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A facile synthesis of phenazine and quinoxaline derivatives
using magnesium sulfate heptahydr ate as a catalyst

BAHADOR KARAMI* and SAEED KHODABAKHSHI
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P. O. Box 353, Iran
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Abstract: Convenient and simple procedures for the synthesis of phenazine and
quinoxaline derivatives were developed via a reaction of o-phenylenediamines and
1,2-dicarbonyl compounds. In addition, the synthesis of two new 1,4-benzodiazine
derivatives and the catalytic activity of magnesium sulfate heptahydrate
(MgS0Oy4: 7H,0) in the room temperature condensation of o-phenylenediamines and
1,2-dicarbonyl compounds in ethanol as solvent are reported. This method has
many appealing attributes, such as excellent yields, short reaction times, and simple
work-up procedures.

Keywords: phenazine; quinoxaline; magnesium sulfate heptahydrate; catalyst.

INTRODUCTION

Nitrogen-containing heterocycles, which exhibit extensive biological proper-
ties, are abundant in natural compounds.! Phenazines and quinoxalines are im-
portant classes of benzoheterocycles, which have significance in both chemistry
and biology.2

Many phenazine compounds, which are produced by bacteria such as Pseu-
domonas spp., Sreptomyces spp. and Pantoea agglomerans, are found in nature
These natural phenazine products have been implicated in the virulence and com-
petitive fitness of the producing organisms.34 Quinoxaline and phenazine deriva-
tives constitute the basis of some antitumor agents,® bactericides,® fungicides,”
herbicides,8 and insecticides (e.g., quinalphos).® In addition, they are used in
dyes, 10 building blocks for the synthesis of organic semiconductors,11 chemically
controllable switches,12 cavitands,13 DNA cleaving agents,4 dehydroannu-
lenes,1® and el ectrical -photochemical materials.16-18

A number of synthetic strategies have been developed for the preparation of
substituted quinoxalines.1® Many of the existing methods, however, suffer from

* Corresponding author. E-mail: karami @mail.yu.ac.ir
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1192 KARAMI and KHODABAKHSHI

disadvantages such as unsatisfactory product yields, harsh conditions, long reac-
tions times, and critical product isolation procedures.

In recent years, heterogeneous catalysts have gained importance because of
enviro-economic reasons. They have successfully been utilized in several organic
transformations in order to minimize undesirable wastes which could pollute the
environment.

Recently, the use of magnesium sulfate as an efficient and very cheap re-
agent for the preparation of bis(indolyl)methanes was reported.20

RESULTS AND DISCUSSION

In connection with studies on the synthesis of organic compounds,?® it was
now found that magnesium sulfate heptahydrate (MgSO4:7H20) can be used as
an efficient, safe and very cheap catalyst for the condensation of 1,2-dicarbonyl
compounds 1-3 and o-phenylenediamine (4) at room temperature to afford phe-
nazine and quinoxaline derivatives 5-9 in excellent yields (Scheme 1).
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(1): MgSO47H,0 (20 mol%), Ethanol, 1t 7

X: H, Me, NO,

Scheme 1. The synthesis of quinoxaline and phenazine derivatives
using MgSO,- 7H,0 as a catalyst.

\

In this work, 4,4’ -difluorobenzil (1), 9,10-phenanthrenequinone (2) and ace-
naphthoquinone (3) were used as the 1,2-dicarbonyl compounds (Fig. 1).

To determine simple and suitable conditions for the preparation of quino-
xaline and phenazine derivatives using MgSO4-7H>0 as the Lewis acid catalyst,
the treatment of 4,4'-difluoro-benzil (1) with o-phenylenediamine (4a) was
chosen asthe model reaction (Table |, Entry 5a).
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Fig. 1. 1,2-Dicarbonyl compounds.

TABLE I. Synthesis of phenazine and quinoxaline derivatives using 20 mol % MgSOy,- 7H,0
Entry Product® Time, min Yield®, % M.p., °C (found (lit.))

5a F O 30 95 134-136
'NO (135-137)*
o
E
5b F 35 95 163-165
O 'ij Me (165-167)%
S
[
6a 15 90 224-226
O NO (223-225)*
.
6b } 15 92 217-219
O (208-210)
7a 20 90 237-239
O‘\ ]:j (238-240)%
7b . Me 20 93 230-232
N)ij (>300)2
7c N~ NO: 90 85 320
Ng (>300)%

8 O 50 77 225-227
NS
9

O o) 10 98 246248
N B
N

3 dentified by comparison with authentic samples; Prefers to isolated yields

It was observed that the condensation reaction can be efficiently realized in
ethanol as solvent by the addition of 20 mol % of the catalyst in a short time span
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1194 KARAMI and KHODABAKHSHI

of 30 min. The use of excess amounts of the catalyst did not have a marked in-
fluence on the product yield. The probable reason for this is the coordination of
excessive catalyst to the diamine.

In order to prove the general applicability of this method, after optimizing
the reaction conditions, different 1,2-dicarbonyl compounds were treated with o-
phenylenediamines at room temperature in ethanol. The results are presented in
Tablel.

Although the generally mechanistic details of this reaction are not yet fully
understood, a feasible pathway might involve the complexation of magnesium
with the dicarbonyl, thereby acting as a Lewis acid, and aso playing a complex
role in promoting the dehydration steps.

In other variations, with the aim of synthesizing products which have not
hitherto been reported, it was found that 1,2-pyridinediamine underwent conden-
sation with compound 2 to produce dibenzo[f,h]pyrido[2,3-b]quinoxaline (8) in
77 % vyield (Scheme 2); in a similar way, condensation of 3,4-benzophenone-
diamine with compound 2 produced dibenzo| a,c] phenazine-11-yl phenylmethanone
(9) (Scheme 2).

H2N
5 ’ )AO

(1): MgSO,7H,0 , 20 mol % Ethanol, reflux
(i1): MgSO,7H,0 (20 mol%), Ethanol, rt

Scheme 2. Synthesis of new 1,4-benzodiazines using MgSO,-7H,0 as a catalyst.

All products were characterized by their spectral and physical data, which,
when available, were compared with those reported in the literature.22-25

2,3-Bis(4-fluorophenyl)quinoxaline (5a). Yield: 95 %; m.p. 134-136 °C. IR
(KBr, cml): 3061, 1599, 1555, 1511, 1344, 1225, 839, 786. 1H-NMR (400
MHz, CDC13, 6 / ppm): 7.97 (2H, dd, J = 6.4 Hz, 3.6 Hz), 7.60 (2H, dd, J = 6.4
Hz, 3.2 Hz), 7.30-7.33 (4H, m), 6.86 (4H, t, J = 8.8 HZz). 13C-NMR (100 MHz,
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SYNTHESIS OF PHENAZINE AND QUINOXALINE DERIVATIVES 1195

CDC13, ¢ / ppm): 161.99, 152.20, 141.23, 135.02, 131.82, 131.74, 130.23,
129.16, 115.65, 115.43.

2,3-Bis(4-fluorophenyl)-6-methylquinoxaline (5b). Yield: 95 %; m.p. 163—
—165 °C. IR (KBr, cm1): 2925, 2580, 1657, 1597, 1264, 1159, 833, 696. 1H-
-NMR (400 MHz, CDC13, 6 / ppm): 6.58 (4H, t, J=8.8 Hz), 2.43 (3H, ), 7.85
(1H, d, J=8.8 Hz), 7.73 (1H, s), 7.42 (1H, d, J = 8.8 HZz), 7.30 (4H, dd, J = 8.0
Hz, 5.2 Hz). 13C-NMR (100 MHz, CDC13, ¢ / ppm): 161.89, 152.05, 151.29,
141.28, 140.84, 139.69, 135.16, 135.13, 132.59, 131.77, 131.72, 131.69, 128.65,
127.96, 115.59, 115.37, 21.94.

Dibenzo[ a,c] phenazine (6a). Yield: 90 %; m.p. 224-226 °C. IR (KBr, cnr):
3055, 1600, 1490, 1350, 760, 720. 1H-NMR (400 MHz, CDC13, § / ppm): 9.18
(2H,d, J=7.6 Hz), 8.34 (2H, d, J=8.0 Hz), 8.12 (2H, dd, J = 6.4, 3.6 Hz), 7.51—
—7.66 (6H, m). 13C-NMR (100 MHz, CDCl13, 6 / ppm): 143.54, 143.28, 133.15,
131.42, 130.88, 130.57, 129.04, 127.38, 124.03.

11-Methyldibenzo[ a,c] phenazine (6b). Yield: 92 %; m.p. 217-219 °C. IR
(KBr, cnm1): 3055, 2910, 1620, 1500, 1350, 760, 720. 1H-NMR (400 MHz,
CDC13, 6 / ppm): 9.14 (2H, dd, J = 6.0 Hz, 1.6 Hz), 8.32 (2H, d, J = 8.0 Hz),
7.97 (1H, d, J= 8.4 Hz), 7.58 (1H, s), 7.52-7.53 (5H, m), 2.54 (3H, s). 13C-NMR
(100 MHz, CDCl13, 6 / ppm): 143.29, 143.27, 142.72, 141.81, 141.41, 133.45,
133.06, 132.87, 131.49, 131.45, 131.20, 131.07, 130.01, 129.10, 128.92, 127.29,
127.15, 123.95, 23.20.

Acenaphtho[ 1,2-b] quinoxaline (7a). Yield: 90 %; m.p. 237-239 °C. IR
(KBr, cm1): 3050, 1610, 1430, 1300, 830, 760. 1H-NMR (400 MHz, CDC13, 6 /
/ ppm): 8.21 (2H, d, J = 6.8 Hz), 8.02 (2H, dd, J = 6.2 Hz, 3.2 Hz), 7.90 (2H, d,
J=8.4Hz),7.65(2H,t,J=7.0Hz), 7.57 (2H, dd, J = 6.4 Hz, 3.6 Hz). 13C-NMR
(100 MHz, CDC13, o / ppm): 155.19, 142.39, 137.60, 132.92, 131.10, 130.47,
130.59, 130.36, 129.78, 122.96.

9-Methylacenaphtho[ 1,2-b] quinoxaline (7b). Yield: 93 %; m.p. 230-232 °C.
IR (KBr, cm1): 3055, 2910, 1610, 1415, 1300, 810, 790. 1H-NMR (400 MHz,
CDC13, 0/ ppm): 8.21 (2H, t, J=6.4 Hz), 7.90 (3H, dd, J =8.2 Hz, 3.2 HZ), 7.79
(AH, s), 7.64 (2H, t, J = 7.4 HZz), 7.40 (1H, dd, J = 8.4 Hz, 1.6 Hz), 2.43 (3H, 9).
13C-NMR (100 MHz, CDC13, 6 / ppm): 155.15, 154.44, 142.38, 140.82, 140.71,
137.35, 133.08, 132.44, 131.06, 130.46, 130.31, 130.21, 129.89, 129.72, 122.83,
122.68, 22.94.

9-Nitroacenaphtho[ 1,2-b] quinoxaline (7c). Yield: 85 %; m.p. >300 °C. IR
(KBr, cnm1): 3090, 1580, 1540, 1340, 1060, 680, 720. 1H-NMR (400 MHz,
CDCl13, 0 / ppm): 8.97 (1H, d, J = 2.2 Hz), 8.51-8.53 (3H, m), 8.40 (3H, m), 8.00
(2H,t, J=8.0 H2).

Dibenzo[f,h] pyrido[ 2,3-b] quinoxaline (8). Yield: 70 %; m.p. 225-227 °C;
Anal. Calcd. for CigH11N3: C, 81.12; H, 3.94; N, 14.94 %. Found: C, 81.68, H,
3.953, N, 15.00 %. IR (KBr, cm1): 3056, 1566, 1525, 1384, 1220, 1161, 837.
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1196 KARAMI and KHODABAKHSHI

1H-NMR (400 MHz, CDC13, 6 / ppm): 9.35 (1H, d, J = 7.6 Hz), 9.04-9.15 (2H,
m), 8.48 (1H, d, J = 8.0 Hz), 8.36 (2H, d, J = 8.4 Hz), 7.53-7.66 (5H, m). 13C-
-NMR (100 MHz, CDC13, ¢ / ppm): 155.65, 150.92, 146.09, 144.70, 139.50,
138.45, 133.60, 133.38, 132.30, 131.99, 130.82, 130.60, 129.28, 129.16, 128.46,
127.58, 126.02, 124.12, 123.98. MS (m/2): 281.03, 280.04, 255.05, 175.99, 140,
86.90.

Dibenzo[ a,c] phenazine-11-ylphenylmethanone (9). Yield: 96 %; m.p. 246—
—248 °C; Anal. Calcd. for Co7H1gN20: C, 84.36; H, 4.20; N, 7.29 %. Found: C,
84.48, H, 4.183, N, 7.375 %. IR (KBr, cm1): 3050, 1650, 1600, 1445, 1320. 1H-
-NMR (400 MHz CDCl3, 6 / ppm): 9.43 (1H, dd, J = 8.0 Hz, 1.2 Hz), 9.35 (1H,
dd, J=8.0 Hz, 1.2 Hz), 8.70 (1H, d, J = 1.6 Hz), 8.58 (2H, d, J = 8.0 Hz), 8.44
(1H, d, J = 8.8 Hz), 8.55 (1H, dd, J = 8.8 Hz, 2.0 Hz), 7.97-7.99 (2H, m), 7.68—
—7.87 (5H, m), 7.60 (2H, t, J = 8.0 Hz). 13C-NMR (400 MHz, CDC13, 6 / ppm):
196.00, 184.81, 153.70, 143.74, 143.45, 141.05, 137.92, 137.38, 132.95, 132.84,
132.48, 132.18, 130.99, 130.75, 130.23, 129.94, 129.40, 128.58, 128.12, 126.69,
126.36, 123.01; MS (m/z): 384.13, 307.06, 279.02, 104.88, 76.91.

EXPERIMENTAL
General

The commercia starting materials were purchased from Merck, Fluka and Aldrich. The
reactions were monitored by TLC (silica-gel 60 Fos4, N-hexane:ethyl acetate). The IR spectra
were recorded on a FTIR Shimadzu-470 spectrometer and the 1H-NMR spectra were obtained
on a Bruker-Instrument DPX-400 and 500 MHz Avance 2 model. Mass spectra were recorded
on an AMD 604 spectrometer in the El-mode at 70 eV and FT-mode at 0.005 V. A Vario-El
CHN instrument at the Isfahan Industrial University was used for the elemental analyses.
General procedure

A mixture of 1,2-dicarbonyl compound (1 mmol), o-phenylenediamine (1.1 mmol) and
magnesium sulfate heptahydrate (20 mol %) in ethanol (5 mL) was stirred at room tempera-
ture (except for entry 8 when reflux conditions were employed). The progress of the reaction
was monitored by TLC. After completion of the reaction, the solid which separated was fil-
tered and then recrystallized from ethanol to afford the pure product.

CONCLUSIONS

In summary, a new application of magnesium sulfate heptahydrate
(MgSO4-7H20) as an effective, very cheap and non-toxic catalyst for the syn-
thesis of many phenazines and quinoxalines, based on the condensation of 1,2-
-dicarbonyl compounds with o-phenylenediamines under mild reaction condi-
tions, is presented. The most important point in this work is that new derivatives
of phenazine and quinoxaline were also synthesized. This method is significant
from an environmental viewpoint and economic considerations because it pro-
duces little waste.
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SYNTHESIS OF PHENAZINE AND QUINOXALINE DERIVATIVES 1197

The availability and stability of the catalyst, the simple work-up procedure
and the high yields of products in short reaction times under mild reaction con-
ditions make this method a valid contribution to the existing methodol ogies.

Acknowledgement. The authors gratefully acknowledge the partial support of this work
by the Islamic Azad University, Gachsaran Branch, Iran.

U3BOJI

JETHOCTABHA CUHTE3A JEPUBATA ®EHA3MHA 1 KUHOKCAJIMHA (HOBUX
1,4-BEH30JUA3BUHA) IIOMORY MATHE3UIYM-CYJI®ATA XEIITAXUIPATA

BAHADOR KARAMI n SAEED KHODABAKHSHI
Department of Chemistry, Yasouj University, Yasouj, Zip Code: 75918-74831, P. O. Box 353, Iran

Pa3BujeH je jeqHocTaBaH IMOCTYNAaK 3a CHHTE3y JepHBaTa (eHa3WHa M XMHOKCAIMHA, PeaK-
ujoM o-¢peHmieHquamMuHa 1 1,2-1ukapOoHMITHNX jeaniberba. CHHTETHCAaHa Cy /iBa HOBA JieprBaTa
1,4-0eH30Ma3MHA U ONKCAaHA j¢ KATAIUTHYKA aKTHBHOCT MarHe3ujyM-cyidara XenTaxuapara
(MgSO4:7H,0) y pekumju KoHAEH3alUuje aepuBata o-(GeHwIieHAnaMuHa U 1,2-1nKapOOHUITHUX
jenumema y eTaHolly Ha coOHOj Temmneparypu. OIHcaHH MOCTYNaK MMa JI0CTa IOTOJHOCTH, Kao
IITO je OJUTMYaH MPUHOC, KPAaTKO PEaKIMOHO BPEME U jeTHOCTaBHA 00paia pEaKIHOHEe CMEIIIe.

(MTpumsseno 1. aBrycra, peBuaupano 29.HoBembpa 2010)
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Synthesis and antimicrobial activities of novel 8-(1-alkyl/
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Abstract: The synthesis of a series of novel 8-(1-alkyl/alkylsulphonyl/al-
koxycarbonyl-benzimidazol -2-ylmethoxy)-5-chloroquinoline  derivatives is re-
ported. These derivatives were prepared by the condensation of o-phenylene-
diamine with [(5-chloroquinolin-8-yl)oxy]acetic acid, followed by substitution at
nitrogen with different electrophilic reagents in presence of an appropriate base to
give a series of nitrogen heterocycles containing the benzimidazole and quinoline
nuclei. The structures of the compounds were confirmed based on H-NMR, 13C-
-NMR, IR and mass spectral data. Almost all the compounds exhibited promising
antibacterial activity against Salmonella typhimurium and Staphylococcus aureus.
Some of the compounds showed good antifungal activities against Aspergillus niger
but the antifungal activities against Candida albicans were disappointing.

Keywords: heterocyclic; benzimidazole; quinoline; antibacterial; antifungal.

INTRODUCTION

Heterocyclic compounds containing the benzimidazole nucleus are well re-
cognized for their different therapeutic activities. 16 Some of the important ex-
amples are lansoprazole (anti-ulcer),” carbendazim (fungicide),8 thiabendazole (ant-
helmintic and fungicide),® benperidol (antipsychotic), oxatomide (anti-allergic
and anti-asthmatic),10 etc. Similarly, compounds containing the quinoline nuc-
leus are also known for different therapeutic activities, 11,12 such as chloroquine
(antimalarial),13 chlorquinaldol (antibacterial and antifungal),14 etc. (Fig. 1).

Thus, substituted benzimidazoles and quinolines both have potential biolo-
gical activities. Hence, molecules containing both benzimidazole and quinoline
as building blocks of their chemical structure have increased probability of pos-
sessing still better biological activities. In an attempt to extend the study of this

* Corresponding author. E-mail: rgjucll@gmail.com
doi: 10.2298/J5C100817105C
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class of heterocyclic compounds, a series of novel benzimidazole—quinoline com-
pounds was synthesized. All the compounds were characterized with modern
spectroscopic techniques. These compounds were subjected to biological screen-
ing, i.e., antibacterial and antifungal activity against standard bacterial and fungal
strains were determined. Their activities were compared with those of known
standard drugs.

N 2
N N= N
CLy O
(0]
_>vF

Lansoprazole FF Carbendazim
cl N
@;; @/\/\(
N N &
Chloroquine Chlorquinaldol

Fig. 1. Clinically used known drugs having either a benzimidazole or a quinoline nucleus.

RESULTS AND DISCUSSION

A series of novel heterocyclic compounds containing benzimidazole and qui-
noline nuclei was synthesized. Some other compounds of a similar type were
reported by Goldfarb,1® Bhat16 and Dynachim (formerly known as Chimetron S.
A. R. L.).17.18 The intermediate [(5-chloroquinolin-8-yl)oxy]acetic acid (2) was
prepared by a process similar to the known literature procedures, 1921 using 5-
chloro-8-hydroxyquinoline (a) and monochloroacetic acid methyl ester (b).

Ortho-phenylenediamine (OPDA) (1) was condensed with [(5-chloroquino-
lin-8-yl)oxy] acetic acid (2) in 4 M HCI under reflux22 (Phillips conditions), as
represented in Scheme 1. The reaction mixture was basified with agueous sodium
hydroxide, filtered and the crude product was crystallized from ethanol. Based on
spectral and analytical data, the compound was assigned the structure 8-[(1H-
-benzimidazol-2-yl)methoxy]-5-chloroquinoline (3). Reaction of 3 with different
electrophiles?3-26 in the presence of an appropriate base yielded a series of novel
benzimidazoles 4a—, as represented in Scheme 1.

Synthesis of compounds 4a—g was realized in DMF (N,N-dimethylform-
amide) using potassium tert-butoxide as the base. Complete conversion was
achieved within 20 to 60 min at 60 °C. The products were isolated by quenching
the reaction mass with cold water and filtering off the precipitated solid.
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NH, HO (e} Cl Reflux
(1) %)
c 74
N N \
Electrophile | —
\>—\ e, N o a
\
Base/ Solvent R

4a-4n
@ ( )
Where, X = Halogen;
(4a, R = Methyl), (4b, R = Ethyl), (4c, R = Propyl), (4d, R = Butyl), (4e, R = Pentyl),
(4f, R =Benzyl), (49, R =p-Bromobenzyl), (4h, R =methylsulfonyl), (4i, R =Phenylsulfonyl),
(4j, R = p-Toluenesulfonyl), (4k = R = Methoxycarbonyl), (4l, R = Ethoxycarbonyl),
(4m, R = Benzyloxycarbonyl), (4n, R = 2,2,2-Trichloroethoxycarbonyl).

Scheme 1. Synthetic route to compounds 4a—.

Preparation of derivatives 4h—n from 3 was performed in pyridine as both
the base and solvent using the corresponding alkyl/aryl sulphonyl chlorides or
alkyl/aralkyl chloroformates. Reactions were fast and complete conversion could
be achieved in 30 to 40 min at room temperature. Reaction mass was then
guenched with water, neutralized with dilute hydrochloric acid and the product
was extracted with ethyl acetate. Partial concentration of the organic layer and
addition of diethyl ether into the concentrated mass resulted in precipitation of
the required product, which was collected by filtration. The crude products were
purified with a hot acetone-water mixture.

The compounds were characterized by 1H-NMR, mass, FTIR and 13C-NMR
of some representative derivatives. Yields and reaction conditions are given in
Table |. The melting points and spectral data are in the supplementary materia to
this paper.

Antimicrobial activity

All the synthesized compounds were subjected to in vitro antibacterial and
antifungal activity determination.
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Most of the compounds showed very good antibacterial activities against Sa-
phylococcus aureus (Gram-positive) and Salmonella typhimurium, and were almost
competitive with the standard drugs, chloramphenicol and ciprofloxacin. The re-
sults of the determination of the antibacteria activities are summarized in Tablell.

TABLE |. Yields and reaction conditions of the synthesized compounds

Electrophile Conditions Substituent ‘R’ Compd. Yield, %
Methyl iodide t-BUOK/DMF/60 °C Methyl da 83
Ethyl iodide t-BUOK/DMF/60 °C Ethyl 4b 78
n-Propyl bromide t-BUOK/DMF/60 °C n-Propyl 4c 73
n-Butyl bromide t-BUOK/DMF/60 °C n-Butyl 4d 68
n-Pentyl bromide t-BUOK/DMF/60 °C n-Pentyl de 61
Benzyl bromide t-BUOK/DMF/60 °C Benzyl af 85
4-Bromobenzyl bromide  t-BuOK/DMF/60 °C 4-Bromobenzyl 4qg 81
M ethanesul phony! chloride Pyridine/RT Methylsulphony!l 4h 62
Benzenesulphonyl chloride Pyridine/RT Phenylsulphonyl 4i 60
p-Toluenesul phony! Pyridine/RT 4-Methylphenyl- 4 52
chloride sulphonyl

Methyl chloroformate Pyridine/RT Methoxycarbony!| 4k 50
Ethyl chloroformate Pyridine/RT Ethoxycarbonyl 4 68
Benzyl chloroformate Pyridine/RT Benzyloxycarbonyl am 55
2,2,2-Trichloroethyl Pyridine/RT 2,2,2-Trichloroethoxy- an 67
chloroformate carbonyl

TABLE II. Antibacterial activities of the novel benzimidazole derivatives and standard anti-
bacterial drugs (zone of inhibition in mm)

S aureus MTCC-96 S typhimurium MTCC-98

Compound Concentration, pg mL™*

25 50 100 250 25 50 100 250
3 11 15 18 20 12 16 18 21
da 10 14 17 18 13 14 15 16
4b 11 12 13 15 11 14 17 19
4c 14 16 17 19 15 17 18 18
4d 11 13 18 20 12 15 19 23
de 10 12 16 17 15 15 18 19
4f 10 12 15 19 14 16 18 21
49 10 11 13 14 15 16 18 20
4h 12 14 17 19 12 15 19 21
4i 13 15 16 18 12 12 15 18
4 10 11 14 15 15 17 20 21
4k 13 15 18 19 12 13 17 19
4 11 12 13 15 14 16 17 21
4m 11 14 16 17 12 13 15 17
4an 15 17 19 22 15 17 18 20
Chloramphenicol 14 19 20 21 12 18 19 21
Ciprofloxacin 19 21 22 22 18 19 20 21
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Some of the compounds (4a, 4i, 4j and 4l) exhibited good antifungal activi-
ties against Aspergillus niger but the antifungal activities against Candida albi-
cans were poor as compared to the standard drug, griseofulvin. The results of the
determination of the antifungal activities are summarized in Tablelll.

TABLE IlI. Antifungal activities of the novel benzimidazole derivatives and standard anti-
fungal drug (zone of inhibition in mm)

Aniger MTCC 282 C. albicans MTCC 227

Compound Concentration, ug mL™

50 100 250 500 50 100 250 500
3 18 18 19 21 11 13 15 17
4a 19 22 22 24 12 13 15 16
4b 17 18 20 21 13 14 16 17
4c 17 21 22 23 11 13 16 17
4 15 17 18 19 10 13 14 17
de 17 18 19 20 11 12 15 16
Af 18 20 22 23 12 13 14 16
4q 17 18 20 21 12 14 16 17
4h 17 20 21 22 11 13 15 16
4 18 21 23 25 12 14 15 17
4 19 23 23 24 11 12 14 15
4k 18 20 20 21 12 15 17 18
4 19 19 21 24 11 13 15 16
4am 17 18 22 23 11 15 16 17
4n 18 20 22 23 11 12 14 17
Griseofulvin 23 25 25 28 21 22 22 24

EXPERIMENTAL

TLC analysis was performed using pre-coated silica gel plates and visualization under a
UV lamp. The melting points are uncorrected and were determined using a Polmon Melting
Point Apparatus model No. MP96. The NMR spectra were recorded on a Bruker Avance |1
400 MHz NMR spectrometer. The mass spectra were obtained using a Waters Q-ToF Micro
spectrometer with an ESI source in the positive ion mode. The IR spectra were recorded on a
Perkin-Elmer Spectrum One FTIR spectrometer. Analytical and spectral data of synthesized
compounds are given in Supplementary material.

o-Phenylenediamine, 5-chloro-8-hydroxyquinoline, monochloroacetic acid methyl ester
and the electrophilic reagents were obtained from commercia suppliers. All the employed
solvents were of analytical grade.

Synthesis of [ (5-chloroquinolin-8-yl)oxy] acetic acid (2)

A mixture of 5-chloro-8-hydroxyquinoline (a) (10 g, 0.056 mol), potassium carbonate
powder (9.7 g, 0.07 mol) and potassium iodide (0.7 g, 0.0042 mol) in xylene (110 mL) was
heated at reflux (140-144 °C) for 1 h with the simultaneous azeotropic removal of water.
Reaction mass was then cooled to 90 °C and monochloroacetic acid methy! ester (b) (7.86 g,
0.072 mol) was slowly added over 1 h at 90-95 °C. The reaction mass was then further heated
and refluxed for 5 h to obtain a clear brown-coloured solution, monitored by TLC. Xylene
was distilled off at 55-60°C under vacuum, the residue cooled to RT and water added (100
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mL). The resultant slurry was stirred at RT for 30 min, filtered and the solid washed with
water. The wet cake was taken in 30 mL water, pH adjusted to 3 to 3.5 with conc. HCI (around 5
mL) and stirred at 50 °C for 1 h. The reaction mass was cooled to RT, filtered and the solid
washed with water to afford 10.6 g of the title compound on drying.

Synthesis of 8-[ (1H-benz midazol -2-yl)methoxy] -5-chloroquinoline (3)

A mixture of OPDA (1) (15 g, 139 mmol) and [(5-chloroquinolin-8-yl)oxy]acetic acid
(2) (33 g, 139 mmoal) in 4 M hydrochloric acid (300 mL) was refluxed (98-100 °C) for 4 h.
The reaction was monitored by TLC. The reaction mass was then cooled to room temperature,
diluted with water (500 mL) and basified to pH 9 with 10 % aqueous sodium hydroxide so-
lution at room temperature. The reaction mass was filtered and the obtained solid was washed
with water. Crystallization of the crude product from ethanol afforded 35g of the title com-
pound (3) on drying.

General procedure for the synthesis of compounds 4a—g

To asolution of compound 3 (1.5 g, 4.85 mmol) in DMF (45 mL) was added potassium
tert-butoxide (0.559 g, 5.82 mmol) in small portions at 0-5 °C. After completion of the addi-
tion, the temperature of the reaction mass was raised to 5-10°C and stirred at this temperature
for 15-20 min. The corresponding alkyl halide (5.82 mmol) was added into the reaction mass
in 5-10 min at 5-10 °C and stirred for 15 min. The reaction mass was then heated to 60 °C
and stirred at this temperature for 2060 min; monitored by TLC. After complete conversion,
the reaction mass was cooled to room temperature and quenched with cold water (200 mL).
The obtained solid was filtered, washed with water and dried to yield the corresponding N-
alky! derivatives 4a—g.

The corresponding alkyl halides used for the reactions were methyl iodide, ethyl iodide,
n-propyl bromide, n-butyl bromide, n-pentyl bromide, benzyl bromide and 4-bromobenzyl
bromide.

