over shale and loess, shale and tra-
chyte, loess and serpentinite, serpentinite and marl and serpentinites and tra-
chytes. In the EC values significant differences (p < 0.05) exist between the soils
sampled over shale and loess, shale and serpentinites, shale and trachytes, loess
and serpentinites, serpentinites and marls, serpentinites and trachytes and marls
and trachytes.

ANOVA performed to determine the possible existence of differences
between pH, EA and EC within the same land use (meadows or forests) over
different geological substrates showed certain differences. For meadow soil
samples, differences were found in the case of pH values of soil sampled over
shale and serpentinites, loess and serpentinites, and marls and serpentinites. In
the case of Eh values of soil sampled, differences over shale and loess, shale and
marl, loess and serpentinites, and serpentinites and marls were found, while ana-
lysing the EC values, the differences were observed between shale and loess,
shale and serpentinites, loess and serpentinite and serpentinites and marls. For the
forest soil samples, differences were found for the EC values of soil sampled
over serpentinites and marls, serpentinites and trachytes and marls and trachytes.
At the pH and Eh values of forest soil samples there are no significant differences
in the 95 % confidence interval.

The average values of SAR of forest and meadow soil are presented in Table
II. The high concentration of sodium ions in the soil causes the replacement of
calcium and magnesium ions, which leads to the dispersion of soil particles and
the adhesion of particle aggregates. This process is unfavourable for the soil,
because hard soils, which are very poorly permeable to water, are formed and
thus become unfavourable for the growth and development of plants. The results
show that the SAR values of the forest soil vary in the range from 0.03 to 0.19
mmol/L, while in the meadow soil they are in the range from 0.02 to 0.64
mmol/L. The mean SAR value is 0.08 mmol/L for the forest soils and 0.11
mmol/L for the meadow soils. The result of the #-test showed that there was no
statistically significant difference (p > 0.05) in SAR values between the forest and
the meadow soil. ANOVA showed that there is a statistically significant differ-
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ence (p < 0.05) in SAR values between the soils of different bedrock in the fol-
lowing soil pairs: serpentinites—marl; serpentinites—loess; serpentinites—shales
(4 0.147-0.098 > LSD 0.091-0.069).

The ANOVA was also used to examine the SAR values of the soil, taking
into account both the land and the bedrock. Results showed that there is a statis-
tically significant difference (p < 0.05) between the examined samples. LSD test
determined the existence of a statistically significant difference in the following
soil pairs: SeM-MF; SeM-MM; SeM-TF; SeM-ShF (4 0.184-0.125 > LSD
0.103-0.087). The greatest differences come from serpentinite, namely from the
SeM that has the highest SAR value. In general, in all tested soil samples, the
SAR value is not high, which implies that these soils do not have a high tendency
towards dispersion.

The above results show that the characteristics of the soil in the examined
area of the Fruska Gora Mt. largely depend on the geological settings, except in
the case of organic carbon content, where the greatest impact is the land use. pH
has statistically significant positive correlation with E#, EC and SAR, and Eh
with EC (Table IV). Coe is not in correlation with any of the tested parameters,
while content of stable aggregates is correlated with EC (Table IV).

TABLE IV. Correlations between physicochemical properties of soils; PC — Pearson correl-
ation, Sig. — significance

Correlation pH Eh EC SAR Corg Stable aggregates

Parameter mv  uS J o,
pH PC 1 -047 049 -038 -0.08 0.16
Sig. 0.00 0.00 0.01 0.70 0.28
Eh/mV PC 1 -0.57 020 -0.15 -0.09
Sig. 0.00 0.17 046 0.56
EC/uS cm™ PC 1 -0.21  0.31 0.62
Sig. 0.16 0.12 0.00
SAR PC 1 -0.05 0.07
Sig. 0.80 0.62
Core PC 1 0.24
Sig. 0.22
Stable aggregates, % PC 1
Sig. 0.00

The relationship between EC and SAR following the Rengasamy et al.
(1984)!2 domains indicate that the soil samples are potentially dispersive. This
means that in the case of land use change, including the deforestation of tillage,
the erosion processes could be expected.

The percentage of variance for the first component is 30.7 % which had
large positive eigenvalues for pH, EC and stable aggregates, %, but negative for
SAR, Na' and Eh. The percentage of variance of the second component explained
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24.5 % of variance and it had large positive eigenvector for Ca2*, Mg2* and K*
(Fig. 3). The ShF and TF soils are grouped as soils with the most stable aggre-
gates, and serpentinite soils, both with meadow and forest land use, are the most
dispersive, grouped around SAR.

2 .
Na o an

i1 e LM 14
= MF

h Rl L * MM
- - VA 2| A SeF

—_— I » SeM
g G 4 ShF
Stable aggregates, % £ 3l v TF

-0.50 -0.25 0.00 0.25 0.50 -6 -4 -2 o
PC1 PC1

Fig. 3. Principal component analysis of Fruska Gora soils: a) loading plot; b) score plot.