General procedure for the synthesis of compounds 4h-—n

To a solution of compound 3 (1.5g, 4.85 mmol) in pyridine (15 mL) was added slowly
over 10-15 min the respective akyl/aryl sulphony! chloride or akyl/arakyl chloroformate
(5.82 mmol) at 0-5 °C. After completion of the addition, the temperature of the reaction mix-
ture was allowed to rise slowly to room temperature and stirred at this temperature for 3040
min. The reaction was monitored by TLC. After complete conversion, the reaction mass was
guenched with water (45 mL) and 2 M HCI was added until the pH of the reaction mass was
neutral. The product was extracted twice with ethyl acetate, the combined ethyl acetate layer
was washed with water and dried with anhydrous sodium sulphate. The organic phase was
then concentrated partially under vacuum to reduce the volume to 15 mL. Then 20 mL tert-
-butylmethyl ether was added at room temperature and stirred for 15 min. The precipitated
solid was filtered and dried to obtain the corresponding N-alkylsulphonyl/alkoxycarbonyl
derivatives 4h—n. The crude compounds were crystallized from a hot acetone—water mixture.
Microbiological procedures for the activity study

For assessing their antibacterial activity, the compounds were cultured for 48 h against
two pathogenic bacterial strains, such as S. aureus MTCC-96 (Gram-positive) and S. typhimu-
rium MTCC-98 (Gram-negative). The minimum inhibitory concentrations (MIC) were deter-
mined as per the recommendations of the Clinical and Laboratory Standards Institute (CLSI,
www.clsi.org) on Muller—Hinton Agar containing seria twofold dilution of the drugs. MIC
was taken after 48 h incubation along with positive and negative controls at 37 °C. Dimethyl
sulphoxide was used as the solvent. Petri dishes with 100mm diameter were used.
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For the antifungal activity, all the compounds were tested with a similar procedure as
above against two different fungi: A. niger and C. albicans.

CONCLUSIONS

A series of novel substituted benzimidazole—quinoline derivatives was syn-
thesized by condensation of o-phenylenediamine with [(5-chloroquinolin-8-yI)-
oxy]acetic acid, followed by subsequent reactions of this compound with diffe-
rent electrophiles. All the compounds were subjected to biological screening and
they showed promising antibacterial activity against S. aureus (Gram-positive)
and S. typhimurium (Gram-negative), which were comparable to the activity of
known standard drugs. This proves the high therapeutic value of these com-
pounds and encourages further study to explore their biological potential. Some
of the compounds (4a, 4i, 4j and 4l) aso exhibited good antifungal activity against
A. niger but the antifungal activities against C. albicans were disappointing.

SUPPLEMENTARY MATERIAL

Analytical and spectra data of the synthesized compounds are available electronically at
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BO A

CHUHTE3A 1 AHTUBMKPOBHA AKTUBHOCT HOBUX N-CYIICTUTYUCAHUX
8-(1-AJIKNJI/AJIKWIJICY JIOOHUJI/AJIKOKCUKAPBOHUJI-BEH3UMUW JIA30JI-2-
-MJIMETOKCH)-5-XJIOPXUHOJIMHA

RAJU B. CHAUDHARI 1 SAHEBRAO S. RINDHE

PG Department of Chemistry; New Arts, Commerce and Science College,
Ahmednagar-414003, Maharashtra, India

V pany je npukasaHa CHHTe3a cepuje HOBHX nepuBara 8-(l-amkwi/ankusicynponun/ai-
KOKCHKapOOHUII-0EH3UMHU1a30J1- 2-JIMETOKCH ) -5-X IOPXMHOJIMHA. Jenmberba Cy H00HjeHa KOHIEH-
3anujoM o-enmwieHquamMuaa U [(5-XJI0pXUHOIMH-8-1T)oKCH]cuphieTHe KHCENuHe, Toclie Yera je
yclenuia CyInCTUTYLHja Ha a30Ty PasIMYUTUM eJICKTPOGHIHIM pearcHCHMa y MPHCYCTBY OArOBa-
pajyhe 6aze unme je oOHjeHa cepHja XeTEPOUNKINYHAX jeANHEHha Koja caipske OCH3MMHUIa30JICKO
¥ XMHOJIHMHCKO je3rpo. CTPYKType jenumera moTBpheHe cy crnexrpamaum mopamuma — ‘H-NMR,
13C-NMR, IC i macenum criektpuma. [0TOBO CBa je/HIbCHba OKA3Y]y 3HAUAjHY AHTHOAKTEPU]CKY
axtusHoCT npema Salmonella typhimurium u Staphylococcus aureus. Heka ox iux 1mokasyjy 1o0py
aHTHYHranHy akTHBHOCT npema Aspergillus niger, anu je antuyHranHa aKTHBHOCT Ipema
Candida albicans seoma ciaba.

(Mpumsbeno 8. jyna 2010, peBuaupano 7. janyapa 2011)
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SPECTRAL CHARACTERIZATION OF THE SYNTHESIZED COMPOUNDS

[ (5-Chloroquinolin-8-yl)oxy] acetic acid (2). Yield: 80 %; m. p. 222-225 °C.
IR (KBr, cmr1): 2799 (O-H stretching), 3068 (C—H stretching of aromatic ring),
1279 and 1257 (C-O-C stretching), 1107 (C—Cl stretching). IH-NMR (400 MHz,
DMSO-dg, 6 / ppm): 4.95 (2H, s, OCHy»), 7.13 (1H, d, aromatic, J = 8.0 Hz),
7.67 (1H, d, J = 8.8 Hz, aromatic), 7.71-7.74 (1H, m, aromatic), 8.50 (1H, d, J =
= 8.0 Hz, aromatic), 8.96-8.97 (1H, m, aromatic), 13.08 (1H, bs, -COOH). 13C-
-NMR (100 MHz, DMSO-dg, ¢ / ppm): 66.2 (O—CH>), 110.92, 122.33, 124.02,
127.09, 127.50, 133.31, 140.64, 150.70, 153.57 (aromatic), 170.69 (—COOH).
MS (m/2): 238.1 (M™).

8-[ (1H-Benz midazol-2-yl)methoxy] -5-chloroquinoline (3). Yield: 81 %; M.
p. 214-217 °C. IR (KBr, cm1): 3340 (N—-H stretching), 3048 (C—H stretching of
aromatic ring), 1273 and 1257 (C-O-C stretching), 1101 (C-Cl stretching). 1H-
-NMR (400 MHz, DM SO-dg, ¢ / ppm): 5.65 (2H, s, -OCHy), 7.22-7.25 (3H, m,
aromatic), 7.54 (1H, d, J = 8.4 Hz, aromatic), 7.59-7.63 (3H, m, aromatic), 8.56
(1H, d, J=8.6 Hz and J = 1.6 Hz, aromatic), 8.92 (1H, bs, aromatic), 12.8 (1H,
bs, N-H). 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 65.05 (O-CH>), 110.38,
115.09, 121.82, 122.25, 122.50, 126.30, 126.41, 132.41, 140.20, 149.30, 149.36,
152.93 (aromatic). MS (m/2): 310.1 (M*).

5-Chloro-8-[ (1-methyl-1H-benz midazol-2-yl )methoxy] quinoline (4a). M. p.
215-220 °C. IR (KBr, cm1): 3049 (C—H stretching of aromatic ring), 1254 and
1241 (C-O-C dtretching), 1092 (C—Cl stretching). H-NMR (400 MHz, CDCl3,
o/ ppm): 3.98 (3H, s, -NCH3g), 5.75 (2H, s, -OCH>), 7.27-7.31 (3H, m, aro-
matic), 7.43-7.49 (2H, m, aromatic), 7.54-7.56 (1H, m, aromatic), 7.78-7.79

* Corresponding author. E-mail: rgjucll@gmail.com
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(1H, m, aromatic), 8.52 (1H, d, J = 8.3 Hz, aromatic), 8.99 (1H, bs, aromatic).
13C-NMR (100 MHz, CDCl3, 6 / ppm): 29.46 (CH3 of N-methyl), 63.76
(O—CHy), 108.77, 110.04, 118.81, 121.27, 121.65, 122.29, 122.37, 125.45,
126.09, 132.00, 135.40, 139.89, 141.08, 148.00, 148.99, 151.79 (aromatic). MS
(m/2): 324.1 (M™).

5-Chloro-8-[ (1-ethyl-1H-benzimidazol-2-yl)methoxy] quinoline (4b). M. p.
225-228 °C. IR (KBr, cm1): 3049 (C—H stretching of aromatic ring), 1255 and
1242 (C-O-C dtretching), 1095 (C—Cl stretching). H-NMR (400 MHz, CDCl3,
o/ ppm): 1.40 (3H, t, J = 6.8 Hz, -CH3), 4.51 (2H, g, J = 6.8 Hz, -NCH)>), 5.76
(2H, s, —OCHy), 7.27-7.36 (3H, m, aromatic), 7.48-7.54 (3H, m, aromatic),
7.80-7.81 (1H, m, aromatic), 8.53 (1H, d, J = 8.2 Hz, aromatic), 8.98 (1H, bs,
aromatic). 1I3C-NMR (100 MHz, CDCls, ¢ / ppm): 15.19 (CH3 of N-ethyl), 39.36
(N—CHy), 64.64 (O-CH>), 109.74, 110.93, 120.17, 122.32, 122.37, 123.26,
123.40, 126.50, 127.14, 133.06, 135.24, 140.82, 142.38, 148.49, 149.81, 152.71
(aromatic). MS (m/2): 338.1 (M).

5-Chloro-8-[ (1-propyl-1H-benz midazol-2-yl )methoxy] quinoline (4c). M. p.
178-180 °C. IR (KBr, cm1): 3049 (C—H stretching of aromatic ring), 1254 and
1241 (C-O-C stretching), 1093 (C—Cl stretching). H-NMR (400 MHz, CDCl3,
o/ ppm): 0.92 (3H, t, J = 7.2 Hz, -CH3), 1.81-1.86 (2H, m, —CH> of N-propyl),
441 (2H, t, J = 7.3 Hz, -NCHy), 5.76 (2H, s, -OCHy), 7.27-7.30 (3H, m, aro-
matic), 7.47-7.56 (3H, m, aromatic), 7.80-7.81 (1H, m, aromatic), 8.53 (1H, d,
J = 8.3 Hz, aromatic), 8.98 (1H, bs, aromatic). 13C-NMR (100 MHz, CDCl3, 6 /
/ ppm): 11.30 (CH3 of N-propyl), 23.22 (CH2 of N-propyl), 46.03 (N-CH>),
64.83 (O—CH>), 110.03, 111.10, 120.12, 122.29, 122.37, 123.20, 123.44, 126.50,
127.13, 133.05, 135.63, 140.88, 142.29, 148.76, 149.79, 152.75 (aromatic). MS
(m/z): 352.1 (M™).

8-[ (1-Butyl-1H-benzimidazol - 2-yl)methoxy] -5-chloroquinoline (4d). M. p.
174-178 °C. IR (KBr, cm1): 3050 (C—H stretching of aromatic ring), 1254 and
1241 (C-O-C stretching), 1093 (C—CI stretching). IH-NMR (400 MHz, CDCls,
o/ ppm): 0.81 (3H, t, J = 6.7 Hz, -CH3 of N-butyl), 1.32-1.41 (2H, m, —-CH,, of
N-butyl), 1.71-1.79 (2H, m, —CH» of N-butyl), 4.42 (2H, t, J = 6.7 Hz, -NCH>),
5.75 (2H, s, -OCH>), 7.27-7.34 (3H, m, aromatic), 7.49-7.54 (3H, m, aromatic),
7.78-7.79 (1H, m, aromatic), 8.52 (1H, d, J = 7.7 Hz, aromatic), 8.98 (1H, bs,
aromatic). 13C-NMR (100 MHz, CDCl3, 6 / ppm): 13.70 (CH3 of N-butyl), 20.22
(CH2 of N-butyl), 32.07 (CH> of N-butyl), 44.48 (N-CH>), 64.73 (O—CH>),
109.97, 110.96, 120.12, 122.28, 122.38, 123.20, 123.41, 126.51, 127.13, 133.06,
135.62, 140.86, 142.29, 148.66, 149.77, 152.70 (aromatic). MS (m/2): 366.2 (M™).

5-Chloro-8-[ (1-pentyl-1H-benz midazol -2-yl Ymethoxy] quinoline (4€). M. p.
147-150 °C. IR (KBr, cm1): 3054 (C—H stretching of aromatic ring), 1254 and
1240 (C-O-C stretching), 1093 (C—Cl stretching). H-NMR (400 MHz, CDCl3,
o/ ppm): 0.73 (3H, t, J = 7.2 Hz, —-CH3 of N-pentyl), 1.13-1.22 (2H, m, —CH> of
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N-pentyl), 1.27-1.34 (2H, m, -CH> of N-pentyl), 1.72-1.80 (2H, m, -CH> of N-
-pentyl), 4.42 (2H, t, J =7.7 Hz, -NCHJy), 5.76 (2H, s, -OCH>), 7.28-7.32 (2H,
m, aromatic), 7.33-7.37 (1H, m, aromatic), 7.47-7.56 (3H, m, aromatic), 7.78—
—7.81 (1H, m, aromatic), 8.52 (1H, dd, J = 8.6 Hz and 1.6 Hz, aromatic), 8.98
(1H, bs, aromatic). 13C-NMR (100 MHz, CDCl3, § / ppm): 13.77 (CH3 of N-
-pentyl), 22.32 (CH2 of N-pentyl), 29.01 (CH> of N-pentyl), 29.71 (CH2 of N-
-pentyl), 44.68 (N-CHj), 64.73 (O-CHy), 109.99, 110.93, 120.11, 122.28,
122.36, 123.20, 123.37, 126.50, 127.12, 133.05, 135.59, 140.84, 142.29, 148.68,
149.74, 152.70 (aromatic). MS (m/2): 380.2 (M™).

8-[ (1-Benzyl-1H-benz midazol -2-yl)methoxy] -5-chloroquinoline (4f). M. p.
208-210 °C. IR (KBr, cm1): 3061 (C-H stretching of aromatic ring), 1252 and
1239 (C-O-C dtretching), 1093 (C—Cl stretching). H-NMR (400 MHz, CDCl3,
o / ppm): 5.68 (2H, s, -NCHy), 5.70 (2H, s, -OCH>), 6.92-6.93 (2H, m, aroma-
tic), 7.0-7.1 (3H, m, aromatic), 7.23-7.38 (3H, m, aromatic), 7.36-7.38 (1H, m,
aromatic), 7.44-7.51 (2H, m, aromatic), 7.82 (1H, d, J = 7.7 Hz, aromatic), 8.47
(1H, d, J = 8.3 Hz, aromatic), 8.88 (1H, bs, aromatic). 13C-NMR (100 MHz,
CDCl3, o / ppm): 47.61 (N—-CH5), 64.91 (O-CHy), 110.21, 110.90, 120.18,
122.31, 122.56, 123.48, 123.58, 126.30, 126.33, 127.07, 127.46, 128.50, 132.91,
135.73, 136.04, 140.83, 142.29, 149.12, 149.73, 152.61 (aromatic). MS (m/2):
400.2 (M™).

8-{[ 1-(4-Bromobenzyl)-1H-benz midazol - 2-yl] methoxy} -5-chloroquinoline
(4g). M. p. 244-248 °C. IR (KBr, cm1): 3060 (C—H stretching of aromatic ring),
1254 and 1241 (C-O—C stretching), 1091 (C—Cl stretching). 1H-NMR (400 MHz,
CDCl3, 6 / ppm): 5.68 (2H, s, -NCH>), 5.71 (2H, s, -OCH>), 6.78 (2H, d, J = 8.3
Hz, aromatic), 7.09 (2H, d, J = 8.3 Hz, aromatic), 7.25-7.31 (3H, m, aromatic),
7.35 (1H, d, J = 8.4 Hz, aromatic), 7.47 (1H, d, J = 8.4 Hz, aromatic), 7.55-7.58
(1H, m, aromatic), 7.80 (1H, d, J = 7.7 Hz, aromatic), 8.50 (1H, d, J = 8.5 Hz,
aromatic), 8.84 (1H, bs, aromatic). MS (m/2): 480.1 (M ™).

5-Chloro-8-{[ 1-(methyl sul phonyl)-1H-benz mi dazol - 2-yl] methoxy} quinoline
(4h). M. p. 183-186 °C. IR (KBr, cm1): 3055 (C—H stretching of aromatic ring),
1249 and 1237 (C-O-C stretching), 1165 (S=0 stretching), 1096 (C—Cl stretch-
ing). 1H-NMR (400 MHz, CDCl3, § / ppm): 3.81 (3H, s, -SO,CH3), 5.70 (2H, s,
—OCH>), 7.21 (1H, d, J = 8.4 Hz aromatic), 7.40-7.48 (2H, m, aromatic), 7.52—
—7.56 (1H, m, aromatic), 7.60 (1H, d, J = 8.4 Hz, aromatic), 7.82 (1H, d, J=7.2
Hz, aromatic), 7.97 (1H, d, J = 8.3 Hz, aromatic), 8.56 (1H, dd, J = 8.5 Hz and
1.5 Hz, aromatic), 8.82 (1H, dd, J = 8.3 Hz and 1.56 Hz, aromatic). 13C-NMR
(100 MHz, CDCl3, ¢ / ppm): 38.00 (SO>—CH3), 59.84 (O—CH>), 104.23, 108.52,
116.25, 117.80, 118.71, 120.26, 121.40, 121.76, 122.53, 128.46, 128.76, 135.73,
136.52, 143.24, 144.73, 147.93 (aromatic). MS (m/2): 388.1 (M*).

5-Chloro-8-{[ 1-(phenyl sulphonyl)-1H-benzimidazol-2-yl] methoxy}quinoline
(4i). M. p. 173-177 °C. IR (KBr, cmr1): 3059 (C—H stretching of aromatic ring),
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1248 and 1235 (C-O-C stretching), 1178 (S=0 stretching), 1093 (C—Cl stretch-
ing). IH-NMR (400 MHz, CDCl3, § / ppm): 5.89 (2H, s, -OCH>), 7.25 (1H, d,
J = 8.4 Hz, aromatic), 7.33-7.42 (4H, m, aromatic), 7.52—7.59 (3H, m, aromatic),
7.75 (1H, d, J = 7.5 Hz, aromatic), 7.95 (1H, d, J = 7.4 Hz, aromatic), 8.36 (2H,
dd, J = 84 Hz and 2.8 Hz, aromatic), 8.55 (1H, dd, J = 85 Hz and 1.6 Hz,
aromatic), 9.01 (1H, dd, J = 8.3 Hz and 1.7 Hz, aromatic). 13C-NMR (100 MHz,
CDCl3, 0 / ppm): 64.93 (O-CHj), 110.13, 113.39, 121.02, 122.44, 123.49,
124.94, 125.94, 126.46, 127.26, 128.12, 129.40, 132.87, 133.07, 134.64, 137.61,
140.81, 141.66, 148.26, 149.74, 153.08 (aromatic). MS (n/2): 450.2 (M™).

5-Chloro-8-{[ 1-(4-methyl phenyl sul phonyl)- 1H-benz midazol -2-yl] methoxy} -
quinoline (4j). M. p. 181-184 °C. IR (KBr, cmr1): 3057 (C—H stretching of aro-
matic ring), 1256 and 1240 (C-O-C dtretching), 1175 (S=O stretching), 1092 (C—Cl
stretching). 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.33 (3H, s, -CH3), 5.88 (2H,
s,—OCH>), 7.17 (2H, d, J = 8.4 Hz, aromatic), 7.25 (1H, d, J = 8.4 Hz, aromatic),
7.33-7.44 (2H, m, aromatic), 7.54 (1H, d, J = 7.4 Hz, aromatic), 7.57-7.60 (1H,
m, aromatic), 7.75 (1H, d, J = 7.5 Hz, aromatic), 7.95 (1H, d, J = 8.1 Hz, aro-
matic), 8.20 (2H, d, J = 8.4 Hz, aromatic), 8.57 (1H, dd, J = 8.5 Hz and 1.6 Hz,
aromatic), 9.02 (1H, bs, aromatic). 13C-NMR (100 MHz, CDCl3, § / ppm): 21.69
(CH3), 64.95 (O—CHy), 110.12, 113.40, 120.96, 122.43, 123.43, 124.84, 125.82,
126.46, 127.24, 128.11, 130.02, 132.89, 133.05, 134.66, 140.81, 141.69, 145.98,
148.25, 149.72, 153.13 (aromatic). MS (nV2): 464 (M*).

Methyl  2-{[ (5-chloroquinolin-8-yl)oxy] methyl}-1H-benzmidazol e-1-carbo-
xylate (4k). M. p. 140-144 °C. IR (KBr, cmr1): 3060 (C-H stretching of aromatic
ring), 1758 (C=0 stretching), 1255 and 1233 (C-O-C stretching), 1093 (C-Cl
stretching). 1H-NMR (400 MHz, CDCl3, 6 / ppm): 4.08 (3H, s, -OCH3), 5.83
(2H, s, —-OCH>), 7.17 (1H, d, J = 8.4 Hz, aromatic), 7.36—7.40 (2H, m, aromatic),
7.52—7.57 (2H, m, aromatic), 7.77 (1H, d, J = 7.4 Hz, aromatic), 7.95 (1H, dd, J =
= 7.1 Hz and 1.6 Hz, aromatic), 8.55 (1H, dd, J = 8.5 Hz and 1.6 Hz, aromatic),
8.99 (1H, bs, aromatic). MS (m/2): 368.1 (M*).

Ethyl 2-{[(5-chloroquinolin-8-yl)oxy] methyl}-1H-benzmidazol e-1-car boxy-
late (41). M. p. 134-138 °C. IR (KBr, cmr1): 3063 (C-H stretching of aromatic
ring), 1758 (C=0 stretching), 1259 and 1230 (C-O-C stretching), 1090 (C—Cl
stretching). 1H-NMR (400 MHz, CDCl3, 6 / ppm): 1.43 (3H, t, J = 7.1 Hz, -CH3),
453 (2H, q, J = 7.1 Hz, -COOCHy), 5.82 (2H, s, -OCHy), 7.17 (1H, d, J=8.4
Hz, aromatic), 7.34—7.41 (2H, m, aromatic), 7.52—7.58 (2H, m, aromatic), 7.77
(1H, d, J = 8.2 Hz, aromatic), 7.97 (1H, d, J = 8.5 Hz, aromatic), 8.56 (1H, d, J =
= 8.4 Hz, aromatic), 9.0 (1H, bs, aromatic). 13C-NMR (100 MHz, CDCls, 6 / ppm):
14.10 (—CH3), 64.54 (COO-CHy), 66.26 (O—CHj), 110.08, 114.92, 120.54,
122.40, 123.25, 124.67, 125.48, 126.29, 127.13, 132.88, 133.01, 140.70, 142.08,
149.81, 150.02, 150.08, 153.38 (aromatic). MS (m/2): 382.2 (M*).
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Benzyl 2-{[(5-chloroquinolin-8-yl)oxy] methyl}-1H-benzimidazole-1-carbo-
xylate (4m). M. p. 167170 °C. IR (KBr, cmr1): 3060 (C—H stretching of aro-
matic ring), 1759 (C=0 stretching), 1254 and 1238 (C-O-C stretching), 1098
(C—ClI stretching). IH-NMR (400 MHz, CDCl3, § / ppm): 5.36 (2H, m,
—COOCH?y), 5.66 (2H, s, -OCH>), 6.94 (1H, d, J = 8.4 Hz, aromatic), 7.17-7.31
(7H, m, aromatic), 7.38 (1H, d, J = 8.4 Hz, aromatic), 7.47-7.50 (1H, m,
aromatic), 7.67—7.70 (1H, m, aromatic), 7.89-7.91 (1H, m, aromatic), 8.47 (1H,
d, J = 8.4 Hz, aromatic), 8.92 (1H, bs, aromatic). 133C-NMR (100 MHz, CDCl3,
o | ppm): 66.24 (O—CHy), 70.14 (COO-CHy>), 109.94, 114.98, 120.61, 122.37,
123.19, 124.74, 125.65, 126.27, 127.13, 128.73, 128.86, 129.03, 132.91, 133.10,
133.74, 140.77, 142.12, 149.72, 149.84, 149.88, 153.35 (aromatic). MS (m/2):
466.2 (M™).

2,2,2-Trichloroethyl 2-{[(5-chloroquinolin-8-yl)oxy] methyl}-1H-benzimida-
zole-1-carboxylate (4n). M. p. 121-125 °C. IR (KBr, cm1): 3064 (C—H stretch-
ing of aromatic ring), 1759 (C=0 stretching), 1253 and 1230 (C—-O—C stretching),
1099 (C—ClI stretching). IH-NMR (400 MHz, CDCls, 6 / ppm): 5.10 (2H, s,
—COOCH?y), 5.66 (2H, s, -OCH>), 7.16 (1H, d, J = 8.4 Hz, aromatic), 7.37-7.45
(2H, m, aromatic), 7.51-7.56 (2H, m, aromatic), 7.79 (1H, dd, J= 7.2 Hz and 2.0
Hz, aromatic), 8.10 (1H, dd, J = 7.0 Hz and 1.3 Hz, aromatic), 8.54 (1H, dd, J =
=8.5Hz and 1.6 Hz, aromatic), 8.97 (1H, bs, aromatic). MS (m/2): 486.1 (M ™).
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Abstract: Recently, the beneficia effects of different single doses of standardized
dry olive (Olea europaea L.) leaf extract (OLE) in cold restraint stress (CRS)-in-
duced gastric lesions in rats and its influence on oxidative parameters in gastric
mucosa were demonstrated. The present study was undertaken to investigate the
long-term pretreatment efficacy of OLE and its potential in the modulation of CRS-
induced oxidative changes at the liver level. The experimental animals were divided
into four groups, i.e., control, OLE-treated, CRS non-treated and CRS treated with
OLE (CRS+OLE) groups. CRS caused severe gastric lesions in all non-pretreated
animals and two-week pretreatment with OLE (80 mg per kg of body weight)
attenuated stress-induced gastric lesions significantly. The malondialdehyde
(MDA) level as an index of lipid peroxidation, superoxide dismutase (SOD) and
catalase (CAT) activities were measured spectrophotometrically in liver tissue
homogenates. The MDA level was increased in the CRS group and significantly
decreased in the CRS+OLE group. The SOD and CAT activities were significantly
decreased in the CRS group. In the CRS+OLE group, the activities of these two
enzymes were significantly increased in comparison with the CRS group. The
results obtained indicate that long-term supplementation with OLE provides
oxidant/antioxidant balance in liver during stress condition.

Keywords: olive leaf; cold restraint stress; oxidative stress; liver.

INTRODUCTION
Stress, a condition in an organism that results from the action of severa
stressors, has been reported to affect the progression and severity of different di-
seases. Environmental stress has been shown to be associated with altered ho-
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meostasis that may lead to oxidant—antioxidant imbalance. Under normal condi-
tions, antioxidant systems of the cell minimize the perturbations caused by free
radicals. When free radicals generation is increased to an extent that overcomes
the cellular antioxidants, the result is oxidative stress.

It is known that immobilization stress accelerated by cold (a combination of
two potent stressors) can disrupt the balance in an oxidant/antioxidant system and
cause oxidative damage to several tissues by altering the enzymatic and non-en-
zymatic antioxidant status, protein oxidation and lipid peroxidation.t

As a new strategy for aleviating oxidative damage, interest has been grow-
ing in the usage of natural antioxidants. It was suggested that many of the nega-
tive effects of oxidative stress are diminished upon supplementation with certain
dietary antioxidants, such as vitamins and other non-nutrient antioxidants, e.g.,
plant flavonoids.23 There is an increasing interest in total medicinal plant ex-
tracts, the greatest value of which may be due to the constituents that contribute
to the modulation of the oxidative balance in vivo. Additionally, the obvious ad-
vantage of total plant extracts is that they are easily attainable products, without
purification of any of the fractions needed in order to apply them in possible pre-
vention/treatment of diseases.2 Reasonably, the application of large quantities of
plant extracts as dietary supplements is not to be recommends before assessment
of important health issues regarding use of plant phenolics in general, and plant
flavonoids in particular.3

Olive tree (Olea europaea L.) leaf has been used in traditional, folk medi-
cine, in Mediterranean countries, particularly as an antimicrobial and cardiopro-
tective agent.4 Recently, experimental animal studies demonstrated its antihyper-
tensive, anti-atherogenic, anti-inflammatory, hypoglycemic and hypocholestero-
lemic effects; all of these positive effects were at least partly related to its anti-
oxidative action.> Moreover, its antihypertensive effect in patients with stage-1
hypertension was confirmed in a double-blind, randomized, parallel and active-
controlled clinical study.6

The main constituent of olive leaf is oleuropein, one of the iridoide monoter-
penes, which is thought to be responsible for its pharmacol ogical effects. In addi-
tion, olive leaf contains triterpenes (important amounts of oleanolic and maslinic
acid followed by minor concentrations of ursolic acid, erythrodiol, and uvaol),
flavonoids (luteolin, apigenine, rutin, etc.), chalcones (olivin, olivine diglucoside)
and tannins.47-9 It is its chemical content that makes olive leaf one of the most
potent natural antioxidants. Oleuropein has remarkable antioxidant activity in vi-
tro, comparable to a hydrosoluble analog of tocopherol10, as do other consti-
tuents of olive leaf.11 Literature data on olive phenolics is mainly concerned with
purified compounds, while the antioxidant properties of total extract have been
poorly investigated. Being a complex mixture of compounds, the study of the
protective effect of the total extract could be more representative than those of
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single components. It was shown that a total olive leaf extract had an antioxidant
activity higher than those of vitamin C and vitamin E, due to the synergy be-
tween flavonoids, oleuropeosides and substituted phenols.12

The beneficial properties of olive leaf are further enhanced by the good ab-

sorption of its phenolic constituents and their significant levels in the circula-
tion.13.14

Although severa studies have investigated the effects of cold-restraint stress
on the antioxidant system and induction of lipid peroxidation in severa tissues,
to date, no information is available regarding the antioxidant effect of total dry
olive leaf extract (OLE) on cold restraint stress (CRS)-induced hepatic oxidative
stress. The influence of stress on the liver is also of interest from the clinical
point of view, because stress plays a potential role in aggravating liver diseasesin
general and hepatic inflammation in particular, probably through the generation
of reactive oxygen species (ROS). Thus, in this preclinical investigation, the ef-
fect of CRS on oxidative stress and antioxidant defense system and the possible
protective effect of OLE in rat liver tissue were investigated.

EXPERIMENTAL
Materials

Olive leaf extract EFLA® 943, standardized to 18-26 % of oleuropein, was purchased
from Frutarom Switzerland Ltd. (Wadenswil, Switzerland). The extract was manufactured
from the dried leaves of Olea europaea L., applying an ethanol (80 % m/m) extraction proce-
dure. After a patented filtration process (EFLA® Hyperpure), the crude extract was dried. The
stability and microbiological purity were confirmed by the manufacturer. Further compre-
hensive phytochemical analysis of the extract was previoudly realized and it was found to
contain oleuropein (19.8 %), total flavonoids (0.29 %), including luteolin-7-O-glucoside (0.04 %),
apigenine-7-O-glucoside (0.07 %) and quercetin (0.04 %), as well as caffeic acid (0.02 %),
and tannins (0.52 %).15 The same batch of EFLA® 943 was used in the present study. Hydro-
gen peroxide and thiobarbituric acid (TBA) were purchased from Sigma-Aldrich (Schnelldorf,
Germany). All other reagents used in biochemical analysis were obtained from Merck (Darm-
stadt, Germany).

Animals, stress induction and stomach evaluation

Twenty-four male Wistar rats from the Biomedical Research Center, R&D Institute, Ga-
lenika a.d. (Belgrade, Serbia), weighing 250+£20 g, were used. The rats were housed 3 per cage
under constant environmental conditions (2024 °C; 12 h light/dark cycle), and were given ad
libitum access to standard pelleted food and water. This study was approved by the Ethical
Committee of the Medical School, University of Belgrade, and run in accordance to the state-
ments of the European Union regarding the handling of experimental animals (86/609/EEC).

The animals were randomly divided into 4 groups each consisting of 6 rats. control,
OLE, CRS, and CRS+OLE.

The first, control group received 1 ml of distilled water intragastricaly (i.g.) using a me-
tal tube for gavage for 14 days. This was the group of normal, healthy animals without any
drug pretreatment or stress induction.

The OLE group received olive leaf extract (80 mg kg! daily, i.g.) dissolved in distilled
water for 14 days.

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




1210 DEKANSKI et al.

The CRS group received distilled water i.g. for 14 days, and it was the group exposed to
cold restraint stress on the last day of the experiment.

The CRS+OLE group received OLE (80 mg kg2, daily, i.g.) dissolved in distilled water
for 14 days. The last dose was administrated 120 min prior to CRS induction.

Day before the stress induction all experimental animals were placed in individual meta-
bolic cages and were fasted for 24 h, but had free access to water. The rats from CRS and
CRS+OLE group were immobilized in individua restraint boxes without the possibility of
visual contact1® and subjected to cold (4 +1 °C) stress for 3.5 h. This regimen of cold-restraint
stress was reported to produce gastric ulcers in food-deprived rats,17:18 as well as plasma and
hepatic tissue lipid peroxidation.1®

At the end of this period, the animals were sacrificed under ether anesthesia, the ab-
domen was opened by midline incision and the liver and the stomach were removed. The sto-
mach was opened along the greater curvature, rinsed gently with water and pinned open for
macroscopic examination. The number and severity of gastric lesions were evaluated accord-
ing to the following rating scale:20 0 — no lesion; 1 — mucosal edema and petechiag; 2 —from 1
to 5 small lesions (1-2 mm); 3 —more than 5 small lesions or 1 intermediate lesion (3-4 mm);
4 —2 or more intermediate lesions or 1 large lesion (greater than 4 mm); 5 — perforated ulcers.
The sum of the total scores divided by the number of animals in the group was expressed as
the ulcer index (Ul)xstandard deviation (SD). The percent inhibition of Ul in relation to the
CRS group was estimated from formula:

% Inhibition = (1_(UIOLE+CRdUICRS))x100
Biochemical examination of liver

The liver from each anima was weighed, transferred to the ice-cooled test tube and
homogenized by Ultra-Turrax T25 (Janke & Kunkel GmbH. & Co., IKA®-Labortechnik,
Staufen, Germany) in 20 mmol 1-1 Tris buffer, pH 7.4, containing 5 mmol butylated hydroxy-
toluene to prevent new lipid peroxidation that could occur during the homogenization. The
homogenate was then centrifuged at 12000 rpm at 4 °C (Megafuge 2.0.R, Heraeus, Germany)
for 10 min. The supernatant was aliquoted and stored at —80 °C until determination of the total
protein, malondialdehyde (MDA), superoxide dismutase (SOD) and catalase (CAT).

The biochemical parameters were determined spectrophotometrically (UV-Vis spectro-
photometer HP 8453, Agilent Technologies, Santa Clara, CA).

The protein content of the liver tissue samples was estimated by the method of Lowry et
al. 2 using bovine serum albumin as the standard.

Lipid peroxidation was determined at 533 nm and the MDA level was measured by the
thiobarbituric acid (TBA) test according to the method suggested by Buege and Aust.22

The SOD activity in the liver was determined by measuring the inhibition of auto-oxida-
tion of adrenaline at pH 10.2 at 30 °C by the method of Misra and Fridovich.2 One unit of
SOD activity represented the amount of SOD which was necessary to cause a 50 % inhibition
of adrenaline auto-oxidation.

Activity of catalase in liver was determined according to the procedure of Goth?4 by fol-
lowing the absorbance of hydrogen peroxide at 230 nm and pH 7.0.

Satistical analysis
All results are expressed as meanstSD. Statistical analysis was realized using one-way

ANOVA and the post hoc Tukey test. Values of P less than 0.05 were considered as signi-
ficant.
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RESULTS

Effect of OLE on gastric lesionsinduced by cold restraint stress

Cold restraint stress produced visible gastric lesions in al animals in the
CRS group. They were located mostly in the corpus. No visible lesions deve-
loped in the non-secretary part of the rat stomach, which is a well-known res-
ponse to CRS. Moreover, after opening, hemorrhagic content was found in sto-
mach lumens. Following 3.5 h of cold-restraint stress, the average ulcer scorein
the non-pretreated group was very high (4.33+0.85). OLE (80 mg kg1) signi-
ficantly prevented the gastric mucosa lesions induced by cold-restraint stress.
Ulcer index (Ul) was 1.33+0.52. The percent of inhibition in Ul was 70 %. Only
gastric mucosal edema and petechiae were seen in amost al (5 of 6) animalsin
this experimental group. No visible sign of ulceration was observed in the control
animals or in OLE group of animals.

Effect of OLE pretreatment on lipid peroxidation and the activity of antioxidative
enzymesin the liver

Cold restraint stress significantly increased level of lipid peroxidation in
liver, evaluated as MDA mg1 protein (174.32+11.16 nmol mg-1 protein vs.
134.75+10.02 nmol mg1 protein in the control (P<0.05)). The liver tissue MDA
was reduced significantly by pretreatment with 80 mg kg of OLE (137.47+21.06
nmol mg-2 protein). The difference was not statistically significant between the
control and the OLE group (Fig. 1).

150

100

o
o
1

MDA / nmol (mg prot.)”

0

Contol  OLE  CRS  CRS+OLE

Fig. 1. Effect of intragastric pretreatment with olive leaf extract (OLE), applied at a dose of
80 mg kg1 for two weeks, on the mal ondialdehyde concentration (nmol (mg protein) 1)

in the liver of rat exposed to cold restraint stress (CRS); * indicates statistical significance
(P < 0.05) of the difference in the MDA concentrations in non-pretreated rats exposed to

CRS as compared to the control animals; ** indicates statistical significance (P < 0.05) of

the differencein MDA concentrations in pretreated rats as compared to the
CRS-exposed rats without pretreatment.
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As shown in Fig. 2, the SOD activity averaged 115.70+3.10 U mgL protein
in healthy rat liver. Following exposure of the rats to CRS, a significant decrease
in SOD activity to the value of 99.07+3.09 U mg protein was observed. OLE
administration significantly reduced the decrease in SOD activity in the CRS+OLE
group (109.70+5.12 U mg2 protein) but did not influence the enzyme activity in
the group of non-stressed animals.

120 < - "

HH o+

80 +

SOD /U (mg prot.)”

40

Cor;trol OILE CII?S CRS + OLE
Fig. 2. Effect of intragastric pretreatment with olive leaf extract (OLE), applied at a dose of
80 mg kg1 for two weeks, on the superoxide dismutase (SOD) activity (U (mg protein)1) in
the liver of rat exposed to cold restraint stress (CRS); *indicates statistical significance
(P < 0.05) of the difference in SOD activity in non-pretreated rats exposed to CRS as com-
pared to the control animals; **indicates statistical significance (P<0.05) of the differencein
SOD activity in pretreated rats as compared to the CRS-exposed rats without pretreatment.

Catalase activity in the gastric mucosa was also significantly decreased after
3.5 h of CRS (24.53+1.00 U mg! protein in the control group vs. 19.77+0.8 U
mg~L protein in the CRS group). Pretreatment with OLE significantly reduced the
decrease in CAT activity in the CRS group, whereas the values of this enzyme
activity in OLE group remained unaffected (Fig. 3).

DISCUSSION

It is well-known that the pathogenesis of immobilization and acute cold
stress-induced tissue lesions includes the generation of reactive oxygen species
(ROS), which seem to play an important role due to the generation of lipid pero-
xides, accompanied by impairment of the antioxidative enzyme activity of cells.
The beneficial effects of different single-dose pretreatments with olive leaf ex-
tract (OLE) in CRS-induced gastric ulcers were recently demonstrated.2® In this
sense, the antioxidative properties of OLE were investigated in vivo, at the level
of gastric mucosa. Here, experimental animals were supplemented with OLE (80
mg kg1, per os) for 14 days, the balance in an oxidant/antioxidant system was
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disrupted by cold and immobilization, and the antioxidative potential of OLE at
the level of liver was analyzed.

25+ T
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Control OLE CRS CRS + OLE

Fig. 3. Effect of intragastric pretreatment with olive leaf extract (OLE), applied at a dose of
80 mg kg1 for two weeks, on the catalase (CAT) activity (U (mg protein) 1) in the liver of rat
exposed to cold restraint stress (CRS); *indicates statistical significance (P < 0.05) of the
differencein CAT activity in non-pretreated rats exposed to CRS as compared to the
control animals; **indicates statistical significance (P < 0.05) of the differencein CAT
activity in pretreated rats as compared to the CRS exposed rats without pretreatment.

In the present study, the protective activity of OLE was confirmed via CRS-
-induced gastric ulcers. CRS caused severe gastric lesions in animals pretreated
with physiological saline solution. Seventy percent of inhibition of ulcer index,
related to the non-pretreated group, was obtained in animals pretreated with 80
mg kg~ of OLE for two weeks. In a previous trial, long-term pretreatment with
the same dose was effective in absolute ethanol-induced gastric lesions, and a
potent antioxidative activity of OLE in rat gastric mucosa was evidenced.26

The dose of OLE used in the present study was selected with respect to the
nutraceutical/pharmaceutical level. It was calculated according to aclinical study
in which OLE EFLA® 943 at 1000 mg daily effectively reduced blood pressure.®
For the extrapolation of the dosage from human to rat, food intake rather than bo-
dy weight was taken as the criterion.2” Briefly, the estimated quantity of OLE ex-
pressed per unit of human diet is 2 mg g~ dry food, daily (1000 mg of OLE per
500 g dry food). For an adult rat (250 g b.w.) which consumes approximately 10 g
of dry food daily, the consumption corresponded to an OLE dose of 80 mg kg2

Since lipid peroxidation is a well-established mechanism of cellular injury,
changes in the malondialdehyde (MDA) concentrations were measured as an in-
dicator of lipid peroxidation. MDA in liver tissue homogenates was found to be
significantly increased in the rats exposed to CRS, when compared with the con-
trol group. These results are in agreement with previous findings, which were re-
lated to stress-induced lipid peroxidation in plasma and liver of experimental ani-
mals.119 OLE pretreatment significantly decreased the MDA level in the liver of
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CRS rats. Recent reports showed antioxidant properties of the main phenolics
present in olive extracts, i.e., oleuropein and hydroxytyrosol (the main metabolite
of oleuropein). Thus, both phenolics showed a substantial degree of inhibition of
lipid peroxidation in vivo in rat liver microsomes?8 and in oxidative stress in-
duced by hydrogen peroxide or xanthine oxidase in vitro.29 The OLE used in the
present study contained 19.8 % of oleuropein. Therefore, ~ 16 mg kg2 of oleu-
ropein was administered daily per rat. It isinteresting that this dose of oleuropein
was the effective dose in attenuation of hepatic oxidative damage (thiobarbituric
acid-reactive substances (TBARS) reduction) in aloxan-diabetic rats. The admi-
nistration of oleuropein- and hydroxytyrosol-rich extracts for 4 weeks signifi-
cantly decreased the serum glucose and cholesterols levels and restored the anti-
oxidant perturbations in liver.30 The present results showed that the antioxidant
system in liver was aso affected by CRS. It was previously reported that CRS
caused the inhibition of the activity of antioxidant enzymesin the liver and in the
other tissues in rat.1:31 Six hours of immobilization stress caused a decrease in
the liver levels of SOD, CAT and glutathione, while the level of MDA was in-
creased, compared with non-stressed control rats.32 Cold stress (CS) alone also
alters homeostasis, resulting in the creation of reactive oxygen species which lead
to dterations in the antioxidant defense system. The MDA levels were increased,
whereas the SOD, CAT and glutathione peroxidase activities and total gluta-
thione level were significantly decreased in the CS group.33 In the present study,
OLE administered to rats prior to stress induction attenuated the inhibition of
SOD and CAT activity and, thus, additionally implicated its role in the modu-
lation of the oxidative balance in liver. Jemai et al.34 reported that hydroxytyro-
sol purified from olive tree leaves increased the SOD and CAT activities in the
liver of Wistar rats fed a cholesterol-rich diet. In addition, in the same study, the
content of TBARS in liver, heart, kidney, and aorta decreased significantly when
hydroxytyrosol was orally administered. The antioxidative effect of the total
OLE most probably resulted from the ability of its constituents to scavenge re-
active oxygen species produced in CRS, which initiate lipid peroxidation. The
performed phytochemical analysis of OLE EFLA® 943 showed a high oleuropein
content together with other important constituents, i.e., apigenine-7-O-glucoside,
luteolin-7-O-glucoside, quercetin and caffeic acid, as well as low concentration
of tannins.1® The radical scavenging abilities of tannins, oleuropein and its me-
tabolites, apigenine-7-O-glucoside, luteolin-7-O-glucoside, caffeic acid, and for
total olive leaf extract were already reported.12 Furthermore, quercetin, luteolin-
7-glucoside and caffeic acid showed protective potential against oxidative dama-
ges induced by tert-butyl hydroperoxide (t-BHP) in HepG2 cells. All the tested
phenolic compounds were found to significantly decrease lipid peroxidation and
prevent glutathione depletion induced by t-BHP; quercetin also significantly de-
creased DNA damage.35
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Antioxidants are substances that delay or prevent the oxidation of cellular
oxidizable substrates. The various antioxidants exert their effect by scavenging
superoxide, or by activation of a battery of detoxifying/defensive proteins.36 The
present finding that orally applied OLE had a significant protective effect in he-
patic oxidative stress is very important. The phenolic compounds from OLE are
food constituents, thus ingestion is the natural route for their intake. The potential
of other antioxidant nutrients, such as vitamins A (retinol), E (tocopherol) and C
(ascorbic acid) individually and in combination (vitamin E + C) to modulate res-
traint stress-induced oxidative changes in liver was investigated, and the vitamin
post-stress treatment was found to be effective in combating hepatic oxidative
stress.32 In the present study, the additional intake of OLE influenced neither
lipid peroxidation nor the activity of the investigated antioxidative enzyme in
healthy animals. It was recently reported that supplementation of vitamin E under
non-stress condition decreased liver SOD, however the hydrogen peroxide con-
tent (as the subsequent product of SOD activity) and catalase activity remained
unchanged.3’ The results obtained in the present study are partly in agreement
with these. Not only is the liver the main target for nutrient antioxidants once ab-
sorbed from the gastrointestinal tract, but it is also the mgor place for their me-
tabolism. Therefore, studies dealing with the metabolism of OLE constituents in
liver should be given priority.

Several studies showed that phenolic substances increased the expression of
SOD and CAT enzymes at the transcriptional level.38 Recently, some individual
and combined olive leaf phenolics exhibited SOD-like activity in vitro.39 Fur-
thermore, it was reported that oleuropein reduced the expression of a number of
hepatic genes involved in oxidative stress responses and detoxification of lipid
peroxidation products and pro-inflammatory cytokine genes.40 According to the
biochemical parameters, the first step has been made in that it was shown that
OLE synchronized antioxidant enzymes and inhibited lipid peroxidation in liver.
Thus, this effect is worthy of further investigation of its potential in the regu-
lation of cellular signaling, gene expression and protein synthesis; in one word,
investigation at the molecular level.

CONCLUSIONS

Bearing in mind the significance of stress and its potential role in the aggra-
vation of liver diseases, natural hepatoprotective antioxidants are of great impor-
tance. A standardized olive leaf extract decreased lipid peroxidation in the liver
of rats exposed to cold restraint stress. Superoxide dismutase and catalase en-
zyme activity were increased in liver tissue homogenates. The obtained results
indicate that olive leaf exhibits a potent antioxidative activity at the level of liver.
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ABBREVIATIONS

CAT —Catalase;

CRS — Cold restraint stress;
MDA — Malondialdehyde;

OLE —Olive leaf extract;

ROS — Reactive oxygen species,
SOD - Superoxide dismutase;
TBA — Thiobarbituric acid.
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U3BOJ

EKCTPAKT JIMCTA MACJIMHE MOJAYJIMIIE OKCUAATHUBHE ITPOMEHE
NHAYKOBAHE UMOBUJIM3ALIMOHNUM CTPECOM YBP3AHUM
XJTAAHOKOM VY JETPU ITAITOBA

JIPATAHA JIEKAHCKHY, CTABUIIA PUCTURY, HEBEHA B. PAJIOIUR?, HATAIIIA JI. TETPOHUJEBUR?,
AJIEKCAHJIAP JIEKAHCKI® u IVIIAH M. MUTPOBUR*

! Buomeduyurcka uciiuiiuearsa, Mncitiuitiy i 3a uciipaxcusarse u paseoj, [asenuxa a.0., lacitieposa 2, 11000
Beozpao, ZI/IHCLEulBym 30 MEOUUUHCKY U KAUHUYKY Ouoxemujy, Meouyuncku gaxyaitieiti, Ynusep3auitieit y
Beozpady, Iacitieposa 2, 11000 Beozpao, *?Hﬂcmumym 3a xemujy, ilexnoao2ujy u meivanypzujy, Llenitiap 3a
eneximipoxemujy, lbezowesa 12, 11000 Beozpad u *Mncitiuitiyi 3a meduyuncky gusuonozujy “Puxapd Bypujan’,
Meouyurncku gakyaitiein, Ynusep3auitiei y Beozpady, Buwezpadcka 26, 11 000 Beozpao

HenaBHo cy nokaszaHHu MOBOJbHHU €(DEKTH Pa3IHUUTHX [OjeANHAYHUX 1034 CTaHAApAHU30BaHOT
ekcrpakra Jimcta Macnune (Olea europaea L.) Ha xenynadHe jie3uje mamoBa HHIYKOBaHE HMO-
OunmzannoHnM crpecoMm yop3anum xmagHohom (CRS) u meroB yTumaj Ha mapamerpe OKCHIa-
THUBHOT CTpeca y KeJIyJauHoj CIy3HUIHU. Y OBOj CTyIHjHU MCIHMTHBaH je eeKkaT QyroTpajHor mpe-
TpeTMaHa JHUCTOM MacjHHE M HEeroB moTeHiujan y moayiauuju CRS-oM MHAyKOBaHUX OKCHIA-
TUBHUX NIPOMEHa Ha HUBOY jeTpe. ExcriepuMeHTalHe KMBOTHIGE CY IOJEJbEHE Y YETHPH TIpyIe:
KOHTpPOJIHA, TpeTHpaHa ekcrpaktoM Jjucra Maciuae (OLE), CRS u rpyna kox koje je CRS Tpe-
tupan ekcrpaktom (CRS+OLE). CRS je mpoy3spokoBao 030mibHa ommTeliema XKelyla KoJa CBHX
HETIPETPETUPAHIX KHBOTHEbA, a ABOHenesbHN mperperman ca OLE (80 mg kgl T.1.) 3mauajuo je
CMamHO CTPECOM HHAYKOBaHe »enynaude sesuje. Manonamangexun (MDA), kao mnokasaresb
JIMTIH/IHE TIEPOKCHAIN]e, aKTHBHOCTH cynepokcua-aucmyrase (SOD) u karanaze (CAT) mepenu
Cy CcHeKTpoOTOMETPHjCKH y XoMOoreHaTnMa TkuBa jetpe. Huo MDA ce 3nauajHo nosehao y CRS
rpym, a moroM 3HadajHo cmamruo y CRS+OLE rpymn. AxtusHoctn SOD u CAT Gune cy 3Ha-
yajao cMameHe y CRS rpynu, nok je y CRS+OLE rpynu xuBoTHISA aKTHBHOCT OBa J]Ba CH3UMA
3natHO noBehana y nopehemwy ca CRS rpynom. [loGujern pe3ynratu ykasyjy Ha TO a AyrOTPajHO
NPEXpambUBAE EKCTPAKTOM JIMCTa MACIMHE IOMaXke YCIIOCTaBI/bakbe OKCHIATHBHE—aHTHOKCH-
JIATHBHE PABHOTEXKE Y jeTPU TOKOM CTpeca.

(Mpumsbeno 4. hebpyapa, pesuaupano 18. mapra 2011)
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Abstract: The chemical and sensorial characteristics of cherry brandy produced
from five cherry varieties (Oblacinska, Celery’s 16, Rexle, Heiman'’s Ruby and
Heiman's Conserve) grown in Serbia were studied. Gas chromatography and gas
chromatography—mass spectrometry analysis of these distillates led to the identifi-
cation of 32 components, including 20 esters, benzaldehyde, 6 terpenes and 5 acids.
The ethyl esters of Cg—C;g acids were the most abundant in all samples. The benz-
aldehyde content was quantified by high performance liquid chromatography with
UV detection. The average benzaldehyde concentration in the samples ranged
between 2.1 and 24.1 mg L1, The total sensory scores of the cherry brandies ranged
between 17.30 to 18.05, with the cherry brandy produced from the Celery’'s 16
variety receiving the highest score (18.05).

Keywords: aroma; benzaldehyde; cherry brandy; GC/MS; cherry varieties.

INTRODUCTION

Cherries are divided into sweet cherries (Prunus avium) and sour cherries (P.
ceresus). There is archaeological evidence of sweet cherry about 5000 to 4000
BC in Switzerland, France, Italy, Hungary, Germany and England. The first des-
cription of sweet cherry was by Theophrastus (ca. 300 BC), who named it kera-
sos, after the town Kerasun in ancient Pontus on the Black Sea, but the town may
have been named after the fruit. By Roman times, cherries were a common fruit
and were described by Pliny and Virgil, but generally as wild trees.!

Sour cherry fruits contain many volatile compounds and a number of these
compounds, including benzaldehyde, linalool, hexanal, (2E)-hexenal, (2E), (62)-

* Corresponding author. E-mail: vtesevic@chem.bg.ac.rs
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-nonadienal, phenylacetaldehyde and eugenol, contribute to the fruit flavour and
aroma.2 The mgjority of the quantitative and qualitative changes in volatile pro-
duction occur during fruit development and ripening.3

The typical flavour of sour cherriesis produced during processing into wine,
liquor, juice, jam or fruit sauce. Benzaldehyde was determined to be the most
important aroma compound in sour cherries,# but benzyl alcohol, eugenol and va-
nillin are also important.®

Ditilled spirits are produced from stone fruits such as cherry (Kirschwasser,
Cherry, Kirsch), plum (Zwetschgenwasser, Slivovitz), yellow plum, and apricots
not only in many regions of Europe, but also in many other parts of the world.
The flavour of stone fruit spirits is mostly affected by the aroma compound benz-
aldehyde, which originates from the enzymatic degradation of amygdalin in the
stones of the fruits, passing into the mash during fermentation and later into the
distillate at rather high levels.

Kirschwasser is mainly produced in southern Germany, France and Switzer-
land by crushing different kinds of sweet cherries, and leaving the mashed mass
to ferment for several weeks. The fermented mash is then distilled in copper stills
on open fire or vapour, whereby the first running and the tailings are removed.
The resulting distillate has an acohol content of approx. 60 vol. % and more and
ismarked as a clear, colourless fruit spirit with an alcohol content of 40-50 val. %.
Kirschwasser is also used as an additive for different liqueurs (e.g., Curacao,
Cherry Brandy, Maraschino etc.).

Aroma compounds, their levels, odour attributes and thresholds are most im-
portant for quality and authenticity of distilled spirits and liqueurs. The compo-
sition of the volatile aroma compounds in distilled spirits has been widely inves-
tigated using gas chromatography and mass spectrometry.® By direct injection of
an acoholic distillate, it is possible to determine more than 50 components within
levels between 0.1 and 1.0 mg L—1; special methods of extraction can be used to
increase this number up to more than 1000 volatile substances. However, sensory
analysisis still indispensable to describe and evaluate spirit drinks.’

The production of unique fruit brandies, the prominent place belonging to a
sour cherry brandy, has along tradition in Serbia. Favourable microclimatic con-
ditions and pedological properties of Serbian soil resulted in Serbia holding fourth
place in Europe for the production of this fruit. Sour cherry accounts for 9 % of
the total fruit production in Serbia. For its importance in Serbia, sour cherry
ranks third, following plum and apple. The annual production is of 89.814 t or
11.25 kg per capita.

In addition to production factors (alcoholic fermentation, distillation, distil-
late aging), the choice of the appropriate cultivar is of critical importance for the
end quality of sour cherry brandy.
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The aim of this study was to compare the influence of the cherry variety
(Oblaginska, Celery’'s 16, Rexle, Heiman's Ruby, and Heiman's Conserve) on
the composition of the volatile compounds in alcoholic distillates and on the sen-
soria characteristics.

EXPERIMENTAL
Materials and methods

Chemicals and reagents. Ethanol, NaCl, anhydrous sodium sulphate and dichloro-
methane were purchased from Merck (Darmstadt, Germany).

Samples. In the present study, the fruits of five sour cherry cultivars that had been grown
near Belgrade (the experimental orchard of Radmilovac, property of the Faculty of Agricul-
ture, University of Belgrade) were used. Healthy and technically mature fruit of the following
cherry cultivars was used in the experiments: Oblaginska, Celery’s 16, Rexle, Heiman's Ruby
and Heiman’'s Conserve.

Fermentation was performed with the autochthonous micro flora over a period of 10 to
15 days. The distillation was performed with a traditional copper alembics of 80 L, whichisa
simplified type of the Charentais-type distiller. The fermented raw material was transferred to
the vessel up to 3/4 of its capacity. Before the beginning of heating, the alembic was herme-
tically closed with dough in order to prevent any vapour leakage. The first distillation of the
fermented mash was performed without separation of a head. Redestillation was realised using
the same distiller, but now with separation of 1 % of head, the heart (when average acoholic
strength of the heart was 60 % v/v) and atail. The heart, containing 60 % v/v of ethanol was
diluted with distilled water down to a strength of 45 % v/v. All samples were filled into glass
bottles and stored in the dark at 4 °C until analysis. All the tested samples were distinguished
by a characteristic aroma and flavour and were colourless.

Alcoholic strength

The ethanol content in the distillates was determined using a pycnometric method ac-
cording to European Union regulations.®

GC and GC/MS analysis volatile compounds

For a typical experiment, a 100-mL aliquot of each beverage was mixed with 50 mL of
dichloromethane and continuously extracted (2 h). Then the extract was dried (2 h) over
anhydrous sodium sulphate, and concentrated to 1.0 mL under nitrogen.

Gas chromatographic analysis was performed using an HP 5890 gas chromatograph
equipped with a flame ionization detector (FID) and a split/splitless injector. The separation
was achieved using an HP-5 (5 % diphenyl and 95 % dimethylpolysiloxane) fused silica capil-
lary column, 30 mx0.25 mm i.d., 0.25 um film thickness. The temperature of the GC oven
was programmed from 50 °C (6 min) to 285 °C at arate of 4.3 °C min'l. Hydrogen was used
as the carrier gas; flow rate: 1.6 mL min at 45 °C. The injector and detector temperatures
were 250 and 280 °C, respectively. Injection mode: splitless delay, 1 min. The injection
volume of the beverage extract was 1.0 pL.

Gas chromatographic—mass spectrometric analysis (El) was performed using an Agilent
5973 Network chromatograph coupled to an Agilent 5973 MSD spectrometer. The separation
was achieved on an Agilent 19091S-433 HP-5M S fused silica capillary column, 30 mx0.25
mm i.d., 0.25 pm film thickness. The temperature of the GC oven was programmed from 60
°C to 285 °C at arate of 4.3 °C min'l. Helium of grade 5.0 was used as the carrier gas; the
inlet pressure was 25 kPa; the column flow: 1 mL mint at 210 °C. The injector temperature
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was 250 °C. The splitless injection mode was employed with adelay of 1 min. MS conditions:
source temperature, 200 °C; interface temperature, 250 °C; E energy, 70 eV; mass scan range,
40-350 amu; scan speed, 1.1 scan s, Identification of the components was based on the
retention indices and comparison with reference spectra (Wiley 07 & NIST 05). Percentage
(relative) of the identified compounds was computed from the GC peak area. All analyses
were performed in triplicate and the data are presented as meanterror (95 % confidence level,
F=4,n=3).

HPLC analysis and benzal dehyde content

The samples were filtered through a 0.45 pum nylon membrane and 10 pL directly in-
jected into the chromatographic system. Benzaldehyde identity was confirmed by retention
time and by spiking the sample with the standard.

The separation was performed with an HPLC apparatus (1100 Series Agilent Techno-
logies) comprising an on-line degasser, binary pump, auto injector, column oven and
photodiode array (PDA) detector, equipped with a Zorbax Eclipse XDB-C8 column (Ana-
lytical, 150x4.6 mm?, 5 um ID) maintained at 25 °C. The mobile phase was a mixture of
solvent A (water) and solvent B (methanol) according to a combination of gradient and iso-
cratic modes: 95 % A, 0 min; 90 % A, 4 min; 85 % A, 8 min; 80 % A, 12 min; 60 % A, 16
min; 0 % A, 20-25 min and 0-95 % A, 25-26 min (26 min stop time and 5 min post time), at
aflow-rate of 1.0 mL min! Detection was accomplished using a diode array detection system,
storing the signals over the spectral range 190400 nm. To obtain quantitative data, the
primary detection wavelength used was 254 nm. A personal computer system running Agilent
ChemStation software was used for data acquisition and processing. Quantifications were
realised by the external standard method and calibration curves were constructed through
linear regression of the data obtained for the mean peak area after triplicate injection of
solutions containing 1.5, 5, 10, 15, 20 and 30 pg mL™! benzaldehyde. The constructed cali-
bration curve showed excellent linearity (correlation coefficient: 0.99954). All analyses were
performed in triplicate and the data are presented as mean * error (95 % confidence level, F = 4,
n=23).

Sensory analysis

Sensory assessment of cherry brandy samples was performed using a modified Buxbaum
model of positive ranking. This model is based on five sensorial experiences rated by a ma-
ximum of 20 points. The samples of cherry brandies were subjected to sensory evaluation by a
panel comprising five qualified testers, all of them highly experienced in sensory testing.
Satigtical analysis

The statistical significance of difference between the analyzed samples was evaluated by
analysis of variance (one-way ANOV A) followed by the Tukey test.

RESULTS AND DISCUSSION

The volatile compounds identified in the five cherry spirits are presented in
Table I. In total, 32 aroma compounds were identified, including esters, acids,
benzal dehyde and the monoterpene linalool.

Numerically, esters were the main group in all the distillates. Fatty acid ethyl
esters were by far the most abundant. Esters are mostly formed from esterifi-
cation of fatty acids with alcohols during the fermentation and ageing process.
Ester formation can be influenced by many factors, such as fermentation tempe-
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rature, oxygen availability and fermentation strains. Ethyl esters are present in
other drinks, such as whiskey, cognac and rum, as the result of yeast metabolism
during fermentation and are associated with pleasant fruity flavours.