The physical and chemical properties of the soil in the examined area of
Fruska Gora Mt. depend on the bedrock type and land use. Statistical analyses
have shown that the bedrock has a strong influence on a larger number of ana-
lysed soil parameters. Evidence of this are the differences in pH and E#4 values
for meadow and forest serpentinite soils. However, at the same time, no statis-
tically significant difference was found in these parameters between meadow and
forest soil on marl.

CONCLUSION

For the purposes of this paper, 47 soil samples (23 forest and 24 meadow
samples) were analysed with the aim to determine the impact of land use and
geological background on the physical and chemical properties of the soil in the
areas of Fruska Gora Mountain.

Based on the obtained results it can be seen that both the examined forest
and medow soils belong to the range of slightly acidic to neutral soils. This data,
together with values of Eh, EC, SAR and Cyyg, confirms the good soil quality in
the study area.

No statistically significant difference in pH, Eh, EC and SAR values exists
between the analysed forest and meadow soils, except for the content of Coyg,
implying that the land use does not have a great influence on pH, Eh, EC and
SAR values, but that the content of Coro largely depends on soil vegetation.

Various parent material affects the measured parameters in different ways.
Results indicate that the serpentinite soil differ from the other bedrock type soils.
Statistical tests which took into account the bedrock and land use, showed that
for all parameters, except for Corg, the serpentinite soils, particularly the meadow
serpentinite soils, are most vulnearable to land use and possible climate changes.
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It can be concluded that both parent matrial, and to a slightly less extent,
land use have a great influence on physicochemical properties of the soil.

Of all parent material types, serpentine soils proved to be most sensitive to
dispersion and possible soil erosion processes due to land use change. Also, the
differences in soil properties between land use types are most prominent for
serpentinite soils, while at the same time, the parameters do not show statistically
significant differences between meadow and forest soil on marl. This finding
should be taken into account in forest management practices, especially in the
predicted climate change conditions.

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/12185, or from the corres-
ponding author on request.
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U3BOJ
YTHIAJ TEOJIOIIKE ITOJIOTE U HAYHHA KOPUITHEHA TEPEHA HA
OU3NYKO-XEMUICKA CBOJCTBA 3EMJPUIITA ®PYIIKE 'OPE

MWINLIA KAITAHUH-TPYBUH, TOPHLIA BECEJIMHOBWR, HEBEHA AHTHR, TOPIJAHA TAJHULIA,
CABA CTOJAIUHOBUR, AJIEKCAHIIPA ITAJHOBW|R u CHEXXAHA LITPBALL

Hnctuiiyin 3a xemujy, exHoI0Iujy u metlanypiujy, Ynugepsuiteii y Beoipagy, Fbeiowesa 12,
11000 Beoipag

Eposyja 3emmuIlNTa je mpodieM KOju yTUUYe Ha Npefese y pasiudUuTUM pasMepama u
IpefcTaB/ba 030M/baH M3a30B 3@ YIIPaB/bambe 3€MJBHUILITEM M OUYBAKE 3EMJ/BUILNTA KAKO y MPHU-
POIOHMM LIymMaMa Tako W Ha iuBajama. Llwb oBOr McTpakvBama OHO je Ja ce yTBpPOHM Kako
MaTUYHa CTeHa W HAaYWH Kopulrhema yTHUy Ha (PU3NIKO—XEMHjCKa CBQjCTBA 3EMJbHILNTA HA
nogpyyjy ®pylike rope. 3eM/bHILITa Cy NIO€/beHA Ha MET TUIIOBA CTEHA: CEPIIEHTHHHUT, JIAIo-
pal, TpaxuT, WIKPUbALl U JIeC, Kao U Ha JBa HAYWHA Kopullhewa TepeHa: UymMa U iauBaga. Ca
dpymike rope y3opkoBaHa Cy 23 IIyMCKa 3€MJbHINTA U 24 NMBafCKa 3€M/bHLITA ca ByOHUHE Off
0-20 cm. Oppehena cy cnepmeha cBojctBa: pH, enexrpuuHa mpoBoassuBocT (EC), penokc
norenuyjan (Eh), canpxaj opranckor yribeHuka (Corg), OJHOC afcopruuje HaTpujyma (SAR),
BEeJINYMHA arperara U crabuiHocT. He MoCTOju cTaTUCTHUKY 3HAYajHa pa3iuka y BpeJHOCTHMA
pH, Eh, EC u SAR u3mel)y aHaIM3HUpaHUX IIYMCKHX M JIMBAJICKHUX 3€MJBUINTA, aJld MOCTOjU
CTaTUCTUUYKY 3HayajHa pasnvka y caapxkajy Core. MOXe Cce 3aK/byyWTH [a BENIUKH YTHIA] Ha
(pU3NYKO—XEMUjCKe OCODMHE 3eMJBHMILITA MUMajy U3BOPHH MaTepHjal M Y HEIITO Mam0j MepH
HauMH kopuirhemwe 3eMIbUIITA.

(ITpummseno 21. nenemdpa 2022, pesuaupano 1. mapra, mpuxsaheno 3. mapra 2023)
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SAMPLING DETAILS

The Fruska Gora Mt. is located in the south of the Pannonian Plain and stretches between
the Danube and the Sava River. On the south and west, it is framed by the loess plains of
Srem. This mountain range has a length of 75 km, and a maximum width of about 15 km.
With the highest peak (Crveni Cot) of 539 m, Fruska Gorabelongs to low mountains. The
geological diversity, together with the specific microclimate, contributed to the development
of a large number of different species of plants and animals that live there, so in 1960 Fruska
Gora Mt. was declared a national park.

Geological composition of the Fruska Gora Mt. is heterogeneous and consists of various
types of rocks of different ages. The central part of the mountain has peaks with an average
height of 440 to 460 m above sea level and mainly consists of serpentinites, while the western
part is flat with an average height of about 200 m above sea level built of limestone. The
eastern part is at a lower altitude and consists of sedimentary rocks, mainly loess.

Total of 47 soil samples from the Fruska Gora Mt. (Fig. S-1) were analyzed for
determining the difference between land use and geological settings. Twenty-three samples of
forest soil and 24 samples of meadow land were analyzed. The soils used in this study were
developed on five bedrock types: serpentinite (Se), marl (M), trachyte (T), shale (Sh), loess
(L) and two land use types forest (F) and meadow (M). Fig. 1 shows sampling locations with
the indicated badrock type and land use: MM — marl meadow (9 samples), MF — marl forest (6
samples), SeF — serpentinite forest (6 samples), SeM — serpentinite meadow (9 samples), ShF
— shale forest (6 samples), TF — trachyte forest (5 samples), LM — loess meadow (6 samples).

All samples were taken from the depth of 0-20 cm. Samples cleaned of plant residues
were dried for seven days in laboratory conditions at room temperature, and then represent-
ative samples were selected using the chessboard method.

* Corresponding author. E-mail: nevena.antic@ihtm.bg.ac.rs
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Fig. S-1. Map of Serbia and Fruska GoraMt. with marked sampling locations. MM — marl
meadow, MF — marl forest, SeF — serpentinite forest, SeM — serpentinite meadow, ShF — shale
forest, TF — trachyte forest, LM — loess meadow.
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Using the Escape Room game-based approach in chemistry
teaching
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Abstract: In recent years, the Escape Room approach has been applied in teach-
ing of various content. Aside from being enjoyable, the Escape Room activities
actively involve all students in the class and promote their creative, critical and
logical thinking, problem solving, communication and cooperation, as well as
positive attitude towards the subject. To encourage the engagement and motiv-
ation of ninth-grade students, activities were developed regarding the topic of
exothermic and endothermic reactions, through the use of Google Forms and
Breakout Rooms option in MS Teams. The application of this approach helps
students to master the teaching content in a more interesting way, encourages
discussion and cooperation among students. 244 9t grade students from five
primary schools participated in the research. Apart from encouraging engage-
ment and motivation among students, one of the objectives of the research was
to examine their opinions regarding the implemented Escape Room activities.
For this purpose, the motivation of students towards Science Learning (SMTSL)
and Activity Perception Questionnaire (APQ-ER) instruments were imple-
mented. The research results, positive atmosphere during the classes, and high
students’ satisfaction after completing the activities indicate numerous benefits
of the implementation of the Escape Room approach in chemistry teaching.

Keywords: game-based learning; exothermic and endothermic reactions; IMI;
SMTSL.

INTRODUCTION

A game is a type of play where all participants should follow defined rules.!
They are usually recreational, but can also be used as a pedagogical tool if they
are applied to learning in a particular area. Games in education are often used by
teachers who have younger students, although it has been proven that older
students also enjoy a well-designed educational game that can stimulate them to

* Corresponding author. E-mail: aleksandra.18@hotmail.com
https://doi.org/10.2298/JSC211228088N
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be more effectively involved in the class.2 The application of many educational
games is mostly focused on improving critical thinking skills in processing vari-
ous teaching contents in different subjects. They are an excellent method for
developing students’ creativity and gaining research and problem-solving skills.
Numerous studies have been performed in the past on how the usage of educat-
ional games affects students’ motivation.3~7 Many of them refer to mathematical
and language cognitive skills,3-> and some describe the value of computer games
as a motivator.# Chemistry is also one of the subjects for which educational
games have been developed, and one of the most popular topics for their imple-
mentation is the Periodic Table of Elements.’