TABLE I. Aroma composition of the studied cherry brandies (meantstandard error (SE), %)

Cherry variety

. - - - a
Component Oblatinka  Rexle Heiman's Heiman's Ceery's 16 R

Ruby Conserve
Isoamyl acetate 256+0.01 9.30+0.02 7.50+0.1 9.02+0.02 9.52+0.02 876
Benzaldehyde 0.27+0.03 3.55+0.02 0.58+0.03 0.58+0.03 2.59+0.02 961
Ethyl hexanoate 2.96+0.02 2.11+0.02 1.92+0.03 2.06+0.03 2.02+0.02 996
Linalool 0.29+0.02 0.74+0.03 0.58+0.03 0.64+0.03 0.70+0.02 1098
Methyl octanoate  0.56+0.03 0.34+0.03 0.11+0.03 0.23+0.02 0.31+0.03 1125
Limonene tr. tr. tr. tr. tr. 1031
cis-Linalool oxide tr. tr. tr. tr. tr. 1074
trans-Linal ool oxide tr. tr. tr. tr. tr. 1088
Octanoic acid 1.21+0.01 2.00+0.02 1.80+0.02 1.64+0.03 1.11+0.02 1143
Ethyl octanoate 19.0+0.03 17.13+0.03 16.76+0.03 17.02+0.03 16.24+0.02 1195
2-Phenylethyl 0.21+0.03 0.51+0.03 0.49+0.03 0.48+0.02 0.81+0.02 1312
acetate
Methyl decanoate  0.34+0.01 0.26:0.03 0.25+0.02 0.22+0.03 0.26+0.02 1326
Benzyl acetate tr. tr. tr. tr. tr. 1163
Ethyl benzoate tr. tr. tr. tr. tr. 1170
o-Terpineol tr. tr. tr. tr. tr. 1189
Decanoic acid 4.64+0.02 6.30£0.02 5.26+0.02 6.08+0.02 6.75+0.03 1354
Ethyl 9-decenoate  2.15+0.02 1.62+0.02 1.13+0.02 1.11+0.02 1.32+0.03 1362
Ethyl decanoate 28.44+0.01 23.99+0.01 28.36+0.02 26.67+0.03 24.88+ 0.02 1394
Isoamyl octanoate  0.40+0.02 0.41+0.02 0.75+0.02 0.77£0.02 0.54+0.02 1446
Undecanoic acid 2.83+0.02 2.93+0.02 3.26+0.03 3.26+0.01 2.93+0.02 1467
Ethyl undecanoate  9.11+0.02 6.65+0.02 9.53+0.02 8.85+t0.01 8.03+0.02 1496
3-Methylbutyl 0.34+0.02 0.31+0.02 0.60+0.02 0.62+0.02 0.46+0.02 1505
dodecanoate
Nerolidol tr. tr. tr. tr. tr. 1534
Dodecanoic acid 0.20+0.02 0.34+0.02 0.33+0.01 0.25+0.02 0.28+0.02 1561
Ethyl dodecanoate  1.00+0.02 0.74+0.02 1.18+0.02 1.10+0.02 0.79+0.02 1576
3-Methylphenyl 0.23+0.02 0.32+0.02 0.34+0.02 0.36+0.02 0.39+0.02 1591
butanoate
Tetradecanoic acid  1.56+0.01 0.72+0.02 0.25+0.02 0.53+0.02 0.48+0.02 1663
Ethyl 9-hexadece- 1.25+0.02 0.61+0.02 0.15+0.02 0.69+0.02 0.46+0.02 1972
noate
Ethyl hexadecanoate 6.78+0.02 5.35+0.02 5.36+0.02 5.08+0.02 4.62+0.01 1993
Ethyl linoleate 3.36+£0.02 3.46+0.02 241+0.02 2.33t+0.02 2.72+0.02 2177
Ethyl oleate 7.16+0.02 6.58+0.02 7.20+0.02 6.83+0.02 6.04+0.01 2180
Ethyl stearate 0.30+0.02 0.31+0.02 0.12+0.02 0.22+0.02 0.25+0.02 2194

*Retention index on HP-5 and according to n-paraffins
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The concentrations of long chain acid ethyl esters (Cg—C1g) in the investi-
gated distillates were similar. Ethyl octanoate and ethyl decanoate, which are
considered important contributors to the aroma of acoholic distillates, were
found in the highest concentrations. Distillates obtained from Oblacinska and
Heiman's Ruby cherry varieties (cv) had the highest content of these compounds
(=28 %).

They were also reported as important aroma constituents in several fruit
species. For example, ethyl hexanoate, ethyl octanoate and ethyl decanoate, were
identified as odour active compounds in apple and apricot distillates.®

Salo et al.10 identified ethyl esters of fatty acids with even numbers of car-
bons, between 6 and 12, as the major contributors to whisky flavour. Jounela-
-Eriksson!! reported that if ethyl esters were added or removed from the spirits, a
negative effect on the overall odour intensity resulted. Postel and Adam12 and
Schreier et al.13 also showed that ethyl esters could be used to analytically diffe-
rentiate between cognacs and other groups of grape brandies.

The most significant acetate esters present in cherry distillates are isoamyl
acetate and 2-phenylethyl acetate. These esters are present in plum,14 gpricot,®
apple® and cornelian cherryl4 brandy and are mainly responsible for the floral
and fruity aroma of the distillates.1®

The isoamy| acetate concentrations in the present samples ranged between
2.56 % (Oblatinska cv) and 9.52 % for distillate obtained from Celery’s 16 cv
Highest content of 2-phenylethyl acetate (0.81 %) was found in the distillate ob-
tained from Celery’s 16 cv

Free fatty acids are normal components of distilled alcoholic beverages and
are mainly produced via yeast metabolism of carbohydrates. Long chain fatty
acids, octanoic, nonanoic, dodecanoic, tetradecanoic and hexadecanoic acid, have
asmaller effect on the flavour distillates.16 Five fatty carboxylic acids were iden-
tified in the analyzed samples.

Table | shows that decanoic acid has the highest mean value of all these
acids, followed by undecanoic acid, octanoic acid, tetradecanoic acid and dode-
canoic acid.

Terpenoids in distillates are formed in the fruits during the fermentation pe-
riod, and passinto the distillate during distillation.1”

In the present study, only six terpenes, i.e., limonene, cis/trans-linalool
oxide, linalool, o-terpineol and nerolidol, were detected. Despite the low con-
centration of these compounds, their presence is relevant because they harmoni-
cally synergize to produce the characteristic cherry aroma.

Linalool is a naturally-occurring terpene alcohol found in many flowers and
spice plants with many commercial applications, the mgjority of which are based
on its pleasant scent (floral, with a touch of spiciness). Linalool was previously
reported as a constituent of the endogenous fruit aroma of sour cherry fruits. Li-
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nalool has an aroma with a sweet, floral acoholic note and its aroma threshold is
in the range of 4-10 ppb.18

The linalool content of the analyzed samples was in the range of 0.29-0.74 %.
The highest content was found in the Rexle cv distillate (0.74 %), and then in the
Celery’s 16 cv distillate (0.70 %). In contrast, the Oblacinska cv distillate, rated
the lowest (17.30 %) of all the investigated distillates, had the lowest content of
linalool.

Products of cyanogenic glycoside decomposition are important components
of the aroma of some acoholic beverages. These constituents occur mainly in
fruit brandies produced from stone fruits, lending them the characteristic aroma
of bitter almonds. The fruits of Prunus genus plants (plums, sour cherries, sweet
cherries, apricots, peaches, etc.) contain amygdalin in the stones and prunasin
mainly in the vegetative parts of the plants. Through enzymatic hydrolysis with
the participation of A-glucanase and hydroxynitrilase or at elevated acidity,
amygdalin is decomposed to form benzaldehyde, HCN and two glucose mole-
cules.2.19,20

The aroma of sour cherries was studied by Schmid and Grosch,2 Poll and
Lewis?! and, more recently, by Schwab and Schreier4 who studied the glycol-
sidically bound aroma components. Benzaldehyde was found to be the most im-
portant aroma compound in sour cherries.21

Benzaldehyde content of the analyzed samples was in the range of 2.1-24.1
mg L1 (Table I1). The highest benzaldehyde content was found in the Rexle cv
distillate (24.1 mg L—1), followed by the Celery’s 16 cv distillate.

TABLE II. The content of alcohol and benzaldehyde in the investigated cherry brandies

Sample Alcohol content, vol.%  Concentration of benzaldehyde, mg L™
Oblaginska 415 2.1+05
Rexle 420 24.1+1.5
Heiman's Ruby 410 3.6+0.6
Heiman’s Conserve 42.0 3.7£0.7
Celery’s 16 425 14.6+1.1

Analysis of variance at the 0.05 level shows the population means were not
significantly different (TablelIl).

TABLE Ill. Statistical significance of the difference between the data pairs evaluated by
analysis of the variance (one-way ANOVA) followed by the Tukey test. Analysis of variance
followed by the least significance at p < 0.01

Sample Rexle  Heiman's Ruby Heiman's Conserve Celery’'sl6
Oblaginska p<0.01 p<0.01 p<0.05 p<0.01
Rexle p<0.01 p<0.01 p<0.01
Heiman's Ruby No statistical significance p<0.01
Heiman's Conserve p<0.01
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Sensory evaluation

Total sensory quality of cherry brandies was between 17.30 and 18.05,
which are very high scores (Table V). According to the results of the performed
sensory ranking, the best-rated brandy was the sample produced from Celery’s
16, which was rated with a very high score by the five examiners (total sensory
characteristics 18.05). It had the highest content of benzaldehyde and linalool as
well as the most harmonious proportion of these two compounds to other aro-
matic components.

TABLE IV. Sensory analyses of the cherry brandies

Cherry Assessment characteristics
brandy Colour Clearness Typicality =~ Odour Taste Total
sample (max 1 pt.) (max 1pt.) (max2pts) (max 6 pts) (max.10pts) (max 20 pts.)
Oblaginska 1 1 2 5.10 8.20 17.30
Celery’'s 16 1 1 2 5.50 8.55 18.05
Rexle 1 1 2 5.40 8.50 17.90
Heiman's 1 1 2 5.30 8.20 17.50
Ruby
Heiman's 1 1 2 5.20 8.20 17.40
Conserve

CONCLUSIONS

All the investigated cultivars yielded brandies of very good to excellent
quality. The dominant content of benzaldehyde, the significant amount of aro-
matic organic acids, as well as the harmonious proportion of the two characte-
ristic and the most aromatic compounds, benzaldehyde and linalool, together
with other compounds, esters and organic acids, are the main reasons why the
sour cherry cultivars Celery’s 16 and Rexle were rated best compared to the dis-
tillates from the other investigated cultivars.

The aromatic ester ethyl decanoate was present in the highest percent of all
aromatic compounds found in the investigated digtillates. Its content in some
distillates (Oblaginska cv and Heiman's Ruby cv) accounted for nearly 1/3 of al
the aromatic compounds. In addition, it is interesting to note that the Oblacinska
cv digtillate had the highest content of the aromatic esters ethyl octanoate and
ethyl hexadecanoate. However, the presence of these estersis not followed by the
presence of two key compounds benzaldehyde and linalool; hence, this might be
the reason for the lower sensory rating of this distillate compared to others.
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U3BOA

YTHULAJ BAPUJETETA BUIIBLE HA XEMMWJCKE U CEH30PHE KAPAKTEPUCTUKE
PAKHMJE BUILIIBEBAYE

HUHOCJIAB HUKTREBIRY, MJIOBAH BEJIMYKOBI R, MUJIKA JAIPAHVHZ, UBAH BYUKOBUES,
MHPOCJIAB HOBAKOBIRZ, JbYBO/IPAT BYJUCIHRS, MIPOCJIABA CTAHKOBIRZ,
UBAH VPOILEBUR! u BEJIE TELLIEBURS

'Mooiipuspednu paxyaitieiti, Yrusepsuitieiti y Beozpady, Hemarsuna 6, 11080 3emyn, *Uncitiuitiyit 3a xemujy,
itiexHoN0ZUjy U MeitianypZujy, Yuusepauitieii y Beozpady, Bbezowesa 12 11000 Beozpad u’Xemujcku daxyaitieit,
Ynueepauitieii y beozpaoy, Citiyoenitickuu iipz 16, 11000 beozpao

HcnuTtHBaHe Cy XeMHjCKe M CEH30PCKE KapaKTEePUCTHKE PaKHje BUIIBHEBAUE POU3BEACHE U3
net Bapujerera Buiime (O6naunncka, Celery’s 16, Rexle, Heiman's Ruby u Heiman's Conserve)
rajernx y Cp6uju. Meronama racHe xpomaTorpaduje 1 KOMOMHAIMjOM racHe XpoMmaTorpaduje u
MaceHe CIIEKTPOMETpHje y eKCTpakaThMa naeHTH(ukoBaHa cy 32 jenumema, 20 ecrapa, OeH3ai-
nexun, 6 Tepriena u 5 kucennHa. Etun-ectpu Cg—Cig Kucenuna cy HajoOMIHHJU y CBUM y30pIHMa.
Cagpxaj OeHzamgexuna je onpehuBan MeTomoMm TeuHe xpomatorpaduje y3 UV nerexuujy.
IIpoceuna KoTHUMHA GeH3AIIEXMA Y UCIIHTHBAHAM y30piuMa 6una je mamehy 2,1 u 24,1 mg L1,
OreHe CEH30pPCKOT HCIHMTHBamkba pakdja BHIIeBada cy y pacmony ox 17,30 mo 18,05, mok je
Haj6osbe onemena (18,05) pakuja npousseena ox Bapujerera Celery’s 16.

(Mpumubeno 1. nenemGpa 2010, pesuaupano 24. hebpyapa 2011)
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Cell wall localization of the aspartic proteinase from buckwheat
(FeAPL 1) over-expressed in tobacco BY -2 cells
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Abstract: The recombinant aspartic proteinase-like protein (FeAPL1-Hisg) was
overexpressed in the tobacco BY -2 cell line and the expected pepstatin A-sensitive
enzymatic activity was confirmed at pH 3.0. Immunocytochemistry and protein gel
blot analysis of the transformed BY-2 cells and their protoplasts showed extra-
cellular localization of rFeAPL1-Hisg in the cell wall. Based on the obtained re-
sults, potential functions of FEAPL 1 are discussed.

Keywords: aspartic proteinase; buckwheat; BY -2 cells; cell wall.

INTRODUCTION

Aspartic proteases (APs) are one of the major classes of proteolytic enzymes
and are widely distributed in the whole living world. According to the MEROPS
database (http://merops.sanger.ac.uk/), most plant APs belong to the Al family,
together with pepsin-like enzymes from many origins. They are most active at
acidic pH values, are specifically inhibited by pepstatin A and contain two cata-
Iytic agpartic acid residues. The mgjority of plant APs are characterized by the
presence of the plant specific insert (PSl) sequence, which is removed from most
mature APs together with the signal peptide and the autoinhibitory PRO seg-
ment.1 The recently identified new class of plant APs without PSI (AP-like) is
represented by only seven members.2~" One of those is FEAPL1 (AY536047),
the cDNA of which wasisolated from mid maturation buckwheat seed.’

The biological functions are still hypothetical for most plant APs, including
AP-like, and data are generally derived from the analysis of expression in diffe-
rent tissues or under specific conditions, and from co-localization studies with
putative substrates. For example, CDR1 is an apoplastic aspartic proteinase, the
overexpression of which causes resistance to virulent Pseudomonas syringae by

* Corresponding author. E-mail: milisavljevicm@imgge.bg.ac.rs
doi: 10.2298/JSC110120106M
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activating inducible resistance mechanisms.3 CND41 is the only DNA-binding
aspartic proteinase found in chloroplasts and is involved in the degradation of ru-
bisco during leaf senescence.58-10 Extracellular nepenthesins play arole in prey
digestion,# while barley nucellin may be involved in nucellar cell death.?

Most APs are localized in vacuoles but there are several known to be extra-
cellular.341112 The roles of apoplastic proteins in general are unexplored due to
technically complicated extraction procedures.13 In addition, investigation of
APs is especially complicated because this class of proteases is a large family
comprising more than 70 members most of which are quantitatively underrepre-
sented and with similar biochemical characteristics, which make their separation
and detailed characterization difficult.

Therefore, in this study, recombinant FEAPL 1 was produced in the BY -2 cell
line in order to identify its cellular localization and protease activity, which are
the first steps towards elucidation of its physiological role.

EXPERIMENTAL
Preparation of the expression construct FeAPL1-His;

The binary vector pBINAR-EGFP was linearized by double digestion using Kpnl/Sall
restriction enzymes (Fermentas), which excised the EGFP sequence.

The coding sequence of the FeAPL1 gene was amplified from the FeAPL1 cDNA clone
(AY536047)7 using forward
P9 (5'-ggtaccatgeccacttctcte-3') and P10 (5 -gtcgacttagtgatggtgatggtgatgatttttggatcg-3') pri-
mers containing Kpnl and Sall restriction sites, respectively. The polymerase chain reaction
was cycled five times for 30 sat 94 °C, 30 sat 33 °C and 90 s at 68 °C and then twenty times
for 30 sat 94 °C, 30 sat 62 °C and 1.5 min at 68 °C. The amplification product was cloned
into the pGEM-TEasy vector (Promega), excised by Kpnl and Sall restriction enzymes, gel
extracted and subcloned into an opened pBINAR-EGFP vector under control of the cauli-
flower mosaic virus (CaMV) 35S promoter.

The EHA105 strain of Agrobacterium tumefaciens was transformed by electroporation
(25 pF, 200 Q, 2.5 kV) on a BIO RAD Gene pulser. The bacteria cells were grown on LB or
LA medium4 containing kanamycin (25 pug mi-1) and rifampicin (10 pg mi-b).
DNA and RNA isolation and cDNA synthesis

RNA was isolated using an RNeasy Plant Mini Kit (QIAGEN) according to the manu-
facturer’ sinstructions. DNA was removed with the DNA-free DNase Treatment and Removal
Kit (Ambion) according to the manufacturer’ s instructions.

Using oligohexamers (Applied Biosystems), cDNA was synthesized according to Chen-
chik et al.1> with some modifications.16

The DNeasy Plant Mini Kit (QIAGEN) was used to isolate genomic DNA according to
the manufacturer’ sinstructions.

PCR and RT-PCR were performed employing the primers
rtAPL 1f (5’ -ccaaggagattgaggacagttcg-3') and rtAPL 1r (5’ -tcggtgacaagtgagaaataatcg-3').

The polymerase chain reactions were cycled 25 times for 30 sat 94 °C, 30 sat 60 °C and 30 s
at 72 °C.

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




BUCKWHEAT ASPARTIC PROTEINASE-LIKE PROTEIN LOCALIZATION 1231

Transformation of BY-2 cells

The tobacco BY-2 cell line was cultured in TSC (Tobacco Suspension Cell) medium in
the dark at 26 °C in a 130-rpm shaker.1” The cells were subcultured once a week by trans-
ferring 2.5 ml of the old culture to 25 ml of fresh TSC medium.

The BY-2 cells were transformed according to Gynheung!® with some modifications.
Thus, BY -2 cells were cultured in modified TSC medium, pH 5.3 containing one-tenth the vi-
tamin concentration prior to transformation. The pellet from an overnight culture of A. tume-
faciens (ODgqgg 1.1-1.2) was resuspended in 5 % sucrose. Four ml of a 3-day old BY-2 cell
suspension was inoculated with resuspended bacterial cells in the presence of 300 uM ace-
tosyringone in a Petri dish and incubated at 26 °C for 48 h without shaking. The BY-2 cells
were washed twice with fresh TSC medium and once with TSC medium containing kana-
mycin (100 mg L-1), carbenicilin (500 mg L™1) and cefotaxime (500 mg L-1). The BY-2 cells
were plated on TSC agar plates containing kanamycin (200 mg L"1), carbenicilin (250 mg L)
and cefotaxime (250 mg L™1).

Preparation of BY-2 protoplasts

BY -2 protoplasts were prepared as described in Stoeckel and Takedal® with some modi-
fications. A 4-day old BY -2 cell culture was transferred to fresh TSC medium and grown for 3
days. The 3-day old BY-2 cell suspension (2 ml) was then mixed with 6 ml of digestive
medium (1 % cellulase “Onozuka R-10", 0.2 % macerozyme R-10, 0.1 % pectolyase Y-23
(Zakult Pharmaceutica Ind. Co., Ltd.) in 0.45 M mannitol, 25 mM 2-(N-morpholino)etha-
nesulfonic acid (MES), 8 mM CaCl,, pH 5.6) and incubated in the dark at 30 °C for 90 min
with agitation at 39 rpm. After centrifugation at 80 g for 7 min, the pellet was gently resus-
pended in 0.35 M sucrose and 5 mM CaCl, (2 ml) and gently laid over approximately 6 ml of
the same solution. After centrifugation at 80 g for 10 min, the purified protoplasts formed a
thick layer on the surface. After two washings with 0.5 M mannitol, 20 mM CaCl,, 0.1 %
MES, pH 5.8, the protoplasts were ready for protein extraction.

Preparation of protein extracts

Ground buckwheat seeds, pellets of BY-2 cells and protoplasts were resuspended in
acidic buffer (1 M NaCl, 1 % Triton X-100, 3 mM NaHSO3) and sonicated on ice three times
for 10 s. Concentrated HCI was added until the extracts reached pH 4.0. After centrifugation
at 14000 rpm for 15 min at +4 °C, the supernatants were used for further analyses. Protein
concentration was determined according to the method of Bradford.20

Immunodetection

Polyclonal anti-FeAPL1 antibodies were raised in rabbits against two peptides corres-
ponding to the FEAPL1 sequences:. C-IPIYARNKSSTVQS (amino acids 124 to 137) and
CLVSHRFDDTPQSGD (amino acids 230 to 244). The affinity-purified antibodies were ob-
tained from the commercia service, BioGenes, Customized Polyclona Antisera/Antibodies,
Berlin, Germany.

Crude seed, BY -2 and protoplast protein extracts were electrophoresed and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore) in a Fastblot B43 transfer system
(Biometra) according to the manufacturer’ s instructions.

After transfer, the membranes were washed in PBS-T buffer (80 mM Na,HPO,, 20 mM
NaH,PO,4, 100 mM NaCl, and 0.1 % Tween-20, pH 7.5) and incubated in blocking buffer (5
% non-fat dry milk in PBS-T buffer) overnight at +4 °C. The further immunodetection steps
were performed at room temperature. The membranes were incubated with anti-FeAPL1 anti-
bodies (1:100 dilution) in PBS-T buffer for 1 h. After washing with PBS-T buffer three times
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for 5 min each, the membranes were incubated with anti-rabbit 1gG peroxidase conjugate
(Sigma) (1:10000 dilution) in PBS-T buffer and again washed three times for 5 min.

Chemiluminescence was detected on an ECL-Plus Western Blotting Detection System
(GE Healthcare) according to the manufacturer’ s recommendations.
Immunocytochemistry

BY-2 cells were immunostained according to Bogre et al.2! with some modifications.
The untransformed and transformed 7-day old BY -2 cell suspensions (500 pl) were washed in
PBS buffer (140 mM NaCl, 3.3 mM KCI, 10 mM NaHPO,, 1.8 mM KH,PO,, pH 7.2) and
then fixed in 3 % paraformaldehyde in PBS for 1 h at room temperature. After washing in 0.1
M glycinein PBS and PBS for 5 min each, the cells were digested with 1 % cellulase and 0.5
% macerozyme in PBS for 15 min. The cells washed in PBS were attached to dides treated
with poly-L-Lys and air dried. The cells were permeabilized in 1 % Triton X-100 in PBS for
10 min, washed in PBS, and blocked in 1 % BSA in PBS for 10 min. Following incubation
with anti-FeAPL1 antibodies (1:20) for 1h in a humid chamber, washing in PBS and incu-
bation with secondary anti-rabbit FITC-conjugated antibodies (Sigma) at 1:200 dilution, the
BY -2 cells were washed in PBS and H,0. The nuclei were stained with DAPI (0.5 mg mL™1,
Qbiogene). Fluorescence was detected using an Olympus BX 51 fluorescence microscope.

RESULTS AND DISCUSSION
Expression of FeAPL1-Hisg in BY-2 cells

Stable integration of the FeAPL 1-Hisg transgene and its expression in trans-
formed BY -2 cells were confirmed by polymerase chain reaction (PCR) and re-
verse transcription-polymerase chain reaction (RT-PCR), respectively, using gene-
-specific primers (Fig. 1). In addition, a single polypeptide with an approximate
size of 55 kDa was detected by affinity-purified anti-FeAPL 1 antibodies. A band
of the same length was detected in the protein extract of buckwheat mid-matu-
ration seeds (Fig. 2). The difference in protein size of the FeAPL1 produced in
Escherichia coli,22 from that in BY-2 plant cells is probably due to post-trans-
lational modifications, such as glycosylation.

1 2 3 4 5
—
—_—
——
—
300 — .
200 - S -

100 — .

Fig. 1. PCR of gDNA and RT-PCR of cDNA from transformed (lanes 2 and 4, respectively)
and untransformed BY -2 cells (lanes 3 and 5, respectively) using rtAPLf/rtAPLr primers.
Lanelisa“lkb+” DNA ladder (Fermentas) with the marked band sizes.

FeAPL 1-Hisg showed pepstatin A-sensitive protease activity against BSA in
0.1 M Naccitrate buffer, pH 3.0. The same activity profile was previously shown
for recombinant Hisg-FeAPL 1 produced in the Rosetta-gami strain of E. coli.22
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1 2 kDa 3 4

Fig. 2. Protein gel blot analysis of crude protein extracts of untransformed (lane 1), trans-
formed BY -2 cells (lane 2), protoplasts from transformed BY -2 cells (lane 3) and mid-matu-
ration buckwheat seed (lane 4) with anti-FeAPL 1 antibodies. Page Ruler Protein Ladder
(Fermentas) bands are marked. Extract containing 40 pg of protein was loaded per lane.

Cellular localization of FeAPL1-Hisg in BY-2 cells

Based on the presence of the N-terminal signal sequence,’ it could be ex-
pected that FeAPL1 may be extracellular. Recombinant protein localization was
determined by immunocytochemistry with FITC-conjugated secondary antibo-
dies. Fluorescence was detected only on the surface of the transformed cells, as
discrete fluorescent spots along the continuum of the cell wall invaginations and
regularly shaped part of the cell wall (Fig. 3). To confirm this, intact protoplasts
were prepared in a saccharose gradient from transformed BY -2 cells by enzyma-
tic removal of the cell wall. The isolated protoplasts were checked under a light
microscope for viability and analysis in a polyacrylamide gel showed that the
extracted proteins were not degraded. Protein gel blot analysis of the crude pro-
tein extract from protoplasts was performed. The FeAPL 1-Hisg protein was absent,
confirming the localization of the FeAPL 1-Hisg protein in the cell wall (Fig. 2).

BY2:FeAPL1-His, BY2

Fig. 3. Localization of FeAPL 1-Hisg protease overexpressed in BY -2 cellsusing
FITC-labelled secondary antibodies (green spots). The nuclei are DAPI-stained (blue).

The presence and content of plant cell wall proteases as well as their role are
unexplored due to technical complications in their extraction.13 The best studied
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proteins are those functionally associated with the polysaccharide matrix (cellu-
lose synthase, hydrolases, esterases, expansins, transglycosylase, etc.). Among
cell wall proteases, two serine endopeptidases, SDD1 and ALEL;, a serine
carboxypeptidase, BRS1; cysteine proteases, RCR3, NbCathB, and aspartic
protease, CDR1, are relatively well described at the phenotypic level. All of them
play strikingly diverse roles in plant development as well as in the response to
biotic stress.23

Regarding cell wall APs, several mechanisms of action have been proposed.
For instance, two extracellular typical APs (StAP1 and StAP3) from potato may
be involved in pathogen defence, by direct interaction with the pathogen spore
surface, causing membrane permeabilization and death of the cells.12 Cell wall
APs from yeasts, yapsins (GPI-anchored proteases), are involved in cell wall for-
mation and/or remodelling, probably by participation in the regulation of the ac-
tivation of A-glucan synthesis.24 Moreover, Candida albicans yapsin-like APs,
SAP9 and SAP10, which are crucial for the infection process, may be involved in
the maintenance of cell surface integrity, separation of the cell wall during bud-
ding and adhesion to host epithelial cells.25

Taken together, the results obtained here and previous ones related to pro-
moter and tissue expression analysis of the FeAPL1 gene’26 offer a contour of
its possible functions.

BY-2 cells producing FeAPL 1-Hisg showed the same viability as untrans-
formed cells in growth medium, but a difference was observed during washing
these cells with PBS. Unlike the viable untransformed cells, the transformed cells
were prone to lysis and aggregation. It is possible that FeAPL 1 modifies the in-
ternal structure of the cell wall, affecting some proteins functionally connected
with the polysaccharide matrix. In addition, it cannot be excluded that FeAPL1
may act on proteins originating from pathogens. Indeed, the promoter region of
the FEAPL 1 gene contains some cis-elements involved in regulation of gene ex-
pression under biotic and abiotic stress (ABRE, ERE, Gbox, RITA1 and W box).26

FeAPL1 is expressed during the 9-23 DAF stages of seed development, with
a maximum of expression in the 14-17 DAF stage.” In these phases, the endo-
sperm is cellular, embryogenesis is complete and the embryo is growing by cell
elongation. FEAPL1 activity in the cell wall can be regulated by a shift in the
redox status of the seed cells in these developmental stages, which triggers pro-
per disulphide bond formation and protein folding, thus leading to activation of
the enzyme. This mechanism was proposed for another AP-like enzyme, CDR1
from Arabidopsis, which is aso localized in the cell wall and contains twelve
conserved Cys residues, as does FeAPL1. CDR1 synthesis is induced by patho-
gen attack and it is suggested that the oxidative signals generated in response to
biotic stress may have an effect on the structurally important intra- or intermole-
cular disulphide bonds and be part of the regulation of CDR1 activity.27
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For elucidating the function of FeAPL1, it would be crucial to determine tis-
sue localization as well as to confirm cell wall localization in the buckwheat
seeds, which will be the subject of future work.

CONCLUSIONS

Production of proteinsin the BY-2 cdll line enables the investigation of those
that are very difficult to purify in sufficient amounts from plant tissue. In ad-
dition, the BY-2 cell line is a more “natural” host for plant proteins than hete-
rologous systems such as bacterial, yeast and insect cells. Production of FeAPL1
in BY-2 cells enabled the determination of its cellular localization — in the cell
wall, as well as the confirmation that it retains its pepstatin-A sensitive proteo-
Iytic activity at acidic pH values in this biological system, supporting previous
findings with recombinant FeAPL 1 from E. coli.

These results, together with analyses of seed tissue expression, as well as ex-
pression under different environmental stress conditions are necessary for re-
vealing the physiological function of FeAPL1. Bearing in mind that the functions
of plant aspartic proteases are elusive, this is a significant contribution to re-
search efforts to solve this biological puzzle.
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M3BOJ

REJINJCKA JIOKAJIM3AIIUJA HOBOI' TUITA ACITAPTATHE ITPOTEMHASE XEJBJE
(FEAPL1) Y TPAHC®OPMUCAHNM BY -2 REJINJAMA JYBAHA

MUPA B. MUJIMCABJBEBUR, TOPZIAHA C. TAMOTUJEBUR, IPATAHA B. HUKOJINR, JEJIEHA T. CAMAPIIMR
n BECHA P. MAKCUMOBHHR
HHCTuinyim 3a MONEKYAGPHY 2eHeTUKY U 2eHelliuMKO UHNCeHepCiliso, YHusep3uiteii y beozpaoy,
Bojsooe Citieiie 444a, ii. tip. 23, 11010 Beozpao

BY-2, henmjcka nuaMja myBaHa, ymoTpeOJbeHa je 3a MPOAYKLH]y HOBOT THIIA aclapTaTHE
nporernHase xesbae — FEAPL1-Hisg. TlotBpheHa je oueknuBaHa MerncTaTiH-A CCH3UTHBHA CH3UMCKA
akTuBHOCT oBor mporenHa Ha pH 3,0. Jlokanusauunja nporenna FEAPL1-Hisg je onpeljena mmy-
HOIIMTOXEMHJCKU U yropenHoM aHammzoM Western blot tpancdopmucanux henuja BY-2 u wu-
XOBHX Ipororuiacta. OBEM MeTozaMa je yTBphEeHO Jla NCIIMTHBAHY IIPOTEHH Ma eKCTpanelyIapHy
nokanm3anyjy y hemmjckom 3uny. Ha ocHOBY moOmjeHHX pe3ynTara pa3MaTpaHa je MOTCHIHjaTHa
¢yrkuuja nmporeasze FEAPL 1.

(IIpumiseno 20. janyapa, peuaupato 24. mapra 2011)
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Synthesis, spectral, thermal and biological studies of transition
metal complexes of 4-hydr oxy-3-[3-(4-hydroxyphenyl)-
acryloyl]-6-methyl-2H-pyran-2-one
VAIBHAV N. PATANGEY and BALASAHEB R. ARBAD?

1Department of Chemistry, Research and P. G. Center, Shri Chhatrapati Shivaji College,
Omerga, Dist-Osmanabad-413606, Maharashtra and 2Department of Chemistry, Dr.
Babasaheb Ambedkar Marathwada University, Aurangabad-431004, Maharashtra, India

(Received 31 May 2010, revised 4 March 2011)

Abstract: The solid complexes of Mn(l1), Fe(lll), Co(ll), Ni(Il), and Cu(ll) with
4-hydroxy-3-[(2E)-3-(4-hydroxypheny!)prop-2-enoyl]-6-methyl-2H-pyran-2-one,
derived from 3-acetyl-6-methyl-2H-pyran-2,4(3H)-dione (dehydroacetic acid) and
4-hydroxybenzal dehyde, were synthesized and characterized by elementa analysis,
conductometry, thermal analysis, magnetic measurements, IR, IH-NMR and UV-
—Vis spectroscopy and a biological study. From the analytical and spectral data, the
stoichiometry of the complexes was found to be 1:2 (metal:ligand). The physico—
—chemical data suggest a distorted octahedral geometry for the Cu(ll) complexes
and an octahedral geometry for al the other complexes. The thermal decomposition
of al the complexes was studied by the TG-DTA method. The synthesized ligand
and its metal complexes were screened for their in vitro antibacterial activity
against Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus
aureus) bacterial strains and for in vitro antifungal activity against Aspergillus
flavus, Curwvularia lunata and Penicillium notatum. The results of these studies
showed the metal complexes to be more antibacterial/antifungal against one or
more species as compared with the non-complexed ligand.

Keywords: dehydroacetic acid; biological activity; transition metal complexes.

INTRODUCTION

The multifarious role of transition metal complexes in biochemistry has been
directing the development of new chemistry with metal ligand systems. This has
stimulated enormous interest in the synthesis of transition metal complexes with
oxygen and nitrogen donor groups, due to the wide range of pharmacological ac-
tivities of such compounds. In recent years, there has been a growing interest in
compounds containing a carbonyl group directly linked to an «,f-unsaturated
system (chalcones) and their presumed role in the prevention of various degene-
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rative diseases. Chalcones are important compounds because of their contribution
to human health and their multiple biological effects.138 It is believed that the
(>CO—-C=C<), moiety imparts biological characteristics to this class of com-
pounds. Such a,f-unsaturated carbonyl compounds and their metal complexes
possess interesting biochemical properties, such as antitumour, antioxidant, anti-
fungal and antimicrobia activities.9-15 Therefore, the synthesis and characteri-
sation of such compounds and their metal complexes have tremendous impor-
tance. In view of the above facts, it was considered of interest to study the liga-
tion behaviour of such compounds containing ¢, A-unsaturated linkage(s).16-19
The aim of this work was to: i) synthesize and characterize the solid complexes
of aligand containing a carbonyl group directly linked to the ¢,f-unsaturated
system derived from 3-acetyl-6-methyl-2H-pyran-2,4(3H)-dione (dehydroacetic
acid) and 4-hydroxybenzaldehyde with Mn(l1), Fe(l11), Co(ll), Ni(ll) and Cu(Il)
and ii) to investigate their antibacterial activity towards Gram-positive bacteria
(Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli), and
their fungicidal activity towards Aspergillus flavus, Curvularia lunata and Peni-
cillium notatum fungi.

EXPERIMENTAL

The dehydroacetic acid and p-hydroxybenzaldehyde used for the preparation of ligand
were from Merck and Aldrich, respectively. The metal chlorides used for complex preparation
were from BDH. The carbon, hydrogen and nitrogen content in each sample were measured
on a Perkin EImer (2400) CHNS analyzer. The IR spectra (KBr), in the range of 4000-450
cm1, were recorded on a Perkin Elmer (C-75430) IR spectrometer. The IH-NMR spectrum of
the ligand was measured in CDCl 3 on aVarian Mercury YH 300 MHz instrument. Atomic ab-
sorption spectroscopy (AAS) and thermogravimetric analysis—differential thermal analysis
(TGA-DTA) wererealised on a Perkin Elmer PE-Analyst 300 and TA/SDT-2960 instruments,
respectively. The UV-Vis spectra of the complexes were recorded on a Shimadzu UV-1601
spectrophotometer. Magnetic susceptibility measurements of the complexes were performed
using a Gouy balance at room temperature using Hg[Co(SCN),] as the calibrant. The molar
conductivity was measured on an Elico CM180 conductivity meter with a dip-type cell using
103 M solution of the complexes in dimethylformamide (DMF).

Synthesis of the ligand (HL)

A solution of 0.01 mol of dehydroacetic acid, 10 drops of piperidine and 0.01 mole of
p-hydroxybenzaldehyde in 25 ml chloroform were refluxed for 8-10 h. 10 ml of the chloro-
form—water azeotrope mixture was separated by distillation. Crystals of product separated on
slow evaporation of the remaining chloroform. The resulting orange precipitate was filtered,
washed several times with ethanol and crystallized from chloroform (Fig. 1).

Synthesis of the metal complexes

To a DMF solution (30 ml) of the ligand (10 mmol) was added a DMF solution (20 ml)
of ametal chloride (5 mmol) under constant stirring. The mixture was then refluxed for 2 h
and poured on ice-cold water. The resulting metal complex was filtered and washed with cold
DMF, petroleum-ether and dried over calcium chloride in avacuum desiccator.
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HCT 6 07 2 MSo oH Fig. 1. The proposed structure of the
1 ligand.

Antimicrobial activity

The ligand and its metal complexes were screened for in vitro antibacterial activity
against Gram-positive bacteria, i.e., Staphylococcus aureus and Gram-negative bacteria, i.e.,
Escherichia coli by the paper disc plate method.2° The compounds were tested at concen-
trations of 0.50 and 1.0 mg ml-1 in DMF (0.1 mL) was placed on a paper disk (6 mm in dia-
meter) with the help of micropipette and compared with a known antibiotic, viz. neomycin at
the same concentrations. To evaluate the fungicidal activity of the ligands and the metal com-
plexes, their effects on the growth of Aspergillus flavus, Curvularia lunata and Penicillium
notatum were studied. The ligand and their corresponding metal chelatesin DMF were screened
in vitro by the disc diffusion method.?! The ligands and complexes were dissolved separately
in DMF to obtain concentration of 125 and 250 pg disct. The linear growth of the fungus was
recorded by measuring the diameter of the colony after 96 h. The diameters of the zone of in-
hibition produced by the complexes were compared with griseofulvin, an antifungal drug.

RESULTS AND DISCUSSION

The elementa analyses showed 1:2 (metal:ligand ) stoichiometry for all the
complexes (Fig. 2). The analytical data of the ligand and its metal complexes

OH

DMF=N, N-Dimethyt Formarride. OS¢~y Fig- 2. The proposed structure of the complexes.
3 X = DMF when M = Mn(l1), Co(ll) Ni(ll) and
H Cu(ll), and X = Cl when M = Fe(l11).
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corresponded well with the general formula [M(L)2(DMF)2], where M = Mn(ll),
Co(l1), Ni(ll), Cu(I1), and [M(L)2(DMF)(CI)], where M = Fe(lll), L = C15H1105
The absence of chlorine except in the Fe(l11) complex was evident from the Vol-
hard test. The complexes were coloured, stable in air, insoluble in water and
common solvents, except for DMF and dimethyl sulphoxide (DMSO). The low
conductance of the complexes in DMF solution supported the non-electrolytic
nature of the metal complexes (Tablel).

TABLE I. Anaytical and molar conductance data of the ligand and its metal complexes

Found (calcd.) % Decompo-
Compound Colour FW sdtiontem- 4 =0
P C H N M perature, °C Q™ cm” mol
Ligand, C;sH.,0s Orange 63.01 4.67 - - 2723 235 -
(63.57) (4.67)
[CsH3N,O,MnN]  Light 5842 486 366 7.02 7436 267 15.1
brown (58.15) (4.87) (3.76) (7.39)
[CsHoNO CIFe] Dark  56.12 433 182 7.62 706.9 >300 15.3
brown (56.07) (4.13) (1.92) (7.89)
[CsH3eN,O1,Co] Brown 56.99 452 383 7.72 747.6 >300 22.7
(57.84) (4.85) (3.74) (7.88)
[CsH3N,ONi]  Green 58.01 4.71 382 7.63 7474 >300 9.8
(57.85) (4.85) (3.74) (7.85)
[CseHNO,CU]  Green 57.12 421 352 831 7522 283 105

(57.48) (4.82) (3.72) (8.44)

Infrared spectra

Important spectral bands for the ligand and its metal complexes are pre-
sented in Table Il. The IR spectrum of the ligand show band at 3256 and 3112
cm1 assignable to v(OH) of the intramolecular phenolic group of the dehydro-
acetic acid moiety and v(OH) of aromatic ring, respectively. Other bands at 1697,
1675 and 1223 cm! are assignable to v(C=0) (lactone carbonyl), v(C=0) (acetyl
carbonyl) and v(C-O) (phenolic) stretching mode, respectively.2223 In the IR
spectra of all the metal complexes, the broad medium intensity band centred in
the region 3500-3200 cm1 corresponds to aromatic v(OH). No band was obser-
ved in the IR spectra of the metal chelates in the region 3256 cm1. The absence
of v(OH) (phenolic) at 3256 cm1 suggests subsequent deprotonation of the phe-
nolic group and coordination of phenolic oxygen to the metal ion. This was sup-
ported by an upward shift in v(C-O) (phenolic)24 by 50-60 cm1. The v(C=0)
(acetyl carbonyl) in al the metal complexes was shifted by 4060 cmr? to a
lower energy with respect to that of the free ligand, indicating the participation of
v(C=0) (acetyl carbonyl) in the coordination.2223 The IR spectra of all the com-
pounds showed a prominent band at ~970 cm1, typical of trans -CH=CH- ab-
sorption.25 The presence of new bands in the region 600450 cm~1 can be as-
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signed to v(M-0) vibrations.26 According to the above-mentioned data, the
ligand behaved as monodeprotonated bidentate and the coordination occurred via
the acetyl and phenolic oxygen of the dehydroacetic acid moiety, as shown in
Fig. 1.

TABLE Il. Characterigtic IR frequencies (cml) of the ligand and its metal complexes

v(OH) v(OH) (dehyd- _ v(C=0) _
Compound (aromatic roacetic acid Tg;:t_O) (acetyl VrEC_(I)') VEC_C) v(M-0)
ring) moiety) (actone) carbonyl) (phenolic) (trans)
Ligand, C;sH1,05 3256 (s) 3112(s) 1697 (m) 1675(m) 1223 (m) 980 (m) —
[CaH3sN0MN] 3251 () - 1678 (m) 1603 (m) 1280 (m) 975 (m) 560 (m)
462 (m)
[CasHogNOy ClFe] 3257 (s) - 1680 (s) 1621 (m) 1280 (m) 975 (m) 530 (w)
488 (m)
[C3eH3sN201,C0] 3252 (9) - 1683 (w) 1620 (m) 1277 (m) 970 (m) 531(w)
476(m)
[CaeHasN0NiI] 3256 () - 1680 (W) 1622 (w) 1277 (m) 988 (m) 551 (m)
531 (w)
[CaH3sN01,CU] 3251 () - 1686 (m) 1628 (m) 1280 (m) 967 (m) 560 (w)
480 (m)

IH-NMR spectrum of the ligand

The 1H-NMR spectrum of the ligand in CDCl3 with TMS as an internal stan-
dard showed a singlet at 2.27 ppm for the 3 hydrogens of the methyl group
attached to Cg (Fig. 1), asinglet at 5.39 ppm for the one hydrogen of Cs, asinglet
at 6.33 ppm for the one hydrogen of the aromatic OH, a multiplet at 6.8-7.6 ppm
for the four hydrogens of the aromatic ring, adoublet at 7.9-8.19 ppm for the two
olefinic protons (J = 14 Hz) and a singlet at 18.16 ppm for the one hydrogen of
C4 (phenolic hydrogen).

Magnetic moment and UV-Vis Spectra

The electronic spectra of all the complexes were recorded in DMF solution.
The electronic spectrum of the Mn(l1) complex exhibited three bands at 18345
cmL (¢ = 26 dm3 mol-1 cm1), 19763 cmr1 (e = 16 dm3 mol—1 cm1) and 23154
cmL (e = 28 dm3 mol—1 cmr1), which are assigned to 6A1g — 4T14(G), bA1g —
— 4Ty(G) and BA1g — 4A1g, *E19(*G) transitions, respectively, indicating an
octahedral configuration2-28 around the Mn(l1) ion. The octahedral geometry of
Mn(l11) was further confirmed by the value of the magnetic moment (5.84 ug).

Three electronic transitions were observed in the electronic spectrum of the
Fe(lll) complex, at 14472 cmiL (¢ = 22 dm3 mol-1 cm1), 21322 cm1 (¢ = 26
dm3 mol-1 cm™1) and 24272 cmL (¢ = 32 dm3 mol—1 cm1), which are assigned
to 6A1g — 4T14(G), BA1g — 4T24(G) and A1y — 4E4(G), respectively, sug-

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




1242 PATANGE and ARBAD

gesting an octahedral complex of Fe(I11), which was confirmed by the value of
magnetic moment (5.93 ug).28

The electronic spectrum of the Co(l1) complex exhibited three bands at 9487
cm (¢ = 17 dm3 mol—1 cmr1), 18656 cmr (¢ = 59 dm3 mol—1 cmr1) and 21551
cm L (¢ = 98 dm3 mol-1 cm1), which are assigned to 4T14(F) — 4To4(F),
4T1g(F) — Azg(F) and 4T14(F) — 4T14(P), respectively, indicating octahedral
configuration around the Co(l1) ion. The magnetic moment of the Co(Il) complex
was 4.54 ug. The calculated spectral parameters v»/v4, 10Dq, B, £ and the ligand
field stabilizing energy (LFSE) have the values 1.96, 9169 cm1, 783.1 cm 2,
0.81 and 26.20 kcal mol—1, respectively, which are in good agreement with the
reported values of an octahedral Co(ll) complex.28

The electronic spectrum of the Ni(l1) complex exhibited three bands at 9345
cm1 (e = 34 dm3 mol—1 cmr1), 15698 cmr1 (¢ = 67 dm3 mol—1 cm1) and 22471
cmL (¢ = 188 dm3 mol~1 cm1), which are assigned to 3Aoq — 3Toy(F), 2Axg —
— 3T1g(F) and 3Aq — 3T14(P), respectively. The ligand field parameters vo/ vy,
10Dq, B, A and the LFSE have the values 1.68, 9345 cm1, 675.6 cm2, 0.65 and
26.69 kcal mol—1, respectively. These values, as well as the magnetic moment
value (3.13 up), support an octahedral geometry of the Ni(ll) complex.28

The spectrum of the Cu(ll) complex consisted of a broad band at 14225 cmr1
(¢ = 94 dm3 mol—1 cm), assigned to the 2Eq — 2Ty transition of a distorted
octahedral geometry.29 In addition to this band, the band observed at 25316 cm1
(e = 1143 dm3 mol-1 cm1) arises from intra ligand charge transfer. The LFSE
value of the Cu(ll) complex is 42.64 kcal mol=1. The obtained values of LFSE
determine the stability of the complexes and follows the order in terms of metal
ions Cu(I1)>Ni(11)>Co(ll).

Thermal analysis

All the complexes showed high thermal stability and decomposed above 250
°C, indicating the absence of any lattice or coordinated water molecules. The TG
curve of the Mn(Il) complex showed a rapid first step decomposition between
240-350 °C with 48 % mass loss (calcd. 48.14 %), associated with an exothermic
peak on the DTA curve (ATmax = 247.38 °C ), indicating the loss of two
coordinated DMF molecules and the non-coordinated part of the complex, i.e.,
the aromatic ring with a beta carbon.30 The complex did not remain stable at
higher temperatures and exhibited a slow second step decomposition in the tem-
perature range 360950 °C with a mass loss of 42 % (calcd. 42.22 %). The broad
endothermic peak for this step on the DTA curve corresponds to the oxidative
degradation of the coordinated part of the ligand. The decomposition was com-
pleted at ~950 °C leading to the formation of the stable metal oxide MnO (ob-
served 10 %, calcd. 9.54 %). The thermal study of the Fe(l11) complex shows sta-
bility up to 325 °C. The first step showed a rapid decomposition between 340—
—400 °C with a 45 % mass loss (calcd. 45.3 %). A broad exotherm was observed
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in the DTA (ATmax = 366.1 °C). This step may be attributed to the removal of
one coordinated DMF molecule, one chloride ion (may be oxidized as Cl») and
the non-coordinated part of the ligand. The complex continued slow decompo-
sition of the remaining part of the ligand with a mass loss of 44 % (calcd. 44.42
%) in the temperature range 400-900°C. A broad endotherm was observed for
this step in the DTA. The mass of the final residue corresponds to the stable FeO
(observed 11 %, calcd. 10.2 %). The Co(ll) complex decomposed in two succes-
sive steps in the temperature range of 300-850 °C. Two coordinated DMF mo-
lecules and the non-coordinated part of the ligand were removed in the first step
at 300400 °C with a mass loss 47.5 % (calcd. 47.88 %). A broad exothermic
peak was observed between 200400 °C (ATmax = 338.12 °C). The complex fi-
nally decomposed to CoO with the removal of the coordinated part of the ligand
(observed 42 %, calcd. 42 %) in the temperature range 400850 °C. The Ni(ll)
complex also decomposed in two steps in the temperature range 300900 °C. The
first step between 300400 °C in the TG analysis corresponded to the elimination
of two coordinated DMF molecules and the non-coordinated part of the ligand
with a mass loss of 47.5 % (calcd. 47.89 %). A broad exotherm in the tempe-
rature range 200400 °C was observed (ATmax = 332.51 °C). The second step of
the decomposition was observed in the temperature range 400-900 °C with a
mass loss of 42.5 % (calcd. 42.01 %). A broad exotherm in DTA could be as-
signed to the removal of the coordinated part of the ligand. The final weight 10 %
(caled. 9.99 %) corresponds to NiO. The TG curve of Cu(ll) complex showed the
first decomposition step in the temperature range 260-350 °C with a mass loss of
45.5 % (calcd. 47.60 %), and the exothermic peak on the DTA curve between
200-330 °C (ATmax = 300.21 °C) corresponds to the removal of two coordinated
DMF molecules and the non-coordinated part of the ligand. The second step of
the decomposition occurred in the temperature range 350-875 °C with a mass
loss of 43.0 % (calcd. 41.74 %) and a broad endotherm in DTA corresponds to
the removal of the coordinated part of the ligand. The final residue 11.5 % (calcd.
10.56 %) correspondsto CuO.

Antibacterial activity

The antibacterial results, Table Il1, showed that the ligand exhibited weak
antibacterial activity but its complexes showed moderate activity against the bac-
teria S. aureus and E. coli. It is known that chelation tends to make the ligands
act as more powerful and potent bactericidal agents, thus killing more of bacteria
than the non-chelated ligand. It was observed that chelation reduces the polarity
of ametal ion in a complex due to partial sharing of its positive charge with do-
nor groups and also due to delocalization of the n electrons over whole chelate
ring. Thus, chelation increases the lipophilic character in complexes and results
in an enhancement of activity.31

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




1244 PATANGE and ARBAD

TABLE Ill. Antibacterial and antifungal activities (Inhibition zone of bacterial growth, mm)
of the ligand and its metal complexes

Antibacterial activity Antifungal activity
S. aureus E. coli A. flawus  C.lunata P. notatum
Compound - T - ——
Concentration, mg ml Concentration, pg disc

050 10 050 10 125 250 125 250 125 250
Ligand, C;5H1,0s 05 08 06 09 10 14 11 17 8 15
[CzeH36N01,MN] 08 15 09 16 12 21 15 22 13 20
[CssHNO ClIFe] 07 12 08 15 11 19 13 19 9 19
[CasH3sN201,C0] 09 18 10 17 13 30 16 29 15 30

[CasH36N2015Ni] 11 20 13 19 17 33 18 32 17 33
[CzsH36N01,CU] 15 22 16 21 20 37 21 34 20 36
Neomycin 23 27 24 26 - - - - - -
Griseofulvin — — — — 31 34 29 33 30 34

Antifungal activity

The antifungal results, Table 111, showed that ligand exhibited moderate anti-
fungal activity at 250 pg disc! and its metal complexes show significant anti-
fungal activity at the same concentration against the fungi A. flavus, C. lunata
and P. notatum. In addition, the activity decreased as the concentration de-
creased. The Cu(Il) complex showed greater antifungal activity than the standard
at 250 pg disc! and the Ni(ll) complex showed approximately the same anti-
fungal activity as the standard at 250 pg discL. The order of inhibition with res-
pect to metal ionswas Cu > Ni > Co > Mn > Fe. Thus, it could be postulated that
further studies of these complexesin this direction as biocides could lead to more
interesting results.

The complexes are biologically active and exhibit enhanced antibacterial,
antifungal activities compared to the parent ligand. The increased activity of the
chelates can be explained based on the overtone concept and the Tweedy chela-
tion theory.32 According to the overtone concept of cell permeability, the lipid
membrane that surrounds the cell favours the passage of only lipid-soluble mate-
rials, for which reason liposolubility is an important factor controlling antimic-
robial activity. On chelation,33 the polarity of the metal ion was reduced greatly
due to overlap of the ligand orbital and the partial sharing of its positive charge
with donor groups and also due to delocalization of the n-electrons over whole
chelate ring.

CONCLUSIONS

In the light of above discussion, a distorted octahedral geometry for the
Cu(ll) complex and an octahedral geometry for the Mn(1l), Fe(lll), Co(ll) and
Ni(ll) complexes are proposed. The ligand behaves as bidentate, coordinating
through the phenolic oxygen and the acetyl carbonyl group of the dehydroacetic
acid moiety.
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M3BOJ

CHUHTE3A, CIIEKTPAJIHA, TEPMAJIHA U BMOJIOIIKA NCITMTUBABA KOMITJIEKCA
ITPEJIABHUX METAJIA CA 4-XUJIPOKCH-3-[3-(4-X1IPOKCUDEHNII)-AKPUIIONII]-6-
-METUJI-2H-TIMPAH-2-OHOM KAO JIMT'AHJIOM

VAIBHAV N. PATANGE" n BALASAHEB R. ARBAD?
lDepairtrnent of Chemistry, Research and P. G. Center, Shri Chhatrapati Shivaji College, Omerga, Dist-

Osmanabad-413606, Maharashtra u 2Department of Chemistry, Dr. Babasaheb Ambedkar
Marathwada University, Aurangabad-431004, Maharashtra, India

CunrernsoBanu cy kommuiekcu Mn(I1), Fe(lll), Co(Il), Ni(ll) u Cu(ll) ca 4-xunpokcu-3-
-[(2E)-3-(4-xunpokcudernn)npon-2-eHomn] -6-mMeTin-2H-nupan-2-0HoM  Kao JIUTaHaoM, KOjH je
nobujern u3 3-anerwi-6-merwin-2H-nupan-2,4(3H)-uona  (zexuapocupherHe kucenune) o 4-
XUIPOKCHOCH3AIIEXUAa. 3a KapaKTepu3alHjy OBHX KOMIUIEKCAa YMOTPEOJbEHH Cy eleMEHTaIHa
MHKpOAHAIN3a, TepManHa, KOHAyKToMeTpmjcka, marmersa, IR, IH-NMR n UV-Vis wmepema.
Taxole, ucnurana je antubaxkrepujcka U aHTH(YHralHa akKTHBHOCT M30JI0BaHMX Komiuiekca. Ha
OCHOBY aHAJIMTHYKMX M CHEKTpaIHHX IojaTaka HaheHo je ma cy onrosapajyhu joH merana u
JIMTaHA Yy OBHM KOMIUIEKCUMa KOOpAWHOBaHHM y 1:2 moickoMm onnocy. Ha ocHOBY ¢u3nuko—xe-
MHjCKHX TI0J[aTaka 3aKjby4deHo je ma kommuiekcu Cu(ll) mmajy mucToproBaHy OKTacaapcKy reo-
METPH]y, AOK OCTAIIM UCIIMTHBAHN KOMILIEKCH MMajy OKTaeiapcKy reomerpujy. TepMmaiiHa aHain3a
oBux Komiuiekca onapeljena je momohy TG-DTA merone. McriutuBana je in Vvitro antubakrepujcka
aKTHBHOCT CHHTETH30BAHOT JIMTaHIa M OAroBapajyhmx komiuiekca Ha rpam-HeratuBHe (Esche-
richia coli) u rpam-nosutusHe (Staphylococcus aureus) 6akrepuje, kao u in Vitro antudyHransa
akTuBHOCT Ha cojeBuma Aspergillus flavus, Curwvularia lunata u Penicillium notatum. To6ujenu
pe3yJTaTH OBHX HCIIMTHBama Cy MOKAa3ald Ja KOMIUICKCH HaBEeJCHHX jOHa MeTaia MMajy Behy
aHTHOAKTepHjCKy/aHTU(YHTaIHy aKTUBHOCT y OJHOCY Ha HEKOOPAMHOBAHH JIUTAHI.

(Mpumsbero 31. maja 2010, peuanpano 4. mapra 2011)
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Abstract: An automated docking procedure was applied to study the binding of a
series of y- and &-selective ligands to ligand-specific 4 and &-opioid receptor mo-
dels. Short-time molecular dynamic simulations were used to obtain ligand-specific
M- and o-opioid receptors from arbitrarily chosen models of the active form of these
receptors. The quality of receptor model depended on the molecular volume of the
ligand in the receptor—igand complex used in the molecular dynamic simulations.
Within a series of ligands of similar size (volume), the results of ligand docking to
the obtained ligand—specific receptor conformation were in agreement with point
mutation studies. The correlation of the calculated and the experimentally deter-
mined binding energies was improved in relation to the initial receptor confor-
mation.

Keywords: molecular modeling; opioid receptor; ligand—receptor interactions; dock-
ing simulation.

INTRODUCTION

Three types of opioid receptors: 1, é and x (or MOR, DOR and KOR, res-
pectively), are involved in pain regulation by inhibiting neuronal adenylyl cyc-
lase activity, but they also participate in the regulation of multiple other effec-
tors.1 There are a'so studies indicating that the J-opioid receptor and/or its speci-
fic ligands are involved in cardioprotection.2 Based on the results of pharmaco-
logical investigations,3 opioid receptors have been subdivided into receptor sub-
types, but the molecular basis of these subtypes remains to be resolved. Both,
MOR and DOR have been cloned.4% A hypothesis was made’ that selective
ligands might bind the same receptor but at different binding sites. The ability of

* Corresponding author. E-mail: Imicovic@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C110120110S

1247

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS



1248 SENCANSKI et al.

the selective ligands to bind their respective binding site would depend on the
conformational state of the opioid receptor.’8

The regions of MOR and DOR involved in ligand binding and mediation of
receptor function have been identified: a) by the construction of chimeric recep-
tors containing sequences of MOR or DOR receptors, %14 b) by site-directed
mutagenesis of specific amino acid residues!®21 and c) by the construction of
truncated mutant receptors.22-26

In the case of DOR, it was found by point-mutation experiments?! that
Asp95Asn mutation reduced the affinity of many DOR-selective peptidic and
non-peptidic agonists for DOR. Studies® on chimeric and site-mutagenized DOR
established the importance of the third extracellular loop (EC3) arginine amino
acids for the binding of peptidic ligands while non-peptidic ligands were unaf-
fected. Site-directed mutagenesis experiments showed6 that Asp128 contributes
to the stabilization of the binding pocket. Mutations of amino acids Tyr129Phe,
Trp274Ala and Tyr308Phe suggested that these aromatic residues might be a part
of an opioid binding domain. Chimeric receptors and the alanine scan method
were used!! to show that Leu295, Val296, Val297 and Ala298 of the EC3 loop
are important for the binding of DOR-selective ligands. The amino acids Trp284
(TM6) and Ser312 (TM7) are important but to a lesser degree. It was aso found12
that modifications of the second extracellular loop (EC2) had no effect on ligand
binding. Other chimeric receptor studies'3 demonstrated that the sixth transmem-
brane domain (TM6) and the third extracellular loop (EC3) are absolutely critical
for o-opioid receptor selectivity. Point mutations emphasized the importance of
Leu300, Ala298, Ala299 amino acids, and the unimportance of Arg291 for ligand
binding. Val281 had moderate effect on ligand binding.13 It was suggested18 that
interactions [Aspl128(TM3)-Tyr308 (TM7) and Tyrl29 (TM3)—His278(TM6)]
maintain the &receptor in an inactive conformation. Point-mutation experi-
mentst® confirmed that Trp284 (TM®6) is important for the binding of ligands to
the DOR, and that amino acids at the extracellular end of TM6 and TM7 are key
residues for &ligand selectivity. Binding studies?’ on a series of non-peptidic DOR
ligands revealed that the binding site of these ligands is between TM5 and TM7
of the DOR. The binding pocket for most DOR-selective ligands is located close
to the EC3 loop and between the transmembrane helices TM3, TM6 and TM7.

It was found by chimeric receptor studies® that the major determinant for the
binding of MOR-selective akaloids exists in the region spanning the transmem-
brane segments TM5 to TM7 of the MOR. Segments TM6 and TM7, as well as
the third extra-cellular (E3) loop of the u-receptor, were important28 for the bind-
ing of agonists, such as morphine and fentanyl analogs, while the first extra-cel-
lular loop (E1) was not important for MOR-selective non-peptide ligands. Site
directed mutagenesis studies!® indicated that Asp147 is the primary binding site
in the MOR, as the counter ion for the protonated nitrogen of opioid ligands. The

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




MODELING LIGAND SPECIFIC RECEPTOR CONFORMATION 1249

importance of charged residues in TM2 (Asp 114), TM3 (Aspl47) and TM6
(His297) was evidenced,1® as well as the modest involvement of N- and C-ter-
minal domains in the ligand—receptor interactions. Site directed mutagenesis stu-
dies?9-31 established the importance of the TM7 residues Cys321, Tyr326,
Trp318 and His319 and the TM3 residue Tyr148 for the activation of MOP. It
was also established by mutation experiments,32 that Asn230 of TM5 isinvolved
in the binding of morphine.