The Escape Room approach has become popular around the world in the
recent years.8-10 It has a relatively short history. The first Escape Room activity
was organized in Kyoto, Japan, in 2007, as a single room game for teams of 5—6
players.!! According to Nicholson,!! Escape Rooms are live-action team-based
games in which players (in this case, students) are given tasks, usually to solve a
variety of puzzles, in order to escape from the room. This means that, in a limited
amount of time, players should accomplish a specific goal determined by the
coordinator of the game. Different versions of this activity can be developed, but
the main idea is to create a context where players have to solve different tasks as
a group within a given time.!2 Having this in mind, in 2019 seminars for pro-
fessional development of chemistry teachers were held in the Republic of Maced-
onia and in the Republic of Serbia,!3:14 the aim of which was to educate teachers
on how to apply this approach in chemistry teaching.

In contemporary education, Escape Room activities, which are based on
game-based learning, offer opportunities related to active learning, self-regul-
ation, fun and social interaction.15-18 The teachers need to find a way to motivate
their students and keep their attention, while developing their 4C skills (creat-
ivity, communication, collaboration, critical thinking). To create a good educat-
ional Escape Room activity, the teacher needs to effectively link the goals of the
game with the goals of the teaching content. Preparing such activity takes time,
but once prepared, games can be used many times with slight modifications.!9
Carefully prepared game-based activities should enable greater students’ particip-
ation and mental involvement, which would then lead to increased motivation
and interest in the subject and development of positive attitude toward chem-
istry.19 Game-based lesson promotes much greater student engagement than the
traditional lesson because students want to win the game.

This approach can be used for elaboration of teaching content in various sub-
jects or topics, and the effects of its implementation in chemistry teaching have
been examined in several studies.2%-22 In recent years, the Escape Room appro-
ach has become very popular in STEM classrooms. Chantal and Belova2? con-
ducted a systematic literature review to gain insight into the prevalence of this
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type of educational games and the need for further development in this field. The
authors searched the common databases and analyzed 93 journal articles, book
chapters, and conference papers that targeted a specific educational level, were
designed for formal educational settings and were aimed at STEM education. 15
out of 93 publications dealt with Escape Rooms in secondary and tertiary chem-
istry education (12 chemistry activities included experiments or lab-based act-
ivities), developed either on a specific topic or a combination of several ones.
The results of their study showed that there is a need to develop more easily
adaptable Escape Rooms, and provide further evidence regarding the effects of
their implementation in the classroom. This in-depth research did not uncover
studies that dealt with the topic of exothermic and endothermic reactions and,
therefore, it is clear that future research should focus on the implementation of
Escape Rooms in primary education, which, due to the age of the students,
requires simplicity in the solving of the puzzles.

Still, it is worth mentioning that in order to implement the game-based learn-
ing approach, teachers in primary and secondary education need to be educated
on how to apply it within the teaching process. First of all, the teacher needs to
know how to design such an educational game and carefully plan all the details
for its application in the classroom. The game should be prepared before the
beginning of the classes and the puzzles should be pre-tested. Teachers should
also be aware of the lesson time limit and all Escape Room activities must end
before the bell rings.!?

The application of this approach offers many opportunities to master the
teaching content elaborated in primary and secondary education. The idea was to
develop creative and interactive lessons, which, apart from the enjoyment, would
promote the engagement and motivation to master the teaching content through
the game, as well as a more positive attitude towards chemistry among students.
It is expected that the Escape Room approach would provide a large number of
benefits to students. Apart from the advantages, application of this approach also
has disadvantages, such as the limited time to answer the puzzles.8 If this activity
is realized online, problems with the internet connection can be mentioned as a
disadvantage, especially when the students use this activity for the first time.
Therefore, a special challenge was to see if online teaching, which was dominant
in schools during the pandemic, enabled better digital competencies for both stu-
dents and teachers. Furthermore, conducting Escape Room activities in an online
environment implies that students will not be able to engage in practical act-
ivities, such as experimenting, or make tactile observations.

EXPERIMENTAL
The aim of the research

The objectives of this research were to apply an innovative and creative approach in
chemistry teaching to increase the engagement and motivation of 9 grade students in review-
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ing the concepts of exothermic and endothermic reactions. The primary idea of the research
was to, by using the Escape Room activities, encourage students to participate actively in the
classes and to increase their interest and motivation to learn chemistry. The implementation of
Escape Room activities, besides helping the students to master the teaching content in a more
interesting way, was also aimed at encouraging discussion and collaboration within the group,
as well as competition among groups. In this way, students had the opportunity to improve
their communicational skills, and develop their creative, critical and logical thinking, as well
as a positive attitude toward chemistry classes.

In addition, after the end of the classes, the opinion of the students regarding the con-
ducted activities was examined.

The sample

In order to examine whether the application of Escape Room activities affects the eng-
agement and motivation of 9t grade students in reviewing the topic of exothermic and endo-
thermic reaction, the research was conducted in five primary schools from cities in different
regions of the country. The research included a total of 244 9™ grade students (13—14-years-
-old) who attend classes in different languages of instruction, i.e., 195 in Macedonian and 49
in Turkish. The study was conducted in accordance with school rules, and the students and
their subject teachers agreed to voluntarily participation. Collection of students’ opinions after
completing the activities was anonymous using Google Forms. A total of 193 students (123
girls and 70 boys) filled in the APQ-ER items, and 119 students (72 girls and 47 boys) res-
ponded to the SMTSL items.

Design

The research was divided into several phases:

1) preparatory phase (preparation and testing of the puzzles),

2) delivering the lesson using Escape Room activities (reviewing relevant concepts
from this topic),

3) distribution of Activity Perception Questionnaire for Escape Room activities, APQ-
-ER (filling in the questionnaire by the students in order to express their opinion regarding the
implemented activity),

4) distribution of Students’ Motivation toward Science Learning questionnaire, SMTSL
(examining students’ opinions about their motivation for learning chemistry) and

5) analysis of the obtained data using the SPSS Statistics 26 software package.

This research consisted of reviewing the main concepts related to the last topic of the 9t
grade chemistry curriculum regarding exothermic and endothermic reactions by using the
Escape Room game-based approach. These activities were conducted during April-May 2021.
Considering the fact that the last school year in the Republic of Macedonia took place online,
this activity was prepared and realized with the help of MS Teams and Google Forms.

Preparing Escape Room puzzles is time-consuming, whether working face-to-face or
online. Thus, for example, if the activities are done in the classroom, boxes, padlocks, enve-
lopes, markers, sheets of paper for solving puzzles, etc., are needed. All of this should be
prepared by the teacher before the class starts. On the other hand, these things are not required
when working online, but in this case it is necessary to create online puzzles (for example,
through Google Forms) and profound skill of the teacher to lead the groups of students (div-
ided into breakout room) is required.

Namely, at the beginning of the class, students were divided into several groups using
the breakout rooms option by MS Teams. Depending on the number of students in the class,
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they were usually divided into 5—6 groups of 3—4 students. With the help of the subject
teacher, the students were previously divided into groups (the selection of students was made
prior to the class), depending on their achievement in chemistry. This was done to ensure a
fair as competition as possible, and to encourage communication and mutual assistance
between students within the group. When all the students were in their group, the researcher
sent them the link from the Google Forms and she entered all the groups to check on the
students and offer help if needed. One student wrote down the names of all the members in the
group and shared his/her screen with other students within a group. The students in the group
were able to collaborate, communicate, discuss and share ideas freely. When they were con-
vinced of the correctness of the answers, one member of the group wrote the correct answers
in the empty fields of the form (Google Forms) and pressed the submit option. In such a way,
a competition between the groups was felt because students had a time limit — they had to
finish solving the puzzles in 30 min. In fact, the duration of a school lesson is 40 min, but
some time is needed at the beginning and at the end of the lesson for explanations and/or
reflection. If students had the whole class at their disposal, they would have more time to
think about solving the puzzles.

Description of the games

The Escape Room activities that were prepared for this research consisted of three puz-
zles the students had to answer to win, i.e., they needed to solve the puzzles and “escape”.
These puzzles were prepared by the authors taking into account the learning objectives def-
ined in the ninth-grade chemistry curriculum. The Escape Room activity along with these puz-
zles were piloted among 77 nineth-graders.23

The first puzzle (Fig. 1), given as a maze, required an answer to a simple question, but
the way the question was posed arouses students’ interest.24

X O X | D E ANDCFCARBON' A
E\TD E_A|N|D| To'ﬂﬁln B o N|c
I ofn[T alr[ala wfo o F c|[e o n[o]F
F] T R A Rlal s C;’E_O
N ERA RET|s s[s ofc e s|o|F
T'o TI ISTARTISESS OIROCE
o B|H E afr]r|i|n[B]c E]r o]r p[r]o]|c
T'nB_iIiRTlns]oprE |TRO
CA|0N T[c n G ORGP EHE P R
AR B O|D|s |G Ts|c O?PHTH'P P
rRlslo™n|i[u s B s|eE|c E|r|T |E £
glo[n ™ |o BITS uBls st N THb
ofn DYSBUITLNIC_S:IN E
N IFBSTANCES | TH|P
D cn a[T s|t|ale c[ s I N|H E
N sinfa T ALTEITIN T| |
El s E ClECNC NI_N T|H E
lITI'_ |S|E SITC|T||T| TJT Hltli
T NI ] s E H T|H[E H|E P R
W[ n]e N ] R e[ e]nfe] e lT‘nIo

Fig. 1. Puzzle 1 — Maze.

Students had to find the way out of the maze puzzle and, in that way, to discover the
question they needed to answer. If the answer was correct, the code had been discovered. In
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our case, the question was: Carbon dioxide and water are the starting substances in the pro-
cess.