Some experiments33-36 suggested that important conformational changes in
the receptor accompany ligand binding. Receptor states were discovered that can
be activated without the effects of an agonist,37 shifting thus the understanding of
receptor activation from a model of inactive and active conformations of a recep-
tor38 to theories of multiple signaling states whereby each agonist could import
its own unique active conformation.39

In this work, molecular dynamics were used to model ligand-specific re-
ceptor conformation from an arbitrary model of an active receptor. This ligand—
specific receptor conformation is expected to provide more realistic geometry of
areceptor—igand complex obtained by ligand docking, and to give a better corre-
lation between the calculated and experimentally determined binding energies
within a series of closely related ligands. Molecular volume was the molecular
descriptor which defined the closely related group of ligands.

COMPUTATIONAL METHODS

All computations were realized on an Intel(R) Core(TM)2 Quad CPU Q9650 at 3.00
GHz or Silicon Graphics® Octane2 workstation. The initial active forms of the MOR and
DOR models were obtained from Prof. H. |. Mosberg. The receptor models were based on the
structure of the f2-adrenergic receptor (PDB code 2rhl) and were modeled in a receptor—
ligand complex with cyclic pentapeptide agonist ligands.#? The series of agonists (Tables|, 11
and 111) were at first docked to the obtained original models of the active forms of the MOR or
DOR. The receptor models were initially treated as rigid. In the second docking experiment,
the flexibility of the binding pocket amino acids was taken into account. The automated fle-
xible ligand docking was performed by the Auto Docking program.*!

TABLE |. Compounds 1-11, ligands of the MOR

Structure Compound X Y
1 =0 H
2 CH-OH H
3 C=0 H
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TABLE I. Continued

Structure Compound X Y
4 CH-OH H
5 =0 OH
6 =0 H
7 CH — OH OH
8 CH-OH OH
9 =0 H
10 CH-OH H
11 —C--OMe -

N/

Compound Name

4 Morphine

12 3-Benzoylmorphine

13 3-(2-Chlorbenzoyl)-morphine
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TABLE Il. Continued

Compound R Name
14 cl 3-(2,6-Chlorbenzoyl)-morphine
R
cl
15 Q—<0 3-(2-Methylbenzoyl)-morphine
Me
16 Me 3-(2,6-Dimethylbenzoyl)-morphine
<
Me
17 OMe 3-(2,6-Dimethoxybenzoyl)-morphine
<
OMe
18 .4 o] 3-(2-Phenylbenzoyl)-morphine
19 0 3-(a-Methylcinnamoyl)-morphine
ara
20 ; EO 3-Pivaloylmorphine
21 3-(2,2-Diphenylpropionyl)-morphine

o

In the subsequent docking experiments, the receptor models were optimized as follows.
The selected ligands were manually docked to the original (obtained) receptor models using
Accelrys Discovery Studio® (DS 2.5.5) visualizer. The orientation of the ligand inside the
binding pocket was such as to: 1) provide interactions between the protonated nitrogen of the
ligand and the important receptor residues (Asp 147 of TM3) in the MOR, or the corres-
ponding Asp128 in the DOR; 2) form a hydrogen bond between the OH group of the ligand
and the His297 residue of TM6 in the MOR (or His 278 in the DOR) and 3) provide close
interactions with Trp318 of TM7 in the MOR (or Leu300 in the DOR). The resulting complex
structure was refined by molecular mechanics with a conjugated gradient agorithm in vacuum
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to a RMS gradient below 0.4 kJ molt nmrl, using CHARMm force field*2 with Momany—
—Rone charges.®3 A short molecular dynamics simulation (5 ps) with 0.1 fs time steps at 300
K was then applied. The lowest energy structure of the complex was selected and re-opti-
mized providing a ligand—specific receptor conformation. Docking with Auto Dock Vinawas
repeated using the ligand—specific receptor conformation as a rigid target. Calculated values

TABLE I1l. Compounds 22-28, ligands of the DOR

Compound name Structure Number
SNC80 22
SNC67 23
BW373U86 24
SIOM 25
TAN-67 26
SB219825 oH (/) 27
H Q\
oH
SB206848 28
on
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of the ligand binding energies were collected, and the structures of the resultant molecular
complexes were analyzed.

The initial ligand geometries, with protonated ring nitrogen,* were built by application
of HyperChem program? and subsequently optimized by the semi-empirical PM3 method of
the same program. The protein receptor and the ligands were prepared with MGL tools.#6 A
30%30x30 grid was applied, with the grid center positioned between Aspl47 and His297 in
the MOR (Asp128 and His278 in the DOR). The docking process was performed with
exhaustiveness egual to 100. The resultant ligand orientations and conformations were scored
based on binding energies (the cut-off value for the energies was 8.4 kJ mol-1), and by the
formation of the salt bridge (shorter than 0.25 nm). The lowest binding energy conformations
were further evaluated based on their distances to the important amino acids. The confor-
mation with the lowest binding energy, with a salt bridge shorter than 0.25 nm and with ma-
ximum number of close contacts to the important amino acids is referred to as the preferred
conformation.

RESULTS AND DISCUSSION

Automated docking of compounds 1-21 to the original MOR model,40 and
compounds 22-28 to the origind DOR model40 resulted in a similar docking
pattern. The ligands 1-11 in the MOR, in the best orientation for possible salt
bridge formation with Aspl147, are presented in Fig. 1. However, all the ligands
are located in the wide cavity near the extracellular ends of the transmembrane
helices TM3, TM6 and TM7. The distance between Aspl47 (Asp128 in the DOR)
and the protonated nitrogen of the ligand (O—--H-N*) was at least 0.6 nm, Fig. 1.
Therefore, the key interaction for ligand binding and activation, which is be-

Asn 230

Fig. 1. Typical positions of the compounds 1-11 in the binding pocket of the initial MOR.
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lieved to be the salt bridge formation, was not predicted by the model. The same
was true for MOR ligands 12—21 and DOR ligands 22-28. The area in the ori-
ginal receptors, around Aspl47 (Aspl28 in the DOR) was too narrow to accom-
modate even small ligands and to allow the formation of the salt bridge. The use
of receptors with flexible amino acids within the binding pocket did not improve
the model. Moreover, the correlation of the calculated binding energies to the
experimentally determined ones was poor, the correlation coefficient being —0.36
for the compounds 1-11, Table IV. The experimentally determined and the cal-
culated binding energies had opposite trends, Fig. 2.

This was expected since the origina active receptors used in this work were
modeled with voluminous molecules, i.e., naphthylalanine-substituted cyclic
pentapeptide?© ligands. This is also in agreement with earlier results*” which
suggested that ligands bind to their ligand—specific receptor conformations.

TABLE V. The studied MOR receptor agonist: molecular volume, experimentally deter-
mined K;, binding energies, Ey(exp), and the binding energies calculated by Vina, Ep(calcd),
for the initial MOR receptor, and the correlation coefficient between experimentally deter-
mined and calculated E, values

Molecular volume  K(exp) Ey(exp)? Ey(calcd)

No. Ligand name nm® nM kJ mol™ kJ mol™
1 Hydromorphone 0.754 0.26° —54.7 -34.3
2 Dihydromorphine 0.758 0.39" -53.7 -34.3
3 Oxymorphone 0.765 0.36° -53.9 -339
4 Morphine 0.765 1.8 —49.9 -335
5 Oxycodone 0.811 16° —445 -34.7
6 Hydrocodone 0.801 19.8° —44.0 -34.7
7 S-Oxycodol 0.829 33.7° 426 331
8 a-Oxycodol 0.814 187° -38.4 -35.2
9 Codeinone 0.790 459 -36.2 -339
10 Codeine 0.811 6300 297 347
11 Thebaine 0.847 7400 —29.3 347
Correlation coefficient R (RP) - - -0.36 (0.13) -

3, (exp) = 2.48 In (10°K;); Pref. 48; Sref. 49; %ref. 50; Sref. 51; 'ref. 52

An effort was made to find the ligand specific receptor conformations of the
MOR and DOR for ligands 1-28 by short molecular dynamics simulation of the
complex obtained by manual docking of a specific ligand to the original receptor
model.40 Since Auto Dock Vina does not take into account receptor flexibility, a
unique receptor had to be modeled for a set of ligands of similar size. Therefore
the MOR ligands were divided into two groups (group 1-11, Table I, and group
12-21, Table 1) based on their molecular volume, and the DOR ligands formed
the third group, Table I1I. At least one representative molecule of small volume
in each group was manually docked to the original receptor in such an orientation
that a salt bridge was formed between the protonated nitrogen of the ligand and
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24 -
-26 v

-28 -

.32 4

.34

-1
Eb Ca/cf KJ mol

-36 4

-38 4

-40 T T T T T T T T T T T T 1

-1
Eb exp/KJ mol

Fig. 2. Trendsin the binding energies, Ey, of ligands 1-11 with different receptor models.
Original MOR -, MOR optimized with ligand 4 — ®, MOR optimized with ligand
2— V¥ and MOR optimized with ligand 3— A.

the Aspl47 (Asp 128) of the receptor, and hydrogen bond formation was enabled
between the phenolic hydroxyl group and the His297 (His278) of the receptor.
The structure of a complex was optimized and subsequently submitted to the
short molecular dynamics run. The lowest energy conformation of the complex
found by molecular dynamics was isolated and re-optimized. The ligand was re-
moved and the optimized receptor model was used for docking. The collected
binding energies Ep, and the resulting docking structures are presented in Table
V, and Fig. 3, for the series 1-11. In this group of ligands, compounds 1-6 and
10 were used for receptor optimization and docking in order to investigate the
effect of ligand size on the quality of the receptor model. It can be seen in Table
V and Fig. 2 that al ligands (1-4) with a small molecular volume improved the
receptor model. This is illustrated by the increase of binding energy correlation
coefficient from —0.36, for the initial MOR, to 0.83 for the receptor optimized
with morphine (4) as the ligand. Only compound 1 insignificantly improved the
correlation coefficient, just to a value of 0.22. The correlation coefficient for the
larger molecules 5, 6 and 10 were either close to zero or had negative value. The
best correlation of Ep was achieved with compounds 3 and 4 which, besides low
molecular volume, had maximum number of hydrogen bond donors and accep-
tors. In addition, in the morphine (4) optimized receptor, the preferred ligand
conformation was always the lowest energy conformation for ligands 1-10, Fig.
3. Only thebaine (11) had no conformation with a salt bridge; it was in fact too
big to enter the binding site created by the receptor optimization, which might be
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the reason for its weak binding to the MOR, K; = 7400. Therefore, although the
original binding site at the top of the receptor was still present and accom-
modated the ligands, complex optimization provided the receptor model with a
new binding site where the ligands bind with higher affinity.

TABLE V. MOR receptor agonists: molecular volume, experimentally determined binding
energies, Ep(exp), binding energies calculated by Vina, Ey(calcd), for the ligand specific MOR
receptor

Molecular Ep(calcd) / k mol™

a

No. Ligandname  volume Eg(rixorl)?l Ligand used in complex optimization

nm’ 4 3 2 1 5 10 6
1 Hydromorphone 0.754 547 -385 260 - 314 - -26.0-36.8
2  Dihydromorphine 0.758 -53.7 -35.6 -255 -31.4 -31.4 -35.2 -26.0 -33.9
3 Oxymorphone 0.765 -539 -389 276 -31.8 -339 -36.8 —26.8 -27.2
4 Morphine 0765 499 -356 255 -289 -335 -36.4 —26.4 -34.7
5 Oxycodone 0.811 445 -36.4 247 -289 -335 - -28.0-285
6 Hydrocodone 0801 440 36 - 272 322 - -268-373
7 B-Oxycodol 0829 426 - - - - - - —
8 a-Oxycodol 0814 384 -339 -239 -318 -322 -352 -27.6 -255
9 Codeinone 0790 -362 -352 - -276 -385 285
10 Codeine 0811 297 -327 - -26.0 -322 -36.0 —29.3 -36.4
11 Thebaine 0847 293 - - - =339 402 - -
Correlation coefficient - - 083 0825 065 - - - -
R (R) (0.69) (0.68) (0.43)

8. (exp) = 2.4775 In (10°K,); K; from Table IV

Asn 230
His 319

W

Tyr 826 —
A His 297

Fig. 3. Preferred conformations of compounds 1-10 in the binding pocket of the MOR
optimized in the complex with morphine (4).
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Based on these data, it was concluded that morphine 3-esters, Table |1, are
too large to use in the morphine-specific receptor model; hence, they must have
their own, ligand-specific receptor model derived from a complex optimized
with a representative ligand for the series 12—-21. Docking of compounds 12—21
to the origina MOR resulted in complex structures with ligands positioned high
in the receptor, between helices TM2-TM7, similar to compounds 1-11. None of
the ligands had a salt bridge with Aspl47. Ligand 15 was selected to be the
representative ligand for receptor optimization because of its lowest molecular
volume. The calculated and experimentally determined binding energies for com-
pounds 12-21 are reported in Table V1. The correlation of Ep(calcd) and Ep(exp)
was poor, the correlation coefficient being close to zero. However, lower binding
energies were obtained and the qualitative picture was improved, Fig. 4. The low
energy conformations of the ligands have a salt bridge with Asp147 and close
interactions with other important amino acids of the binding pocket, such as a
hydrogen bond to Tyrl48 and electrostatic interaction with His297. Only for
compounds 14, 18 and 21, the experimentaly determined K; values of which
were high and thus indicated weak binding, were conformations with a salt bridge
not among the low energy ligand conformations.

TABLE VI. MOR receptor ligands 12—21: molecular volumes, experimentally determined K;,
experimentally determined binding energies, E,(exp), binding energies calculated by Vina,
Ey(calcd), for the ligand specific MOR receptor (optimized with ligand 15)

Ey(calcd) / kdmol™

b
Ligand Molecular Ki(exp)®/ nM &) —Tnitia Receptor optimized
volume, nm kJ mol e
receptor with ligand 15
12 1.065 29 —43.1 - —46.0
13 1.106 160 -38.9 - —45.2
14 1.132 8200 —28.9 - -42.3
15 1.102 230 -37.7 —44.0 —47.3
16 1.139 320 -36.8 - —45.6
17 1.209 360 -36.8 - -40.6
18 1.238 2600 -31.8 - —45.6
19 1.197 69 —41.0 - —46.0
20 1.038 52 -41.4 - -38.1
21 1.350 790 -34.7 - —-46.9
Correlation - - - - 0.02 (0.0004)

coefficient R (RP)
3Ref. 53; PEy(exp) = 2.4775 In (10°K;)

The selected DOR agonists are presented in Table 111 and the resultant
binding energies and molecular properties are reported in Table VII. Docking to
the original DOR followed the same trends as the docking of the MOR ligands to
the MOR. The ligands were positioned high in the receptor and none of the
ligand conformations had a salt bridge with Asp 128. The correlation of the ex-
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Asn 230

Fig. 4. Preferred conformations of compounds 13 and 21 in the
binding pocket of the MOR optimized with ligand 15.

TABLE VII. DOR receptor ligands 22—28: molecular volumes, experimentally determined K;,
experimentally determined binding energies, E,(exp), binding energies calculated by Vina,
E(calcd), for the initial receptor, and for the ligand specific DOR (optimized with ligand 26)

Ey(calcd) / kdmol™

b
Ligand Mol ecular3 Ki(exp)*/ nM Eb(exp}l Initial  Receptor optimized
volume, nm kJ mol L
receptor with ligand 26
22 1.377 0.818 -51.9 =331 -38.9
23 1.378 218 -38.1 -35.6 -331
24 1.319 0.086 -57.3 -34.3 -38.1
25 1.155 4.1 —47.7 —49.4 -38.1
26 1.000 0.649 -52.3 -36.8 -39.3
27 1.213 0.6 -52.7 -34.3 -335
28 1.096 17 -49.8 -39.3 -36.8
Correlation - - - 0.23 0.56 0.32)
coefficient R (RP) (0.053)

3Ref. 47 and references therein; "Ey(exp) = 2.4775 In (10°K;)

perimentally determined Ep values and the calculated ones was low, close to
zero, Fig. 5. Ligand 26 with its low molecular volume was used for optimization
of the receptor to its ligand specific conformation. The docking results with the
optimized receptor are also reported in Table VII. The ligand preferred confor-
mations whose binding energies are reported, are the ones with low binding ener-
gies (within 8.4 kJ mol~1 above the global minimum), with a salt bridge shorter
than 0.25 nm and the maximum number of interactions with other important
amino acids of the binding pocket, Fig. 6. The trend of the binding energies for
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the DOR ligands 22-28 showed improvement. While the correlation coefficient
was close to zero, as in the case of the original receptor, it was corrected to 0.57
(R2 = 0.33) for the optimized receptor, which confirms the necessity of using li-
gand specific receptor conformations for docking.

4]
-36
-
o ]
£ -404 -
] E
X
~ =424
% ]
44
g
.46
48]
1 - Fig. 5. Trends in the binding
-501 energies, Ey,, of ligands 22-28

o | s | 45 4 to the DOR model optimized
) with ligand 15 — @ and original
Ep exp! K mol receptor — M.

Fig. 6. The preferred conformations of ligands 22 and 26 in the
DOR model optimized with compound 26.
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CONCLUSIONS

An automated docking procedure, combined with a short molecular dyna-
mics simulation, was applied in order to determine ligand specific receptor con-
formations for MOR and DOR receptors. It was established that one receptor
conformation cannot reproduce correctly the binding of different ligands. Instead,
a method is proposed to model a ligand specific receptor conformation for a se-
ries of ligands of similar size. The method consists of using an arbitrary model of
an active receptor, manually docking aligand representative of a series of ligands
of similar size to the receptor, following the existing knowledge of key ligand—
receptor interactions; optimizing the receptor-igand complex; allowing the re-
ceptor and the ligand to adjust their conformations in a short molecular dynamics
run; extracting the most stable receptor-ligand complex structure and re-optimi-
zing its geometry. The receptor models obtained in this way were used for dock-
ing of different MOR and DOR ligands. They improved the resulting receptor
ligand complexes both qualitatively (increased number of close interactions with
amino acids important for binding, as found by point mutation studies) and quan-
titatively (improved correlation between the experimentally measured and cal cu-
lated binding energies).
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U3BOJ

MOJIEJIOBALE KOHOOPMAILINIA 1~ 1 SFOIMMOUJHUX PELEITTOPA
CIIEIUOUYHNX 3A IIOJEAUHE JIMTAHJE

MUJIAH CEHRAHCKUY, MUJIOBAH JI. IBAHOBUR?, COBbA BYUKOBUH® u JbUJLAHA JIOIUEH-MUROBUR?
"Mnosayuonu yenitiap Xemujckoz pakyaitieitia, Ynueepsuitieii y beozpaoy, X eMujcku axyaitieisi, YHusep3uitieid y

Beozpady u Llenitiap 3a xemujy, UXTM, Citiydeniticku iuipz 12—16, i. iip. 51, 11158 Beozpad u > Uncitiuimiy s 3a
apmaxoaozujy, KauHUHKY apmakoaozujy u okcukoaozujy, Meouyuncku gpakyaitieiti, Yuusep3uitieiti y beozpaoy

PauyHcka MeTo/]a ayTOMaTH30BaHOT OKHPaba IPUMEECHA je Ha BEe3UBakbe Cepuje JUraHaa,
crienuUIHUX 3a L- 1 J-PeLienTope, 38 MOJIeNie OBHX perentopa. KparkoTpajua MOJIEKyIICKO THHA-
MHYKa CHMYyJalHuja je KopuinheHa 3a qoOWjame KOH(OpMaldja OBUX PEIENTOpa Koje Cy CIIeu-
¢uuHe 3a mojeanHe JMranzae, noiasehu o cirydajHo nzabpaHor Mojena aKTUBHPAHOT PEeLENnTopa.
KBanuter 0Bako 100HjeHOr MOJIENa PEeLEenTopa 3aBUCH O] MOJIEKYJICKE 3alpeMHHE JTUraHAa y JIU-
raHA—PeLenTop KOMIUICKCY KOPUIINEHOT Y MOJIEKYJICKO-IMHAMUYKO] CUMYJIaLUjHu. 3a cepujy Jiu-
raHja CIMYHE 3allpeMHHE PEe3YNITaTH JOKHpama Cy y CKJIAJy ca eKCHEPHMEHTATHUM pe3lITaTuMa
MyTalfja aMiHOKHCeNIMHA y perenTopy. Kopenanuyja u3padyHaTHX 1 MEPEHHX CHEpruja Be3uBama
je moboJblllaHa y OJJTHOCY Ha pe3yTare JOOHjeHe ca MoJIa3HOM KOH(POPMAIIHjOM perenTopa.

(Mpumsbeno 20. janyapa 2011)
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Abstract: In this work, a molecular modeling and multivariate study involving
artemisinin and 28 derivatives with activity against human hepatocellular carci-
noma HepG2 is reported. The studied calculations of the compounds were per-
formed at the B3LYP/6-31G** level. MEP maps were used in an attempt to iden-
tify key structural features of artemisinin and its derivatives that are necessary for
their activities, and to investigate their interaction with the transferrin. The chemo-
metrics methods PCA, HCA, KNN, SIMCA and SDA were employed in order to
reduce dimensionality and to investigate which subset of variables could be more
effective for classification of the compounds according to their degree of anticancer
activity. Chemometric studies revealed that the ALOGPS logs, Mor29m, IC5 and
the gap energy descriptors are responsible for the separation into more active and
less active compounds. In addition, molecular docking was used to investigate the
interaction between ligands and receptor. The results showed that the ligands
approached the receptor through the endoperoxide bond.

Keywords: artemisinin; HepG2; MEP maps, chemometrics; molecular docking.

INTRODUCTION

Cancer, malignant neoplasia and malignant tumor are synonymous words for
the disease characterized by uncontrolled growth of abnormal cells of an orga
nism. The presence of some characteristics in these cells indicates ateration in
genes owing to mutation in DNA.1
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According to the WHO, in 2008, the total number of new cases of cancer
would reach 12.3 million people, with 7.6 million deaths. The least developed
regions are more affected, considering both incidence (56 %) and mortality (63
%).2 Most deaths are due to lung cancer (~18.2 %), stomach cancer (~9.7 %) and
liver cancer (=9.2 %). It is important to state that among the malignant tumorsin
the liver, the most common and dangerous one is the hepatocellular carcinoma.2
Thus, it is essential to discover new efficient strategies to treat the disease and to
avoid new cases.

Artemisia annua L. (ginghao) is one of the plants that have shown anticancer
properties. It contains the active ingredient artemisinin, which is used as an anti-
malarial, mainly against falciparum and vivax malaria3-6 Lately, the sensitivity
to artemisinin and its first generation derivatives artesunate, artemether, arteether
and artelinate has been evaluated in some tumoral cells. It was verified that arte-
misinin and its derivatives exhibit cytotoxicity to mammary cell in nanomolar
and micromolar concentrations.” Moreover, low concentrations of these com-
pounds show cytotoxicity to leukemia cells, colon cancer, lung cancer, kidney
cancer,8 thyroid cancer,® cervical cancer, uterine cancer and ovarian cancer.10

Another aspect that has intensified research with artemisinin and its deri-
vatives in anticancer treatment is the lack of resistance that tumoral cells show to
these compounds. As a strategy to preserve natural sources of Artemisia annua L.,
endoperoxides similar to artemisinin were synthesized.1l Some of these second
generation compounds showed considerable cytotoxicity to tumoral cells.12-16

In this report, a molecular modeling and chemometric study of 29 artemisi-
nins (artemisinin and its derivatives) with different degrees of cytotoxicities
against human hepatocellular carcinoma HepG2 is presented.1’ The employed
strategy was based on the knowledge that the endoperoxide group presented in
artemisinin and its derivatives is responsible for their antimalarial and anticancer
activities. Calculations of the studied molecules were performed by the
B3LYP/6-31G** method as implemented in the Gaussian 98 program.18 MEP
maps were used in an attempt to identify key structural features of the artemisinin
and the derivatives that are necessary for their activities and to investigate the in-
teraction with a molecular receptor (transferrin). PC and HC analyses, KNN and
SIMCA methods!® and SD analysis?9-21 were employed in order to reduce di-
mensionality and to investigate which subset of variables could be more effective
at classifying the compounds according to their degree of anticancer activity.
Molecular docking studies were used to investigate the interaction between the
ligands and receptor (transferrin). The developed studies could provide valuable
insight into the experimental process of syntheses and biological evaluation of
new artemisinin derivatives with activity against cancer HepG2.
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COMPUTATIONAL
Modeled artemisinin and derivatives

The compounds, the subjects of this study, consisted of artemisinin, amides, esters,
alcohols, ketones, derivatives with polar hydroxyl and carboxylic acid groups and five-mem-
bered ring derivatives. All compounds have been associated with in vitro bioactivity against a
human hepatocellular carcinoma cell line, HepG2, and were divided previoudy into two
classes according with their activities: (-) less active (those with Csg > 97 uM) and (+) more
active (those with 1Csg < 97 uM) derivatives. The atom numbering adopted in this study is
showed in Fig. 1 (artemisinin 1).
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Fig. 1. Artemisinin and derivatives with anticancer HepG2 activity.

Molecular modeling

Quantum chemical approaches implemented in the Gaussian 98 program were used in
the modeling of the artemisinin derivatives. Initidly, the artemisinin geometry optimization
was performed by Hartree-Fock (HF) method?? and Density Functional Theory (B3LY P)23.24
with the 3-21G, 6-31G, 6-31G*, 6-31G**, CEP-31G and CEP-31G* basis sets and AM1 and
PM 3 methods, also available in the Gaussian program.18 These calculations were performed to
find the method that would present the best compromise between computational time and
accuracy of the information relative to experimental data.?® The experimental structure of
artemisinin was retrieved from the Cambridge Structural Database CSD?6 with REFCODES:
QNGHSU10,% crystallographic R factor 3.6.
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Chemometric methods implemented in the Pirouette program,2’ PCA and HCA, were
used to compare the optimized structures by different approaches with the experimental struc-
ture of artemisinin QNGHSU to identify the appropriate method and the basis set for further
caculations. The analyses were performed on an autoscaled data matrix with dimension
15x18, where each row was related to 14 computed and 1 experimental geometries and each
column represented one of 18 geometrical parameters of the 1,2,4-trioxane ring (bond lengths,
bond angles and torsion angles). In order to optimize all structures and to perform calculations
to obtain the molecular properties, the B3LY P/6-31G** method was al so selected.

Molecular descriptors

The descriptors were computed to represent electronic, steric as well as hydrophilic and
hydrophobic features, and to alow for quantification of their influence on the biological
activity of the studied molecules. The electronic descriptors employed were: total energy,
HOMO, HOMO-1, LUMO, LUMO+1 energies, LUMO-HOMO gap energy, Mulliken's
electronegativity, and molecular hardness and softness; the steric descriptors were: O1-02
bond length, C12a-01-02-C3 torsion angle, superficial area, molecular volume, Mor29m
and IC5; the hydrophilic descriptors were: HYF, ALOGPS logs and the hydrophobic
descriptor was the log P value. The computation of the descriptors was performed employing
the Gaussian 98 program, the e-Dragon program?8 and the HyperChem 6.02. program.2?
Molecular electrostatic potential maps

The MEP is related to the electronic density and it is a very useful descriptor to under-
stand sites for electrophilic attack and nucleophilic reactions as well as for hydrogen bonding
interactions.30-33 The electrostatic potential, V(r), is also well-suited for analyzing processes
based on the “recognition” of one molecule by another, as in drug—receptor, and enzyme—
—substrate interactions, because it is through their potentials that the two species first “see”
each other.3435 Being a real physical property, V(r) can be determined experimentally by
diffraction or by computational methods.36 To investigate the reactive sites of artemisinin and
its derivatives, the MEP was evaluated using the B3LY P/6-31G** method. The MEP at a
given point (x,y,2) in the vicinity of a molecule is defined in terms of the interaction energy
between the electrical charge generated from the molecule’s electrons and nuclei and a posi-
tive test charge (a proton) located at r. For the studied compounds, the V(r) values were
calculated as described previously using Eq. (1).37

v Za P o
V(r)_%RA—ﬂ Imdr 1

where Z, is the charge of nucleus A, located at Ry, o(r') is the electronic density function of
the molecular, and r' is the dummy integration variable.
The MEP was realized by the Molekel program.38

Chemometrics

Principal component analysis (PCA). Given the great number of multivariate computed
data, an exploratory tool is recommended to uncover unknown trendsin the data and to reduce
them. The central idea of PCA® is to reduce the dimensionality of a data set consisting of
large number of interrelated variables, while retaining, as much as possible, the variation
present in the data set. This is achieved by transforming them into a new set of variables, the
principle components (PCs), which are uncorrelated and ordered so that the first few retain
most of the variation present in all of the original variables. The fina result of PCA is the
selection of a small number of descriptors (molecular properties) that are believed to be best
related to the dependent variable, in this case, anticancer activity against HepG2-strains.
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Hierarchical cluster analysis (HCA). The statistical analysis required in this study should
group compounds of a similar kind into respective categories. HCA9 s a statistical method
developed for this purpose. It is represented by a two dimensiona diagram known as den-
drogram which illustrates the fusions or divisions made at each successive stage of the ana-
lysis. The single samples (compounds) are represented by the branches on the bottom of the
dendrogram. The similarity among the clustersis given by the length of their branches so that
compounds presenting low similarity have long branches whereas compounds of high simi-
larity have short branches.

K-Nearest neighbor (KNN) method. The statistical technique KNN19 categorizes an un-
known object based on its proximity to samples already placed into categories. Specificaly,
the predicted class of an unknown object depends on the class of its K nearest neighbors,
which accounts for the name of the technique. Classification with KNN is related to the
compared distance among samples. Multivariate Euclidean distances between every pair of
training samples are computed. After the model is built, atest set hasits predicted class taking
into account the multivariate distance of this sample with respect to the K samples in the
training set.

Soft independent modeling of class analogy (SMCA) method. This method develops
principal component models for each training set category. The main goa of SIMCA1? is the
reliable classification of new samples. When a prediction is made in SIMCA, new samples
insufficiently close to the PC space of a class are considered non-members. Additionally, the
method requires that each training sample be pre-assigned to one of Q different categories,
where Q is typically greater than one. It provides three possible outcome predictions: the
sample fits only one pre-defined category, the sample does not fit any of the pre-defined
categories and the sample fits into more than one pre-defined category.

Sepwise discriminant analysis (SDA). SDA2021 s also a multivariate method that at-
tempts to maximize the probability of correct allocation. This method has two main objec-
tives, which are to separate objects from distinct populations and to allocate new objects into
populations previously defined. A stepwise procedure is used in this program, i.e., in each
step, the most powerful variable is entered into the discriminant function. The criterion func-
tion for selecting the next variable depends on the number of specified groups.