In the second puzzle (Fig. 2) chemical formulas of several compounds were given. It was
necessary to find the connection between them to discover the code. First, students had to find
out which substances are the reactants, and which are products, then they had to write the
chemical equation and finally balance it by using stoichiometric coefficients. When they had
finished balancing the chemical equation, the inserted numbers revealed the code. The bal-
anced chemical equation was: 2C,Hg + 70, — 4CO, + 6H,0.

C2He

Fig. 2. Puzzle 2 — Chemical formulas of compounds.

The third puzzle consisted of three multiple choice questions. Each question had four
options, one of which was the correct answer and other three were distractors (Fig. 3). The
aim of this game was to repeat some important segments of the exothermic and endothermic
reactions topic. After the students had answered the questions, they were supposed to discover
the code using the symbols in the table.

A B C D

1 @ e ) 4

2 by L 4 @ O

3 @ @ o N
@=1 £1=2 n=3 P-4
1. An example of an 2. What is released in the 3. Evaporation is an:
endothermic reactions is: process of photosynthesis? A. Endothermic reaction
A. Neutralization A. Carbon dioxide B. Endothermic process
B. Combustion B. Carbon monoxide C. Exothermic reaction
C. Replacement C. Oxygen D. Exothermic process
D. Electrolysis D. Hydrogen

Fig. 3. Puzzle 3 — Multiple choice questions.

The first question was: An example of an endothermic reactions is: a) neutralization,
b) combustion, ¢) replacement or d) electrolysis. The second question was: Which of these
compounds represent a product of photosynthesis: a) carbon dioxide, b) carbon monoxide,
c¢) oxygen or d) hydrogen. The third question was: Evaporation is: a) endothermic reaction,
b) endothermic process, ¢) exothermic reaction or d) exothermic process.
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Instruments

One of the aims of this research was to examine students’ opinion about the conducted
activities during the class. For this purpose, students were administered a questionnaire in which
they expressed their opinions on how interesting and enjoyable the activities were, stated the
value and the usefulness of those activities in the teaching and learning process, and shared their
beliefs about their engagement and effort that they had invested in the activities. Two
questionnaires were used: Activity Perception Questionnaire (APQ-ER), as part of the Intrinsic
motivation inventory (IMI)® and Students’ Motivation Toward Science Learning (SMTSL).26

The IMI questionnaire was used to assess students’ subjective opinions and experiences
related to certain activities conducted in the classroom. It was a Likert type questionnaire,
where 1 means the respondent does not agree with the statement at all and 7 means that (s)he
completely agrees with the statement. The instrument assesses students’ interest/enjoyment,
perceived competence, effort, as well as the importance of the activity, value/usefulness, felt
pressure/tension, and perceived choice while performing a given activity. Recently, a seventh
subscale was added to tap the experiences of relatedness. This questionnaire has been used in
research in various field, such as: sport,?’ information and communication technology,2® sci-
ence education,? first language and mathematics learning,? etc. For the purposes of this
study, the APQ-ER was used, which is part of the IMI questionnaire. It was constructed using
items from four subscales, each comprised of 4-8 items: interest/enjoyment (e.g., While I was
doing this activity, I was thinking about how much I enjoyed it.), value/usefulness (e.g., |
would be willing to do this again because it has some value to me.), effort/importance (e.g., It
was important to me to do well at this task.), and pressure/tension (e.g., I felt very tense while
doing this activity.), and contained a total of 23 items.

The SMTSL questionnaire is also a Likert type questionnaire and contains 35 items,
divided into six categories related to students’ motivation to study science: self-efficacy (e.g.,
I am sure that I can do well on science tests.), active learning strategies (e.g., When new sci-
ence concepts that I have learned conflict with my previous understanding, I try to understand
why), science learning value (e.g., I think that learning science is important because I can use
it in my daily life.), performance goal (e.g., I participate in science courses to perform better
than other students.), achievement goal (e.g., During a science course, I feel most fulfilled
when [ am able to solve a difficult problem.), and learning environment stimulation (e.g., I am
willing to participate in this science course because the students are involved in discussions.).
The participants were asked to give their opinions on each of the offered statements, so that
they will express the degree of agreement with a certain statement by circling one of the
offered possibilities (1-5), as follows: 1, if (s)he does not agree with the statement at all; 2, if
(s)he disagrees with the statement; 3, if (s)he does not have an opinion/idea about the
statement; 4, if (s)he agrees with the statement, and 5, if (s)he completely agrees with the
statement. This questionnaire is well known in the literature and has been used in many
studies to examine the students’ motivation to study physics,?! biology,3? Greek,? etc.

In the statements of both questionnaires, the word science was replaced by the word
chemistry.

Procedure and data analysis

For the purpose of the present research, the SMTSL questionnaire and the four subscales
from the IMI questionnaire were translated from English to Macedonian. Five university pro-
fessors experienced in educational research from two faculties were engaged in the translation
procedure. All five versions of the two questionnaires were compared and the disagreements
were resolved. The translated questionnaires were then prepared in Google Forms, and the

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

(CC) 2023 SCS.



570 NAUMOSKA, DIMESKI and STOJANOVSKA

students filled them out individually and anonymously during the last 5~7 min of the lesson.
Students were told that the questionnaire would not affect their grade and that there were no
correct and incorrect answers. Furthermore, they were encouraged to give an opinion on each
statement and were explained that this will be used for scientific purposes only. The obtained
results from both questionnaires were analyzed using the software package SPSS Statistic 26.

RESULTS AND DISCUSSION

In order to examine the internal consistency, taking into account the results
of all the items for each subscale, the results were analyzed and the mean,
standard deviation and the Cronbach’ alpha reliability coefficient were calculated
(Tables I and II). To score the APQ instrument, the following procedure was
conducted. First, reversed scores were calculated for the items for which an R is
shown after them by subtracting the item response from 8. The letter R indicates
that the given statement is written with the opposite meaning from that of the
other statements in that category. After that, subscale scores were calculated by
averaging across all of the items on that subscale and were used in the analyses
of this study.

TABLE 1. Means, standard deviations and Cronbach’s alpha reliability coefficient for APQ-
-ER instrument

. APQ-ER
Scale Number of items Mean SD Cronbach’s alpha
Interest/Enjoyment 6 6.09 1.46 0.889
Value/Usefulness 8 6.01 1.38 0.994
Effort/Importance 5 5.07 1.90 0.646
Pressure/Tension 4 2.25 1.78 0.647
Total 23 5.17 2.12 0.837

TABLE II. Means, standard deviations and Cronbach’s alpha reliability coefficient for
SMTSL instrument

Scale Number of SMTSL
items Mean SD Cronbach’s alpha

Self-efficacy 7 4.00 1.16 0.819
Active learning strategies 8 4.32 0.89 0.879
Science learning value 5 4.12 0.98 0.832
Performance goal 4 3.17 1.52 0.825
Achievement goal 5 4.26 0.97 0.806
Learning environment stimulation 6 3.87 1.19 0.822
Total 35 4.01 1.16 0.901

As can be seen from Table I, the Cronbach’ alpha reliability coefficient for
the whole APQ-ER instrument was 0.837, ranging from 0.646 to 0.994 for the
subscales. Following the cutoff criteria of Cohen,34 it can be concluded that
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Cronbach’s alpha reliability coefficient revealed acceptable internal consistency
for all four subscales, which was also confirmed by Choi3> and Monteiro.30

From the obtained results of the questionnaire, it could be concluded that
most of the students found the activity as fun, enjoyable and interesting. Namely,
on a scale from 1 to 7, the agreement with the items from the interest/enjoyment
subscale, i.e., the mean was 6.09. The mean for the value/usefulness subscale was
also high (6.01). The students felt that this activity was important for their suc-
cess and progress, but it could also enable them to achieve better results and imp-
rove their attention during the class. The nature of the Escape Room activities,
which is based on teamwork, communication, cooperation and problem solving,
certainly contributes to this. This activity affects not only the engagement and
motivation of students, but also touches the cognitive and affective domain of
leaning.

A lower value (5.07) was observed for the items of the effort/importance
subscale. The value is shifted to the right from the mid-point of the scale, but this
shift was not as pronounced as in the previous two subscales. Most of these items
refer to the students’ estimation of how much effort they have put into the act-
ivity, i.e., in solving the three puzzles. Based on the results, it could be assumed
that the puzzles were not too difficult to master, and due to the fun nature of the
activity, the students did not feel like they were in a usual” review class. How-
ever, an item mean value of 6.20 indicates that it was important for the students
to complete the task successfully. It should be mentioned here that negatively
formulated items could cause some confusion among students.

Considering the fact that the students were encountering this type of activity
for the first time, the aim was to examine whether the students were tense and
nervous during this class. The analysis of the students’ answers to the question-
naire showed that they were not nervous during the class, but relaxed, in spite of
the competitive nature of the activity, as well as the limited working time and
problems with the internet connection, could cause some tension. This can be
concluded from the mean (2.24) obtained for the last subscale, pressure/tension.

From Table II, the value for the Cronbach’ alpha reliability coefficient for
the whole SMTSL instrument was 0.901, ranging from 0.806 to 0.879 for the six
categories. Dermatzaki33 and Tsai3! also obtained high values for the Cronbach’s
alpha reliability coefficient for this instrument.

Students’ motivation was estimated based on the means of their scores for
each subscale and for the whole questionnaire.3¢ According to the Cavas’s class-
ification system,37 a high level of motivation includes means between 4.41 and
5.00, a medium level of motivation includes means between 4.40 and 3.39, and a
low motivation includes means lower than 3.38. From the results presented in
Table I1, it could be seen that students had medium motivation towards chemistry
learning since their mean score was 4.01. The mean for each subscale were con-
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sidered medium as well, except for the performance goal scale where their mot-
ivation was low (3.17 < 3.38).