The SDA is a method based on the F-test for the significance of the variables. In each
step, one variable is selected based on its significance and, after several steps, the more sig-
nificant variables are extracted from the whole set in question.

Molecular Docking

The geometry of the molecules 1-29 was optimized by the B3LYP/6-31G** method
while the geometry of the protein receptor was obtained from the Protein Data Bank (PDB)
RCSB, identified by the code 1A8E,%° and optimized by the ROB3LY P/6-31G** method. In
order to better describe the biological environment involving the ligand/receptor interaction,
only the protein fragment (iron atom and the amino acids bound to it: two tyrosines, one
histidine, and one aspartic acid) of the transferrin was considered. The geometry of the
complex was optimized through the molecular mechanics method with the force field MM+
implemented in the HyperChem 6.02 program and Polak Ribiere algorithms with a gradient of
0.1 keal A-1 mol2*. Flexible docking® calculations were performed into a box. When using
artemisinin (1), the dimensions of the box were x =18 A, y =18 A and z=18 A and the number
of molecules of water was 193, while for the other compounds (2-29) the dimensions were

*1kcal =4.184 kJ
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x=20 A, y=20 A and z=29.3 A and the number of molecules of water was 388. For the
simulation involving the complex, the peroxide group (pharmacophore) of artemisinin and its
derivatives was positioned toward the iron fragment of the receptor in order to achieve a good
interaction.

RESULTS AND DISCUSSION

Method and basis set for the description of the geometries of artemisinin
and its derivatives

The theoretical and experimental parameters of the 1,2,13-trioxane ring in
artemisinin are given in Table |. They were used with the objective to identify,
through PC and HC analyses, which geometry optimization method/basis set give
results closest to the experimental data. The advantage in using the PCA and
HCA methods in this step of this study was that all structural parameters are con-
sidered simultaneously and it takes into account the correl ations among them.

The first three PCs explain 83.8 % of the original information as follows:
PC1 =38.73, PC2 = 28.8 and PC3 = 16.3 %. The PC1-PC2 scores plot is shown
in Fig. 2a, from which it can be see that the methods are discriminated into two
classes according to PC1. The semi-empirical methods (AM1 and PM3) are on
the right side; while the other theoretical (HF and B3LYP) and experimental
methods are on the left side. Moreover, it can be seen that the B3LY P/6-31G*
and B3LYP/6-31G** method are the closest to the experimental method, indi-
cating that either of them could be used in the development of this study.

TABLE |. Theoretical and experimental parameters of the 1,2,4-trioxane ring in artemisinin

(1)

AF/ AF/ HF/ AF/
Geometry HF/3-21G HF/6-31G |5 315%  /6.31G** /CEP3IG /CEP/31G
01-02 1462 1447 1390  1.390 1.439 1.395
03-C3 1441 1435 139  1.39% 1.447 1.405
C3-013 1436 1435 1408  1.409 1.449 1.418
013-C12 1408 1403 1376 1376 1.413 1.384
Cl12-C12a 1529 1533 1532 1532 1.549 1.542
01-02 1462 1447 1390  1.390 1.439 1.395
01-02-C3 107.089 108799 109.458 109.460 109.383  109.452
02-C3-013 107274 106762 107.841 107.818 106771  108.011
C3-013-C12 115684 117.294 115292 115309 116781  114.800
013-C12-C12a 112002 112289 112268 112263 112462  112.473
C12-C12a-01 111.600 110964 110540 110545 110588  110.539
C12a-01-02 111296 113233 112701 112700 113.386  112.506
01-02-C3-013 74701 -71.865 -73.369 —73377 —71.992 —73.783
02-C3-013-C12 32363 33414 31034 31058 32955  31.026

C3-013-C12-C12a 28188 25285 27.432 27.402 25.432 27.538
013-C12C12a01 —50.771 49377 -50.157 -50.143 49.683  -50.321
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TABLE I. Continued

HF/ HF/ HF/ HF/
Geometry HF/3-21G HFI6-31G (o 315 /6-31G** /CEP31G /CEP/31G*
C12-C12a-01-02 9041 12486 10018 10924 12683  10.721
C12a-01-02-C3 50358 46723 48670 48674 466338  48.892
Geometry B3LYP/321G B3LYPI6:31G B3LYP/6-31G° B3LYF/6.1G°
01-02 1.524 1.525 1.460 1.460
03-C3 1.456 1.456 1.414 1.414
C3-013 1.473 1473 1.441 1.441
013-C12 1431 1.426 1.396 1.396
C12-Cl2a 1.535 1538 1,539 1,539
01-02 1.524 1,525 1.460 1.460
01-02-C3 105.587 107.304 108.267 108.286
02-C3-013 108.226 107.739 108.490 108.494
C3-013-C12 113194 114.993 114.095 114.067
013-C12-Cl2a 113.302 113.644 113.261 113.242
C12-C12a-01 112.413 111.751 111.308 111.285
C12a-01-O2 100,627 111.405 111.609 111,595
01-02-C3-013 276,620 73.463 73.937 73913
02-C3-013-C12 33.756 34.082 32.863 32.782
C3-013-Cl2-Cl2a  29.076 26.258 27.383 27,507
013-C12-C12a-01  -52217 51.204 51197 51344
C12-C12a-01-02 9.625 12763 11.692 11.784
C12a-01-02-C3 51.056 46.885 47.879 47.835
Geometry B3LYP/CEP31G B3LYPICEP3IGX AML _ PM3  EXP48
01-02 1515 1.468 1289 1544 1.469(2)
03-C3 1.475 1.427 1447 1403 1416(3)
C3-013 1.488 1.452 1427 1428 1.445(2)
013-C12 1.440 1.406 1416 1403 1379(2)
C12-Cl2a 1.559 1551 2200 1555  1523(2)
01-02 1515 1.468 1289 1544  1.469(2)
01-02-C3 107.961 108381 112530 110339 108.100(1)
02-C3-013 107.602 108566 103615 104.815 106.600(2)
C3-013-C12 114.883 113886 115479 116005 114.200(2)
013-C12-C12a 113.722 113457 113502 115205 114.500(2)
C12-C12a-01 111,510 111322 111.057 113177 110.700(2)
C12a-01-02 111.739 111573 113736 112289 111.200(2)
01-02-C3-013 73.439 274064 —77.795 —73.301 —75.500(2)
02-C3-013-C12 34.023 33.258 42001 52699 36.000(2)
C3-013-C12-Cl12a 25587 26.926 11490 2817  25.3000(2)
013-C12-C12a-01  -51.007 51184  -41.826 -40526 —51.300(2)
C12-C12a-01-O2 13.020 11.945 12049 19968 12.700(2)
C12a-01-02-C3 46.466 47.496 47069 35602 47.800(2)

HCA was also used to investigate the most appropriate method for further
calculation. Analyzing the dendrogram obtained by HCA with complete linkage
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method in Fig. 2b, it can concluded that the theoretical methods are distributed in
a similar way as in PCA, i.e.,, HC analysis confirmed the PC analysis results.
Therefore, according to the obtained results, the B3LY P in combination with either
of the 6-31G* and 6-31G** basis sets can be used to model the molecular struc-
ture of the studied compounds. In this study, the B3LY P/6-31G™** method was
used.
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Fig. 2. PC1-PC2 scores plot (a) and dendrogram (b) of the fourteen theoretical and
experimental methods used in the geometry optimization of artemisinin.

Molecular electrostatic potential maps

The MEP maps for artemisinin and the derivatives given in Fig. 1 were simi-
lar (Fig. 3). They display contour surfaces close to that of the 1,2,13-trioxane
ring, which is characterized by negative electrostatic potentials (red and green co-
lors), on which the lowest value for the charge was about —0.11 a.u. (red color).
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Such a characteristic indicates concentration of the electron density due to the
lone electron pairs on the oxygen atoms (O1, O and O13). These molecules also
have contour surfaces characterized by positive electrostatic potentias (blue),
whereby the highest value was about 0.049 a.u. The distribution of electron den-
sity on the molecules around the trioxane ring induces their cytotoxicity against
cancer, a belief supported by the fact that the complexation of artemisinin with
transferrin involves particularly the interaction between the peroxide bond, the
most negatively charged region on the ligand, and the iron(11) ion, the most posi-
tive zone on the transferring, the receptor, molecule.4143 Hence, the presence of
a surface in red near to 1,2,13-trioxane ring suggests artemisinin and derivatives
have a reactive site for electrophilic attack and must possess anticancer cytotoxi-
city; consequently, they are of interest for investigation. Thus, in the case of an
electrophilic attack of the iron of transferrin against an electronegative region of
the studied compounds, this attack has a great preference to occur through the in-
volvement of the endoperoxide linkage. A pattern of MEP maps is an indication
that the artemisinin and derivatives in Fig. 1 are all active against cancer. Thus,
by analyzing MEP maps, the selection of inactive compounds is avoided in the
proposition step of potential new active derivatives against cancer HepG2.

0043 -0.010 -0.024

7

Fig. 3. MEP (a.u.) Maps of artemisinin (1) and derivative compound 7
with anticancer HepG2 activity.

PCA Method

The PCA results show the score plot relative to the first and second principal
components. In PC1, there is a distinct separation of the compounds into two
classes (Fig. 4): more and less active. More active compounds are on the left
side, while less active are on the right side. The variables responsible for this
were ALOGPS logs, Mor29m, IC5 and gap energy. They were chosen from the
complete data set (1740 descriptors) and they are assumed to be very important
in the investigation the anticancer mechanism involving artemisinins. Other vari-
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ables were not selected because either they had a poor linear correlation with
activity or they did not give a distinct separation between the more and less ac-
tive compounds. The values for these properties are listed in Table II. The first
three principal components, PC1, PC2 and PC3 explained 42.97, 28.72 and
14.94 % of the total variance, respectively. According to Table Il1, the Pearson
correlation coefficient between the variables was, in general, low (less than 0.50,
in absolute values).

31
‘.
27 4
24+ i z W-
] e
g | ¢gx¥ & $at
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11+ 28+ 5+ 12-6"
+ 23+
- v 5.
2 % - 97.
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Fig. 4. Plot of the first two principal components score vectors (PC1xPC2) for the separation
of artemisinin and the derivatives into two classes: (+) more active compounds
and (-) less active compounds against HepG2 cancer.

TABLE II. Values of the four properties that classify artemisinin and the derivatives and
values of experimental |Csy

Compound  ALOGPS logs Mor29m IC5  Gapenergy, au. ICs/uM Activity
1 —2.3500 -0.3050 4.8620 0.2616 97 I
2 —-3.5200 -0.3070 5.2530 0.2525 >100 la
3 —5.0300 04120 5.5140 0.2522 17.6 ma’
4 —-5.7600 -0.4430 5.6280 0.2522 9.5 ma
5 —6.3500 -0.4550 5.6840 0.2521 2.8 ma
6 —6.8400 -0.5250 5.6240 0.2524 12 ma
7 —7.1600 -0.5140 5.5010 0.2527 0.46 ma
8 —7.3900 -0.5150 5.3640 0.2524 0.79 ma
9 —7.4900 -0.5010 5.2250 0.2525 4.2 ma
10 -3.6400 -0.2360 5.2170 0.2467 >100 la
11 —7.0300 -0.5260 5.5970 0.2462 0.72 ma
12 —7.6800 -0.1790 5.1970 0.2462 >100 la
13 —-3.6800 -0.3650 5.2530 0.2367 >100 la
14 —-3.6800 -0.3050 5.2530 0.2359 >100 la
15 —6.9700 -0.3940 5.5080 0.2457 2.8 ma
16 —6.9700 -0.2910 5.5080 0.2552 4.4 ma
17 —7.4000 —0.2280 5.1590 0.2217 >100 la
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TABLE II. Continued
Compound  ALOGPS logs Mor29m IC5  Gapenergy, au. 1Cs/ UM  Activity

18 —7.4000 -0.2280 5.1590 0.2287 >100 la

19 -3.7500 —0.4430 5.1800 0.2194 >100 la

20 —7.1401 -0.3051 55711 0.2197 14 ma
21 —7.6100 —0.3330 5.1680 0.2177 >100 la

22 —6.0300 -0.3110 5.5720 0.2524 18 ma
23 —5.4900 —0.3470 5.6380 0.2199 42.3 ma
24 —4.8200 -0.5180 5.8560 0.2517 35 ma
25 —6.7200 -0.5520 5.5430 0.2491 13 ma
26 —7.0600 -0.5520 5.4190 0.2492 0.77 ma
27 —7.3500 -0.6010 5.2800 0.2276 0.74 ma
28 —6.8400 -0.5150 5.5160 0.2449 3.7 ma
29 —7.0100 —0.5430  5.4880 0.2323 0.47 ma

®The less active compound; "The more active compound

TABLE Il. Correlation matrix for the descriptors

ALOGPS logs Mor29m IC5
Mor29m 0.251 - -
IC5 -0.269 —-0.464 -
Gap energy 0.152 -0.207 0.203

The loading plot relative to the first and second principal components can be
seen in Fig. 5. PC1 is expressed in Eq. (2) as a function of the four selected
descriptors. Thus, it is a quantitative variable that provides the overall predictive
ability of the different sets of molecular descriptors for all the selected properties.
The loadings of ALOGPS logs and Mor29m are positive whereas they are nega-
tive for IC5 and gap energy. Incidentally, gap energy is the least important pro-

0.87

| Gap energy
0.7 ALOGPS_logs
0.67

0.57
0.47
0.37
0.27

0.17 IC5
0.071 Mor29m

PC2

-0.75 -0.50 -0.25  0.00 0.25 0.50

PC1

Fig. 5. Plot of the first two principal components loadings vectors (PC1xPC2) for the four
descriptors responsible for the separation of the artemisinin and the derivatives into two
classes: (+) more active compounds and (-) |ess active compounds against HepG2 cancer.
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perty contributing to PC1, as its coefficient (-0.272) is lower in comparison to
those of the others. For a compound to be more active against cancer, it must ge-
nerally have a combination of these properties, i.e., more negative values for
ALOGPS logs and Mor29m but more positive values for Gap energy and | C5.

PC1 = 0.393ALOGPS logs + 0.619Mor29m — 0.624 1C5 — 0.272Gap energy  (2)

HCA Method

The HCA method that better classified the compounds into two classes
(more and less active compounds) was the complete method. In the complete
linkage, the distance between two clusters is the maximum distance between a
variable in one cluster and a variable in the other cluster. The descriptors em-
ployed to perform HCA were the same as for PCA, i.e., ALOGPS |ogs, Mor29m,
IC5 and gap energy. The dendrogram (Fig. 6) shows HCA graphic as well as the
compounds separated into two main classes. The scale of similarity varies from 0
for samples with no similarity to 100 for samples with identical similarity. By
analyzing the dendrogram, some conclusions can be made even though the
compounds present some structural diversity.
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Fig. 6. HCA Dendrogram for artemisinin and the derivatives with anti-HepG2 cancer activity.

The more active analogs are distributed into clusters a and b. They have both
a six-membered ring artemisinin and a five-membered ring artemisinin analogs
and substituents with a greater number of carbon atoms. The number of amidesin
clustersa and b (more active analogues) is eleven, whilein clusters ¢ and d (less
active analogues), it is only one. The values for IC5 are the highest (IC5 > 5.20)
and for Mor29m they are the most negative. The variation in activity is the great-
estin cluster a (1Csg = 0.47 uM, for 29, and ICsg = 42.3 uM, for 23). This cluster
also presents the lowest values for gap energy among the most active com-
pounds.
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The less active class was divided into two main clusters (c and d). All samp-
les, excluding 1, present a six-membered ring artemisinin. These two clusters
have a clear difference involving values for ALOGPS logs (cluster ¢, —7.40 to
—7.68; cluster d, —2.35 to —3.75) and Mor29m (cluster ¢, —0.179 to 0.333, which
are the lowest of all compounds; cluster d, —0.236 to —0.443). Since artemisinin
(2) isfound to bear different substitution from the others structures, it was clas-
sified alone. It shows the lowest negative value for ALOGPS |ogs and the lowest
positive value for IC5 (—2.35). Cluster ¢ contains ester 12, alcohols 17 and 18
(isomers), and ketone 21. These compounds bear a long carbon chain of C1gHsy.
Samples in cluster d are amide 2, ester 10, acohols 13 and 14 (isomers), and
ketone 19. They bear a short carbon chain, CoHs (the exception is 1).

Interestingly, alcohols with a C1oHog carbon chain developed cytotoxicities
much higher than alcohols with a short CoHs carbon chain or with along C1gHs7
carbon chain. Moreover, ketones with CgH17 and CqoHog carbon chains were
much more active than ketones with a short CoHsg carbon chain or along C1gHs7
carbon chain. Moreover, as the length of the carbon chain of the six-membered
ring amidesincreased, the activity increased from 2 (CoHs, 1Csg = 100 uM) through
3 (CgH13, 1Csp = 17.6 uM), 4 (CgH17, ICs0 = 9.5 uM), 5 (C1gH21, IC50 = 2.8
uM), 6 (CqioHos, ICsp = 1.2 uM) to 7 (C14H29, 1C50 = 0.46 uM). Further in-
creases in the carbon chain length resulted in slight drops in the cytotoxicity as
can be noted for 8 (C16H33, 1Cs0 = 0.79 uM) and 9 (C18H37, ICs0 = 4.2 uM). For
the five-membered ring amides, as the length of carbon chains increased, the
activity increased dlightly from 25 (C1oH2s5, 1Csg = 1.3 uM), 26 (C14H2g, I1C50 =
=0.77 uM) to 27 (C16H33, ICs0 = 0.74 uM).

KNN Method

The results obtained with the KNN method using one to eight (K =1to K =
= 8) nearest neighbors are given in Table IV and the same was used for vali-
dation of theinitial set (Fig. 1). For K = 1, 2, 4, 6 and 8, the percentage correct
information was 100 % but 8NN was used because the higher the number of
nearest neighbors, the better the reliability of the method in question.

TABLE IV. Classification obtained with the KNN method

Category Number of Compounds incorrectly classified
compounds INN 2NN 3NN 4NN 5NN 6NN 7NN 8NN
Class: more active 19 0 0 1 0 1 0 0 0
Class:. less active 10 0 0 0 0 0 0 1 0
Total 29 0 0 1 0 1 0 1 0
% Correct information — 100 100 96.36 100 96.36 100 96.36 100
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SMCA Method

The results obtained with the SIMCA method are given in Table V. The me-
thod was also used for validation of theinitial set (Fig. 1). For the 19 more active
compounds, one was incorrectly classified. The model was built with three PCs
for the more active class and two PCs for the less active class.

TABLE V. Classification obtained by using SIMCA method

Category Number of compounds Correct classification
Class: more active 19 18

Class:. less active 10 10

Total 29 29

% Correct information — 96.5

D Analysis

From the two-discrimination function obtained with the SDA study, it can
see that the variables ALOGPS |ogs, MOR29m, IC5 and Gap energy have alarge
contribution in the classification methodology. According to the results using
PCA, HCA, KNN, SIMCA and SDA, it can also be seen that the descriptors are
key properties for explaining the anticancer HepG2 activity of the derivatives
compounds artemisinin (Fig. 1).

The discrimination functions for the more active and less active groups are
given, respectively, by Egs. (3a) and (3b).

Group more active:

—1.28-1.18ALOGPS logs— 1.45Mor29m + 2.271C5 + 0.772Gap energy (3a)

Group less active:

—4.64 + 2.23ALOGPS logs + 2.75Mor29m — 4.32IC5 — 1.47Gap energy (3b)

Through the discrimination functions and the value of each variable for the
compounds and using al compounds of the training set, the classification is ob-
tained (Table VI). The classification error rate was 0 %, resulting in a satisfactory
separation of the more and less active compounds. The allocation rule derived
from the SDA results, when the activity against cancer of new artemisinin deri-
vative is investigated, is: a) initially, for the new derivatives, calculate the value
of the more important variables obtained in the construction of the SDA model
(descriptors); b) substitute these values in the two discrimination functions per-
formed in this work; ¢) check which discrimination function (group more active
compounds or group less active compounds) presents the higher value. The new
derivative is more active if it isrelated to the discrimination function of the more
active group and vice versa.

To determine if the model obtained is reliable, a cross-validation test which
uses the leave-one-out technique was employed. In this procedure, one com-
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pound is omitted from the data set and the classification functions are built based
on the remaining compounds.

TABLE VI. Classification matrix obtained using SDA

Classification group or class  Number of compounds - True group -
More active Less active

Group (Class): more active 19 19 0

Group (Class): less active 10 0 10

Total 29 - -

% Correct information — 100 100

Afterwards, the omitted compound is classified according to the classifica-
tion functions generated. In the next step, the omitted compound is included and
a new compound is removed, and the procedure continues until the last com-
pound is removed. The obtained results with the cross-validation methodology
are summarized in Table VII.

TABLE VII. Classification matrix obtained by using SDA with cross validation

S True group
Classification group or class Number of compounds More aciive e aclive
Group (Class): more active 19 19 0
Group (Class): less active 10 0 10
Total 29 - -

% Correct information — 100 100

In the application of the chemometric step in this study, it was verified that
the most important properties to describe the anticancer activity are:
ALOGPS logs, Mor29m, IC5 and gap energy. Thus, some considerations on the
most important variables can be drawn for activity from molecules. The
ALOGPS logs indicates that drug solubility is one of the important factors,
which affect the movement of a drug from the site of administration into the
blood. Knowledge of drug solubility is important. It is well-known that insuf-
ficient solubility of adrug can lead to poor absorption.#4 From Table I, it can be
seen that aqueous solubility is lower for the more active compounds than for the
less inactive ones. This is an indication that the lipophilic carbon chain plays an
important role in determining the cytotoxicities of the more active compounds.

The Mor29m s the 3D-MORSE (Mol ecul e representation of structures based
on electron diffraction) code of signal 29, weighted with atomic masses. It is cal-
culated by summing atom weights viewed by a different angular scattering func-
tion. The 3D-MORSE code alows the representation of the three dimensional
structure of a molecule by a fixed number of values.4® This fact indicates the
importance of atomic mass, a steric property, and gives the basic idea that the
larger the molecule is, the higher is the activity, because the activity also in-
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creases with decreasing value of Mor29m. In fact, the less active compounds
(Table 1), 12, 17 and 18, have Mor29m vaues of —0.1790 and —0.2280,
respectively, and the more active compounds, 7, 8, 11, 26, 27 and 29, present va-
lues of —0.5140, —0.5150, —0.5260, —0.5520, —0.6010 and —0.5430, respectively.
It seems clear that larger compounds present a bigger steric effect, augmenting
the anticancer activity as consequence of the augmented lipophilicity.

The information content index is calculated based on the pair-wise equiva-
lence atoms in a hydrogen-filled molecule.46 In Table 111, in general, compounds
with higher values for IC5 are more active. These compounds are the same that
have alipophilic carbon chain.

The gap energy is the energy separation between the LUMO and HOMO
energies.4” This property gives information associated to the electronic structure
of a molecule and is the measure of the stability of a molecule. A smaller gap
energy shows that a molecule is more reactive. In TABLE |1, as can be seen,
when the gap energy values of the more active and less active compounds are
compared, it is not possible to verify a clear tendency for their distinction. This
can be associated to the smaller contribution of this property in PC1 (Eq. (2)). It
is possible that the main contribution to a higher anticancer activity against
HepG2 developed by a compound is dueto its lipophilicity.

Molecular docking

Docking calculations for the compounds from Fig. 1 show that the polar
region of the ligands close to the peroxide linkage is directed toward the iron ion
of the receptor. The results achieved for the interaction of artemisinin (1) and
compound 7 with the receptor are presented in Fig. 9. For artemisinin, the Fe-O1

Fig. 9. Docking formed for artemisinin (1)
and the molecule receptor and derivative 7
and the molecul e receptor (transferrin).
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and Fe-O2 distances are 2.52 and 2.74 A, respectively. However, for 7, they are
2.85 e 3.48A, respectively. The explanation for a closer approximation of the
artemisinin to the iron ion (Fe2*) is probably due to the greater number of bulky
substituents in the artemisinin derivative, which makes it difficult to approach the
transferrin. Another point to emphasize is that the anticancer activity of the
derivatives is probably also related to lipophilicity owing to the great number of
carbon atoms present in the molecule, besides the endoperoxide group.#® The
histidine unity in transferrin is usually coordinated to the iron ion through its sp2
the nitrogen atom. This allows for the iron ion to acquire a hexacoordinated
octahedral arrangement after binding to the artemisinin and the derivatives.49

CONCLUSIONS

In this work, the use PCA and HCA in the selection step of the method and
the basis set for the molecular modeling and development of quantum chemistry
calculations revealed that the B3LY P/6-31G* and B3LY P/6-31G** theory were
the most adequate. The use of MEP maps to identify key structural features of the
artemisinin and its derivatives necessary for their activities and to investigate the
interaction with the molecular receptor (transferrin) showed that the presence of a
red surface near to the 1,2,13-trioxane ring suggested that these compounds have
a reactive site for electrophilic attack and they must possess anticancer cytoto-
xicity and which in the case of the an electrophilic attack of the ion of tranferrin
against an electronegative region of the studied compounds, this attack has a
great preference to occur through the involvement of the endoperoxide linkage.
Principal component analysis (PCA), hierarchical cluster analysis (HCA), the
K-nearest neighbor method (KNN), soft independent modeling of class analogy
method (SIMCA) and the stepwise discriminant analysis showed that the studied
artemisinin and derivatives can be classified into two classes or group: more ac-
tive and less active according to their degree of anticancer HepG2 activity. The
properties ALOGPS logs, Mor29m, IC5 and gap energy are responsible for the
separation into the more active and less active studied molecules and it is inte-
resting to notice that these properties represent three distinct classes of interac-
tions between the molecules and the transferring receptor: electronic (gap ener-
gy), steric (Mor29m and 1C5) and hydrophilic (ALOGPS logs). The molecular
docking study showed that the ligands approached the receptor (transferrin)
through the endoperoxide bond. The developed studies with MEP maps, PCA,
HCA, KNN, SIMCA and SDA and molecular docking can provide valuable
insight into the experimental process of syntheses and biological evaluation of
new artemisinin derivatives with activity against cancer HepG2.
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H3BOJ

MOIJIEKYJICKO MOJAEJIOBAE 1 XEMOMETPUICKE CTYAUJE
AHTUKAHIEP JEPUBATA APTEMU3MHHWHA

JARDEL P. BARBOSAY, JOAO E. V. FERREIRA®, ANTONIO F. FIGUEIREDO?, RUTH C. O. ALMEIDA?,
OSMARINA P. P. SILVA?, JOSE R. C. CARVALHO', MARIA DA G. G. CRISTINO", JOSE CIRIACO-PINHEIRO",
JOSE L. F. VIEIRAZ 1 RAYMONY T. A. SERRA®

1| aboratério de Quimica Tedrica e Computacional, Faculdade de Quimica, Instituto de Ciéncias Exatas e
Naturais, Universidade Federal do Para, CP 101101, CEP 66075-110 Belém, PA, Amazonia, 2Faculdade de
Farmécia, Instituto de Ciéncias da Salde, Universidade Federal do Pard, CP 101101, CEP 66075-110 Belém,
PA u 3Centro de Ciéncias Biol 6gicas e da Saude, Universidade Federal do Maranhéo,

CEP 65085-580 Ao Luis, MA, Brasil

V31105xeHH Cy pe3yiTaTdH MOJIEKYJCKOI MOJICNIOBamba M MyJITUBAPUjaHTHE CTYAHje Koja 00y-
XBaTa apTEeMU3MHHH U 28 HEroBHX [epuBaTa, KOjU JENIyjy MPOTHB XyMaHOI XEHaTOLEeNyJIapHOr
kapruroMa HepG2. M3pauyHapama cy BphieHa Ha HuBoy Teopuje B3LY P/6-31G™*. Kopumhene
cy MEP wmarie na 6u ce naeHTUGUKOBAIN CTPYKTYpPHU ACTabH Y apTEMHU3UHUHY U HETOBUM JICpH-
BaTHMa, HEONMXOJHM 3a FUXOBY akTUBHOCT. [Ipumermene cy xemomerpujcke meroge PCA, HCA,
KNN, SIMCA u SDA na 6u ce ycTaHOBHIIO KOjU TIOACKYII Bapujabiid HajBHIIIC OArOBapa 3a Mmpe/-
Buljame aHTUKaHIEPOTEHE aKTHMBHHOCTH. XEMOMETpHjCKa pasMmarpama Cy Hokasaia jaa cy
LOGPS logs, Mor29m, IC5 u gap energy aecKpHITOpH OArOBOPHH 3a pasiHKOBame H3Melhy ax-
TUBHHX U Mamke aKTUBHUX jeAN-CHa. Takohe je MPUMEmEeHO MOJIEKYJICKO JOKOBamke a O ce uc-
Tpaxkuiia UHTepakuuja u3mel)y nuranga u peuenrtopa. Pesynraru mokasyjy aa ce nurasj Besyje 3a
peLenTop Npeko eHI0IEePOKCHIHE Be3e.

(Mpumibeno 27. nenem6pa 2010)
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Abstract: Active carbon hollow fibers were prepared from regenerated polysulfone
hollow fibers by chemical activation using: disodium hydrogen phosphate 2-hyd-
rate, disodium tetraborate 10-hydrate, hydrogen peroxide, and diammonium hyd-
rogen phosphate. After chemical activation fibers were carbonized in an inert
atmosphere. The specific surface area and porosity of obtained carbons were stu-
died by nitrogen adsorption—desorption isotherms at 77 K, while the structures were
examined with scanning electron microscopy and X-ray diffraction. The activation
process increases these adsorption properties of fibers being more pronounced for
active carbon fibers obtained with disodium tetraborate 10-hydrate and hydrogen
peroxide as activator. The obtained active hollow carbons are microporous with dif-
ferent pore size distribution. Chemical activation with phosphates produces active
carbon material with small surface area but with both mesopores and micropores.
X-ray diffraction shows that besides turbostratic structure typical for carbon ma-
terials, there are some peaks which indicate some intermediate reaction products
when sodium salts were used as activating agent. Based on data from the electro-
chemical measurements the activity and porosity of the active fibers depend strongly
on the oxidizing agent applied.

Keywords. carbon hollow fibers; chemical activation; adsorption; cyclic voltam-
metry.

INTRODUCTION

Various kinds of porous carbon materials with a wide range of structures,
compositions and properties are widely produced and they can be used as ad-
sorbents, catalytic supports, etc.! In order to obtain a high surface area, physical
or/and chemical activation processes of material have usually been employed.
Chemical activation offers some advantages over physical activation, such as: the

* Corresponding author. E-mail: ljiljana@vinca.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC100226112K
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use of lower temperatures and heat treatment times, usually it consists of one
stage and the obtained carbon yields are generally higher. The disadvantages are
the need for a washing step of the activated material to remove the chemical
agent and the inorganic reaction products, as well as the more corrosive nature of
the chemical agents used in comparison to CO, or steam.