CONCLUSIONS

The Escape Room game-based approach was applied in order to increase the
engagement and the motivation of 9th grade students in reviewing the concepts of
exothermic and endothermic reactions. In addition, the applied approach was
used to improve their communication skills, encourage their creative, critical, and
logical thinking, and promote their ability to solve problems. Nowadays this
approach is often applied in teaching various subjects, and it arouses additional
interest for both the students and the teachers.38-41

The research was conducted on a total sample of 244 students from five
schools located in different cities. One of the main goals of the research was to
examine the students’ opinions regarding the implemented activities, and for that
purpose the data were collected by SMTSL questionnaire and APQ-ER, which
was constructed using items from the IMI questionnaire. The analysis of the col-
lected data showed that this approach in a great extent affects the improvement of
teaching. Students were more engaged during the lessons and actively particip-
ated in all activities. In this way they were more motivated and more satisfied
with the achieved results. Moreover, the atmosphere in the class was very posi-
tive and it was visible that students were enjoying the puzzles.

It is worth mentioning some of the limitations of this study. The students
participating in the research encountered these Escape Room activities for the
first time, so they may have needed some time to cope at first, but the collected
data showed that they were not nervous while solving the puzzles. However, the
students’ answers to the Google Forms in solving the puzzles were received in a
relatively short time from the beginning of the class and there was at least one
winner in each class. This, in turn, means that the puzzles were solvable within
one school class and with a successful strategy and cooperation within the group,
the answers could have been reached faster.

In addition, the study was conducted only on 9th grade students on one topic.
More such activities related to various topics are needed to obtain more relevant
results and to draw more comprehensive conclusions about the applicability of
Escape Room activities in chemistry teaching.

U3BOJ
IMPUMEHA ITPUCTYIIA 3ACHOBAHOT HA UTPU ESCAPE ROOM Y HACTABU XEMHUJE
ALEKSANDRA NAUMOSKA, HARI DIMESKI u MARINA STOJANOVSKA

SS. Cyril and Methodius University, Faculty of Natural Sciences and Mathematics, Institute of Chemistry,
Arhimedova 5, 1000 Skopje, Republic of North Macedonia

ITocnenmwyx rofuHa y HacTaBy nocseheHoj pasiuuuTUM cafipKajumMa NpUMemyje ce MpH-
CTyHn Ipema IpaBuwiIuMa urpe Escape Room. OcuM LITO Cy akTUBHOCTH IIpUjaTHE, OHE Y UTPU
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Escape Room axkTHBHO YK/bY4yjy CBe y4eHMKe y paspeny ¥ nokpehy mHxXoBo KpeaTHBHO, KPH-
THUYKO Y JIOTHYHO MUILbalbe, pelilaBame MpodiemMa, KOMYHUKALWjy U capajmby, kao U MO03u-
THBaH OJHOC mpema npeamety. Jla dM ce MOACTAKIO aHTa)kOBalke U MOTHBAlMja yYEHHKa
IEBETOT pa3pefia, pa3BUjeHe Cy aKTUBHOCTH Ha TEMY €T30TEPMHE W €HAOTEPMHE Deakuuje,
nomohy arutukauuje Google Forms u Breakout Rooms y MS Teams. IIpUMemeHH IPUCTYT I0-
Ma’ke YYEHHIMMa [a Ha 3aHMM/bMBUjH Ha4yHMH CaBjlafiajy HaCTaBHE cafgpxaje, NOACTHYE HH-
XOBY IUCKYCHjy U MelycodHy capanmwy. ¥ UCTpaKUBawky je yuecTBoBaio 244 yueHuka 9. pas-
pena 13 NeT OCHOBHUX Iikosia. OCUM NOZACTHLIaka aHra)koBawka U MOTHUBallMje YUeHHUKa, jefaH
0] UW/bEeBa MCTPaXkMBama OMO je U UCIUTHBAKBE HBUXOBOT MUII/BEHA O PEATH30BaHUM aKTHB-
HOCTMMa y OKBHpY urpe Escape Room. IIpumemeHa Cy 3aTO ABa MHCTPYMEHTA: YNHUTHHK 3a
UCNHUTHBakE MOTHUBALMje YIEHHKA 3a yueme Hayke (SMTSL) ¥ yIUTHUK O MEPLENIHjH aKTHB-
Hoctu (APQ-ER). Pesyntari uctpaxuBama, MO3UTHBHA aTMoCdepa TOKOM HacTaBe U BEITHKO
3a7l0BOJBCTBO YYEHHKa HAKOH 3aBPLIEHMX aKTHBHOCTH yKasyjy Ha OpojHe NpemHOCTH IpHuMe-
BEHOT IIPUCTYTIA Y HaCTaBU XEMHUje.

(ITpumseno 28. neuemdpa 2021, pepunupao 13. nenembpa, npuxsaheHno 15. nerembpa 2022)
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