Through the activation process, depending on the nature of the organic pre-
cursor and process parameters, various active carbons have been prepared and
various applications developed. In addition to classical granular or powder active
carbon forms, there are new forms of active carbons: fibers and textiles, carbon
molecular sieves, porous carbon membranes, carbon aerogels or cryogels, and
carbon hollow fibers (CHF).1-3

Carbon membranes with useful characteristics and numerous advantages
have great potential to be widely used in gas separation processes, especialy
carbon hollow fiber membranes 4. There are numerous applications of hollow fi-
ber technology for the separation and purification in both industry and medicine,
including the preparation of drinkable, high quality water, for the pharmaceutical
industry (hemodialyzers), gas separation for industrial application, etc.

Hollow fibers can be used to prepare microcapillary catalytic reactor ele-
ments. These reactors could be prepared in the form of composites with glassy
carbon as the matrix> or with a porous carbon matrix.6 Considering flows, mass
and energy balances for an exothermic reaction inside a single fiber, better heat
transport, shorter diffusion lengths and small axial dispersion were obtained
when compared to classic catalytic tube reactors.®

Hollow-fiber carbon membranes were prepared and used as the support me-
diafor aplatinum catalyst.’

Amongst the precursors applied for the preparation of carbon hollow fibers
are polysulfone (PSF),8910 cellulose,10.11 mesophase pitch,12 polyacrylonitrile
(PAN),3.13 polyetherimides!4 and polyimides.1®

Active carbon hollow fibers compared to classic active carbon possess higher
geometric area to volume ratios, which improves the heat and a mass transport.

Studies of active carbon hollow fibers (ACHF) formation are, however, quite
scarce. Some research was realized with PAN as the precursor,3 and others by
filling or impregnating hollow fibers with active carbon.89 ACHF were obtained
when PAN hollow fibers were pretreated with diammonium hydrogen phosphate
and then further oxidized in air, carbonized in nitrogen, and activated with carbon
dioxide.3

Generaly, in the literature, there are several activating agents used for the
chemical activation of carbon precursor material, such as phosphoric acid,6 zinc
chloride,17 akaline carbonates!819 and more recently alkaline hydroxides.20

This present work investigates the effect of different chemical agents on the
formation of microporous and mesoporous structures of the obtained active
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carbon hollow fibers through measurement of their microstructure, adsorption
and electrochemical characteristics.

EXPERIMENTAL

The polysulfone hollow fibers used as the raw material in this study were taken from a
hollow fiber dialyzer supplied by Hemofarm AD, VrSac in cooperation with Fresenius, Bad
Homburg, Germany. The hollow fibers were roughly cut to about 1 cm long fibers. The appro-
ximately same mass of cut fibers were soaked in 15 % agueous solutions of Na,HPO,-2H,0
(1), NapyB,40O7-10H50 (2), H,0 (3), or (NH4)-,HPO, (4) for one hour.

The ratio of the mass of the chemical agents in solution to the mass of the used hollow
fibers was about 5. The mixtures were then filtered and the remaining wet fibers were dried at
353 K for about 6 h. The impregnation yield was calculated as the ratio of the mass difference
of the hollow fibers after and before drying and the mass of the hollow fibers before drying.

These fibers were carbonized in a horizontal tubular furnace under an Ar flow up to 1173
K at aheating rate of 5 K min'! and maintained at the final temperature for 1 h. After cooling
under an Ar flow, the ACHF samples were washed with distilled water. The final wash was at
elevated temperature (333 K) for 1 h. After filtration, the wet fibers were dried in an oven at
353 K for about 6 h.

The samples are designated ACHF1 ACHF2, ACHF3 and ACHF4, according to the
ordina number of the used chemical agent (number in parentheses, next to chemical agent).

The adsorption characteristics of ACHF were experimentally and numerically charac-
terized according to their surface area, pore volume and pore sizes. The crystalline structure
was examined by X-ray diffraction analysis (XRD) and morphology investigated by scanning
electron microscopy (SEM).

The adsorption characteristics were determined from N, adsorption/desorption isotherms
at 77 K using the gravimetric McBain balance method. Before obtaining adsorption isotherms,
the ACHF samples were degassed at a temperature of 523 K to remove any contaminants that
may be present on their surface. The values of specific surface area (Szet) were calculated
from the adsorption data applying the standard Brunauer—Emmet-Teller (BET) Equation.
The BET surface areas were assessed by applying relative pressures ranging from 0.01 to
0.15. The total pore volume V,, Was estimated by the Gurwitsch Rule?! using the quantity
adsorbed close to saturation, i.e., the liquid volumes of N, at arelative pressure p/pg = 0.95.

The micropores volume (Vpr) and characteristic adsorption energy (Ey) were calculated
by application of the Dubinin-Radushkevich (D-R) Equation.?

Using the Stoeckli Formulas based on the D—R Equation, the average width of the dlit-
-shaped pores (L) was calculated. This pore width was used to calculate the surface area of
the micropores (S).3

The average micropore width (W,,) was aso calculated from the McEnaney Equation
using the parameter of the D-R isotherm (E,),2* followed by the calculation of the surface
area of the micropores (Sy).

The high resolution ag-plot and the method proposed by Kaneko et al.2> were used to
calculate the micropore volume (V,,) and the external surface area (S.) as well as the tota
surface area (S). Non-graphitized carbon black BP 280 (Sger = 40.2 m? g'1) was used as the
reference adsorbent. The micropore surface (Sy;c) for the mesoporous materials were calcu-
lated by subtracting S, from S

The effective pore size distribution (L) was calculated according to the Horvath and
Kawazoe (HK) method. This function gives the effective pore size for micropores, the values
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of which are between 0.35 and 1.4 nm.26 The Orr and Dalla Valle's modification of the Pierce
method was used for the calculation of the mesopore size distribution (w).2! Both methods
were applied to the appropriate part of the desorption branch of the N, isotherm.

The XRD analysis was performed with a Siemens D500 diffractometer using Ni-filtered
CuKo radiation. The interlayer distance (dggp) and crystallite height (L) were determined
from the 002 diffraction peak, and the crystallite width, size (L), aong the basal plane, from
the @ position of the (100) diffraction peak. The calculations were performed with the Bragg
and the Scherer Formulas.

The texture of the obtained ACHF was analyzed by scanning electron microscopy (SEM)
using a JEOL JSM-35 instrument.

The investigated carbon fibers were also characterized by cyclic voltammetry. The fibers
were ground and applied in the form of athin layer from aqueous suspensions onto a polished
glassy carbon disk substrate. The suspensions were prepared by ultrasonic homogenization for
1 h. Theloading in all experiments was~170 pg cm2. In order to provide firm attachment, the
fibers layer was covered by Nafion® from a 100:1 (v/v) mixture of water and Nafion®ethanol
solution (5 mass %, 1100 E.W., Aldrich). After each application, the electrode was dried in an
oven a 65 °C. Cyclic voltammetry (CV) measurements were performed in 0.5 mol dm-3
H,SO, with sweep rates of 100, 50, 25 and 5 mV s1. All experiments were redized at room
temperature with a Pt wire as the counter electrode and saturated calomel electrode (SCE) as
the reference. All the potentials are given versus SCE. The electrolyte was purged with pu-
rified nitrogen prior to each experiment.

RESULTS AND DISCUSSION

Nitrogen adsorption/desorption isotherms, depending on the activated agent,
are shown in Fig. 1. These isotherms show that the used chemical agents were
more or less effective for activation process, allowing active carbons with very
different adsorbed amounts (n) and isotherm shapes to be obtained, which are
indicative of different specific surface areas, micropore volumes and total pore
volumes (Tablel), aswell as poressizes (Tablell).

8— /D/D—D”D’_’Diuiuiuﬁ foF,‘.D—D
| /D/Q/Q#E: a e —0—0—C-8—0—0—C—0
7_ [m| O/./
1 b/
6] o —v——v— ACHF1
1 —e——o0— ACHF2
o517 —m——0— ACHF3
S 4] i —a——s— ACHF4
E 4
~ 34
< 1 v
2+ P R o oV
1. PR A '/Z/AE = Fig. 1. Nit isotherms f
v T ig. 1. Nitrogen isotherms for
I 49 PPN o - -
o] FAATR carbon hollow fibers activated
. . . . . : . . T . , with different agents: solid
0.0 0.2 0.4 0.6 0.8 1.0  symbols — adsorption, open
p/po symbols — desorption.
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TABLE |. Adsorption characteristics of carbon hollow fibers activated with different agents

SB ET Vtot VDR Sni c Vus Sﬁyt Sot
Sample m? gt cmé gt o gt m? g cmé gt m? gt m? gt
ACHF1 88 0.084 0.033 43 0.041 41 84
ACHF2 600 0.269 0.238 558 0.262 6 564
ACHF3 632 0.286 0.245 613 0.271 12 625
ACHF4 32 0.046 0.014 16 0.005 11 27

TABLE Il. Vaues for micropore sizes and surface area of the micropores calculated using the
DR characteristic adsorption energy

Sample Eo/ kJmol™ Lo/ nm S/m’gt  W,/cm’gt  Sy/m’g’t
ACHF1 19.44 140 47 1.28 51
ACHF2 22.35 1.08 439 1.06 449
ACHF3 25.11 0.89 550 0.88 555
ACHF4 16.61 1.98 14 1.55 18

Two types of isotherms were clearly observed. Carbons ACHF1 and ACHF4
activated by phosphate salts (NapHPO4:2H,0 and (NH4)oHPO,4, respectively)
exhibit type IV isotherms, according to the [UPAC classification and indicate the
occurrence of capillary condensation in the pores. The limiting uptake over the
range of high relative pressures p/pg resulted in a plateau on the isotherm (Fig.
1), which indicates complete pore filling. The hysteresis loops in both cases are
Type H4, according to the IUPAC classification and indicate the presence of me-
sopores and dit-shaped pores, but the pore size distribution is mainly in the range
of micropores.2! This was confirmed by further analysis and will be discussed
later.

The carbons ACHF2 and ACHF3 activated by NapB407-10H-0 and HoOo,
respectively, exhibited type | isotherms, according to the IUPAC classification,
which indicate microporous materials.121 These isotherms exhibit |ow-pressure
hysteresis, attributed to the irreversible uptake of adsorptive molecules in pores
of about the same width as that of the adsorbate molecules, and/or swelling of
non-rigid pore walls.21 Micropore filling and high uptakes were observed at rela-
tively low pressures (Fig. 1), because of the narrow pore width which induced
high adsorption potential. The knee of the nitrogen adsorption isotherm at 77 K
for the ACHF3 sample is sharper than that for the ACHF2 sample, which means
that the net heat of adsorption is higher and the micropores are narrower for
ACHF3 (Table Il and Fig. 2).

Chemical activation increased the specific surface area significantly from
SseT = 3.2 m2 gL obtained for the carbon hollow fibers (CHF) to Sget = 632 m2
g1 obtained for the activated carbon hollow fibers ACHF3, (Table I). The pre-
sence of microporosity increases the specific surface area of an active material.
Thus, the specific surface area of the microporous materials ACHF2 and ACHF3
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was greatly enhanced when compared with those of the mesoporous materials
ACHF1 and ACHF4 (Tablel).

~m-— ACHF1 A
—&- ACHF2
—o—ACHF3

*- ACHF4

(dv/dL) | em’g”

o

=
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: Sy - . Fig. 2. Effective pore size distri-
0.4 0.6 0.8 1.0 12 14 bution of the activated CHF cal-
L/nm culated by the HK method.

The usage of disodium tetraborate 10-hydrate (ACHF2) and hydrogen pe-
roxide (ACHF3) as the activating agent induced significant increases of the spe-
cific surface area and especially of the total and micropore volume. Remarkably
higher micropore volume for these samples in comparison with ACHF1 and
ACHF4 (Table I), was confirmed by both calculation methods o5 (V) and D-R
(Vp_R). The values of Vpjc obtained from these two methods are in disagree-
ment, which was more pronounced for the mesoporous samples, especially for
ACHF4. This was to be expected because the D-R method is proposed for mic-
roporous materials. The mesoporous structure of these two materials is presented
by the pore size distribution in Fig. 3. However, V¢ for the microporous ma-

0.05
*
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terials ACHF2 and ACHF3 calculated using the D—R method was lower by about
9 % than when they are calculated using the as method. The reason for this could
lie in the broad micropore size distribution (Fig. 2). Additionally, the fact that the
o5 method is based on the standard isotherm affects that the Vg vaues are
expected to be more accurate than the Vp_g values for the micropore volume.

Average width of the dit-shaped pores calculated using the parameters of D-R
Equation Lo and Wiy, have different values depending on the employed calcula-
tion method (Table Il). The values for the micropore width obtained using
the McEnaney Equation (W) were lower than Lg (Stoeckli Formulas), espe-
cialy for the mesoporous materials ACHF1 and ACHF4 as well as the corres-
ponding surface area of the micropores. Of these two mesoporous materials,
ACHF1 had a higher micropore surface area according to the smaller micropore
size of this material (Fig. 2). The wider the micropore size is, the smaller is the
micropore surface area. The activation with phosphoric salts, besides developing
mesoporaosity, induced wider micropore size and accordingly a low surface area
of the micropores. Although the D-R Equation is more appropriate for micro-
porous materials, the values of § for the mesoporous materials were in a good
agreement with the values obtained by the a5 method (Tables | and I1). However,
thevaluesof § and Sy for the microporous materials ACHF2 and ACHF3 were
lower than the values obtained by the og method. The values § and Sy were
calculated using the mean pore width but these materials had a broad micropore
size distribution (Fig. 2).

External surface area, which presents the mesopores and the macropores sur-
face area, was greater in the materiadls ACHF1 and ACHF4 than in the micropo-
rous materials ACHF2 and ACHF3, Table |. Even the presence of macropores on
the surface of ACHF1 could be seen in the SEM analysis, see Fig. 4. Moreover,

Fig. 4. SEM Micrograph for car-
bon hollow fibers activated by
Na,HPO,-2H,0 — ACHF1.
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the St was almost half (ACHFL) or less than a half (ACHF4) of total surface
area Sot. Thus, the sodium salt as the activating agent developed a larger surface
area and smaller average mesopore size (w) in the material (ACHF1) than the
ammonium salt (ACHF4) of phosphoric acid (Fig. 3). The external surface area
for the microporous materials ACHF2 and ACHF3 was negligible, which was
confirmed by the results obtained for the pore size distribution for the mesopores
(Fig. 3).

The X-ray diffraction patterns of the carbon hollow fibers (CHF) and the
activated samples had features that are common to other active carbons: the two
broad peaks near 260 24 and 42° (Fig. 5) are assigned to the (002) and (100) re-
flections, respectively.l There were some peaks for the samples ACHF1 and
ACHF2 in Fig. 5 which were hard to identify and they could belong to interme-
diate reaction products. These peaks were only present when the sodium salts
were used for the activation process.

600 ACHF4
300 4
o o

600 4

] ACHF3
300 4 ‘
o ]
600 _ ACHF2
300 ]
0 VO L, "

600 -
ACHF1

300 ] ((’WM
. , \
900 '
CHF
JMMMm

600
T T T T

300
0 60 70
29 / °

Fig. 5. X-Ray diffraction patterns of the carbon hollow fibers (CHF)
and those activated with different agents.

Arbitrrary units

The results of X-ray diffraction analysis of CHF before and after oxidation
process are given in Table I11. The dggo value was between 0.36 nm for ACHF4
and 0.38 nm for the ACHF2 sample, which is greater than that of graphite (0.335
nm). The crystallite height L was in the range of 1.05 nm for ACHF1 and 1.35
nm for the CHF sample. The values for the crystallite width L5 was between 3.43
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nm for the ACHF3 and 4.57 nm for the CHF samples. Therefore, these materials
had a turbostratic structure similar to that of active carbon, as well as the mgjority
of carbonaceous materials. However, the chemical agents introduced defects in
the structure of the carbon material which led to the formation of the porosity.
The changes in the structure of the carbon hollow fibers that occurred on
activation mainly decreased the interlayer spacing and crystallites size.

TABLE Il1. Results of the X-ray diffraction analysis of carbon hollow fibers (CHF) and car-
bon hollow fibers activated with different agents

Sample CHF ACHF1 ACHF2 ACHF3 ACHF4
dooz / M 0.372 0.365 0.376 0.364 0.359
Lc/nm 1.35 125 111 1.10 1.07
Lo/ nm 4.57 3.27 2.03 3.29 3.31
L/doo2 3.6 34 2.9 3 3.0

The influence of oxidizing agent used for activation of the raw hollow fibers
was also analyzed by cyclic voltammetry. The steady state CV's recorded in 0.5
M H2SO4 of al the studied fibers are shown in Fig. 6. None of the ACHF fibers
exhibited pure double layer properties. The voltammograms for ACHF1 and

1.0 -
2 [ L
/g, g 0.5 ——
< O0f X
£ e 00
2r 0.5 |
4 - -1.0
| I | ‘ | " | ) | ) | s 1 1 1 ) [ L |
-0.4 0.0 0.4 0.8 1.2 -0.4 0.0 0.4 0.8 1.2
E (V vs SCE) E (V vs SCE)
1L
— 0 B
£ ot 2
<
£ z
= T 4L
R ACHF4
-2 | L L L 1 " 1 " 1 ) -2 1 . ] s | s | L | )
-0.4 0.0 0. 0.8 1.2 -0.4 0.0 0.4 0.8 1.2
E (Vvs éCE) E (V vs SCE)

Fig. 6. Cyclic voltammograms for the carbon hollow fibers (CHF) — dashed line, and activated
with different agents — solid line.
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ACHF2 had a more or less defined redox peak at around 0.4 V vs. SCE, de-
signating a redox reaction of carbon functional groups (mostly quinone/hydro-
quinone) that is characteristic for carbon materials in acidic solution.2-30 How-
ever, the voltammograms for ACHF3 and ACHF4, although recorded in acid,
were more similar to the CV's for carbon materials in alkaline solution.3! The
charge calculated from the CVs for the activated fibers ACHF1—4 was from 2 to
8 times larger in comparison to that for the raw fibers CHF. In addition, the in-
crease in charge at the slower sweep rate, as an indication of porosity, was higher
for the activated fibers. Moreover, both the increase of charge, which could be
considered as a measure of activity, and the increase of the porosity of the active
fibers depended on the applied oxidizing agent. Based on data from the elec-
trochemical measurements, the activity and porosity of the active fibers was in
the order ACHF1 > ACHF3 > ACHF2 > ACHF4. According to the results ob-
tained from the N» adsorption analysis, it seems that the external surface area St
(Table I) had a great influence on the electrochemical characteristics.

CONCLUSIONS

In conclusion, it can be stated that the chemical activation of polysulfone
hollow fibers increased their specific surface area after the carbonization process.
This is in dependence on which chemical agent was used. Phosphates such as
disodium hydrogen phosphate 2-hydrate more and diammonium hydrogen phos-
phate less, have a significant influence on the formation of a mesoporous struc-
ture of the active hollow carbon fibers. It is presumed this could influence the
electrochemical characteristics of these materials. Microporous active carbon
hollow fibers can be obtained using hydrogen peroxide or disodium tetraborate
10-hydrate.

In the future work, it would be interesting to investigate the effects of other
activation methods on the adsorption characteristics of these materials, as well as
their possible application for the adsorption of various contaminants from fluids,
and as catalytic supports.

Acknowledgements. This paper was financially supported by the Ministry of Education
and Science of the Republic of Serbia, Contracts No. 45005 and 45012.

U3BO [
YTUIAJ XEMUJCKNX ATEHACA HA CIIEHU®WYHY ITOBPIHIMHY U IIOPO3HOCT
AKTHUBHUX YI'JBEHUYHHUX IIYTTIJbUX BJIAKAHA

JbUJbAHA M. KIbAJEBURY, BIIAJIUCIIABA M. JOBAHOBUR?, CAFA 1. CTEBAHOBUR?,
3KAPKO JI. BOTJAHOB' 1 BPAHKA B. KAJTYBEPOBUR'

' Uncmuimyim 3a nykaeapme nayke “Bunua’, ii. iip. 522 ,11001 Beozpad u’MXTM — MHciliuiiy i 3a eaeK@poxemuyy,
it. ap. 473, 11000 Beozpao

AKTHBHA yTrJbeHUYHA IIyTJba BIAKHA CY TOOMjeHA XEMHjCKOM aKTHUBALIjOM ITOJIUCYI(POHCKUX
LIyIUBMX BJIAKaHa [OMONY pacTBopa JUHATPHUjyM-BOJOHHK-(ochaTa-2-xuapara, AUHATPH]yM-TeT-
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pabopara 10-xunmpara, BOZOHHK-TIEPOKCHAA W JHaMOHHjyM-BOAOHHK-(pocdara. HakoH Xxemujcke
aKTHBaIlMje, BIaKHA Cy KapOOHM30BaHAa y WHEPTHO] aTMocdepu. CrenuuyHa MOBPIIMHA W TO-
PO3HOCT 00MjeHUX BilakaHa Cy MCIUTHBAHA MPEKO U30TEPMH aJICOPIHje—IeCcopIiuje a3oTa Ha 77
K, 10K je cTpyKTypa MCHHMTHBaHAa CKEHUPAjyhoM eIeKTPOHCKOM MHKPOCKOIHjOM M PEHIreHCKOM
audpakiujom. [ponec akTuBaruje nodosblIaBa aJCOPIIMOHA CBOjCTBA BJIAKAHA, LITO jé HAPOUUTO
U3paKEHO KOJ AaKTHBHHMX MLIYyIJbUX BJlaKaHa aKTHBUpPaHHX IMOMONy IuHATpHjyMm-TeTpabopara-
-10-xunpara ¥ BOJOHMK-TICPOKCHIA. AKTHBHA YIJbCHMYHA IIyIJba BJIAKHA Cy MHKPOIIOPO3HA Ca
Pa3IMYATOM PACIIOAEIOM BEIHYHHE TOopa. XeMHjCKOM akTuBanujoM (ochaTnMa n1o0Hja ce aKkTu-
BaH KapOOHCKHM MaTepujai Mane creruuyHe MOBPIIMHE, ald ca ME30NOPO3HOM U MHKPOIIOPO3-
HOM CTPYKTYpOoM. PeHIreHo-CTpyKTypHa aHaiIn3a, Imope] TypOOoCTpaTHuHe CTPYKTYpe, THIIMYHE 32
yIJbEHHYHE MaTepujajie, yKasdyje Ha IPHCYCTBO HEKHX MHTEPMEIHMjapHHUX jeIUIberha HACTalUX Y
TOKy Hpolleca aKTHBalWje COJIMMa HaTpHjyMa. Ha OCHOBY eNeKTpOXeMHjCKHX Mepema MOXKE Ce
3aKJbYUYHTH JIa aKTHBHOCT U TTOPO3HOCT aKTHBHHX BJIaKaHa CTPOTO 3aBHCE OJ] IPUMCH-CHOT aKTHBA-
L[OHOT areHca.

(IIpumiseno 26. pedpyapa 2010, peuanpano 31. maja 2011)
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Abstract: Based on the former experience on the design and construction of metal
ions sensors, especialy those of high sensitivity for lanthanides, (2-oxo-1,2-diphe-
nylethylidene)-N-phenylhydrazinecarbothioamide (PHCT) was used to construct a
Lu3* PVC sensor exhibiting a Nernstian slope of 19.8+0.3 mV dec’l. The sensor
was found to function well over a concentration range of 1.0x10°2 and 1.0x106 mol
L1 of the target ion with a detection limit of 6.8x10°7 mol L-1. The sensor selec-
tivity against many common akaline, akaline earth, transition, heavy metals and
specialy lanthanide ions was very good and it functioned well in the pH range 2.5—
—8.7. Having alifetime of at least 2 months and a short response time of ~ 5 s, the
sensor was successfully used as an indicator electrode in the potentiometric titration
of Lud*.

Keywords: potentiometry; sensor; PV C membrane; ion-selective electrode.

INTRODUCTION

The fact that lanthanides have similar chemical and physical properties,
makes their analyses an extremely time consuming and complicated procedure,
especialy in case when other similar ions are present in the sample solution.1
Lutetium is a very rare element commonly used as a fluorescent and magnetic
material, the uses of which are growing, due to its applicability in the production
of catalysts used in oil and gas technologies and glass polish. The element is
hence dumped in the environment, mainly from petrol-producing industries.2
Thus, finding a method for its determination would be useful.

Such methods are inductively couple plasma mass spectrometry (ICP-MS),
inductively couple plasma atomic emission spectrometry (ICP-AES), mass spec-

* Corresponding author. E-mail: haszamani @yahoo.com
doi: 10.2298/JSC100826114A
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trometry (MS), Isotope dilution mass spectrometry, X-ray fluorescence spectro-
metry, etc. Almost all of the mentioned methods are expensive and time con-
suming, as compared to the application of ion selective electrodes (ISEs). |SEs
are among the most popular electrochemical devices that usually show fast and
selective responses in addition to their low cost and ease of preparation and use
Since there are some reports on lutetium sensors based on different iono-
phores3-6 and also recent experience on the development of highly selective and
sensitive PVC-membrane ISEs, 20 it was decided to assess the possibility of
constructing a novel Lu3* sensor by testing (2-oxo-1,2-diphenylethylidene)-N-
-phenylhydrazinecarbothioamide (PHCT) (Fig. 1) asaneutral ion carrier.

e
o
5 N |
‘ Fig. 1. Chemical structure of PHCT.

EXPERIMENTAL

Reagents

Nitrate and chloride salts of al cations, as well as reagent grade dibutyl phthalate (DBP),
benzyl acetate (BA), acetophenone (AP), nitrobenzene (NB), sodium tetraphenyl borate
(NaTPB), tetrahydrofuran (THF) and high relative molecular weight PVC of the highest
purity available were procured from Merck and Aldrich and used without any further
treatments, except for the vacuum drying of the salts over P,Og. Doubly distilled water was
used in al experiments.
Synthesis of PHCT

To prepare (2-oxo-1,2-diphenylethylidene)-N-phenylhydrazinecarbothioamide, 1 mmol
(0.21 g) of benzil was dissolved in hot ethanol, and then 1 mmol (0.167 g) of N-phenyl
hydrazinecarbothioamide and a catalytic amount of acetic acid were added to the benzyl so-
lution. The reaction mixture was next refluxed for an hour, before crystallizing the solid
product from a solution of acetone and ethanol (1:1).
EMF Measurements

The cell assembly used in all experiments was as follows: Ag/AgCl | 1.0x103 mol L1
LuCl5 | PVC membrane: test solution| Hg/Hg,Cl,, KCl (satd.).

The potential measurements were made using a Corning ion analyzer 250 pH/mV meter.
The measurements were performed at room temperature (25.0 °C) and the activities of the
species were calculated according to the Debye-Hiickel procedure.?! The pH was adjusted to
4 using sodium acetate buffer.
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Electrode preparation

In general, the desired amount of the components, i.e., powdered PV C, the plasticizer,
the ionic additive and the ionophore (PHCT), were completely dissolved in 5 mL of THF in a
glass dish of 2 cm in diameter and then some of the THF was allowed to evaporate to yield a
rather viscose solution that was used for forming a layer of the membrane on the tip of Pyrex
tubes of 3-5 mm o.d. To do this, the tips of the tubes were dipped into the mixture for a short
time. 2234 The tube, now having a layer of the membrane on the tip were next kept at room
temperature for 12 h before being filled with an internal filling solution (1.0x103 mol L1 of
the target ion) and conditioned for 24 h in a 1.0x102 mol L1 solution of the target ion. The
electrodes were furnished with an internal reference silver/silver chloride coated wire.

RESULTS AND DISCUSSION
The response behavior of the sensors

Having four medium to soft base donating nitrogen and sulfur atoms in
PHCT structure, it was expected to form stable complexes with transition metal
ions. Therefore, in the initial tests to check the suitability of PHCT as an iono-
phore for different metal ions, PHCT complexation with a number of metal ions
including mono-, di- and tri-valent cations was investigated by conductometric
method in acetonitrile solution (1.0x10~4 mol L1 of cation solution and 1.0x10-2
mol L1 of ligand solution) at 25+0.1 °C.29-31 Then, 25 mL of each ion solution
was titrated with 0.01 mol L1 of PHCT solution. The conductance of the solu-
tion was measured after each addition. Ligand addition was continued until the
desired ligand-to-cation mole ratio was achieved. The 1:1 binding of the cations
with ligands can be expressed by the following equilibrium:

MN+ 4 LRty mpn+ (1)
The formation constant of the equilibrium, Ks, is given by:
[ML™]  fmer)
f =
[MPH][L] f(M n+) fwL)
where [ML™], [MN*], [L] and f represent the equilibrium molar concentration of
complex, free cation, free ligand, and the activity coefficient of the species in-
dicated, respectively. The activity coefficient of the unchanged ligand, f(.) can be
assumed as unity in diluted solutions. The Debye-Huickel limiting law of 1:1 ele-
ctrolytes leads to activity coefficient in Eq. (2) being canceled. Hence, the com-
plex formation constant in term of molar conductance can be expressed as:
(2 ML (e~ o)
[MM]IL]  (Aobs — AmL)IL]

)

©)

where:
Kf :CL _ CM (AM _AObS) (4)
(Aobs —AvL )
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where, Ap is the molar conductance of the cation before the addition of ligand,
AmL is the molar conductance of the complex, 4gps the molar conductance of the
solution during the titration, c_ the analytical concentration of PHCT added and
¢y the analytical concentration of the cation.

The complex formation constants, Ks, and the molar conductance of com-
plex, ApmL, wWere obtained by computer fitting of Egs. (3) and (4) to the molar
conductance-mole ratio data, using the non-linear least-squares program
KINFIT.29-31 The logarithm of the formation constants (log Ks) of the resulting
1:1 complex between Lu3* and PHCT was calculated as 5.55+0.27. The results
of this experiment showed that stability of the Lu-PHCT complex was higher
than those of the other cations tested (Table I). Thus, PHCT can act as a suitable
ion-carrier for making a L u3* membrane sensor.

TABLE |. Formation constant of the complex between M™ and PHCT

lon K lon K
La* <2 Yb** <2
ce* <2 Lu® 5.55+0.27
Pré* <2 Na' <3
Nd** 2.5+0.22 K* <3
Sm* 2.3+0.34 Mg* <2
Eu** 3.2+0.13 cat 2.7+0.14
Gd* 3.3+0.27 =0 2.9+0.22
TH* <2 Fe® 3.7+0.23
Dy** 3.6+0.31 cu® <2
Ho* <2 cd* <2
Er* <2 Ni% 2.1+0.13
Tm** <2 Co* <2

In next experiment, PHCT was used as a suitable ionophore in construction
of PVC membrane electrode for a number of alkali, akaline earth, transition and
heavy metal ions, to confirm the selectivity of the ionophore. The prepared po-
tential responses of all the membrane sensors were studied in a wide range of
concentrations of different ions. Among the ions tested, the sensor was found to
demonstrate very sensitive responses to Lu3*, which could be regarded as a pro-
mising result that could be exploited for the design and construction of a suitable
sensor for Lu3*,

The effect of the membrane composition

It is well known that sensitivity and selectivity of a given ionophore signi-
ficantly depends on the membrane components, the nature of the solvent medi-
ator and the ionic additive.3>-37 To investigate these effects on the sensor res-
ponse, severa tests were performed and the results are summarized in Table ll.
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TABLE |l. Optimization of the membrane components (dynamic linear range: 1.0x1072—
—1.0x106 mol L1

Composition of the membrane, mass% (PV C content: 30 mass%o) Slope

4
g
5

Plasticizer PHCT NaTPB mV dec’
1 NB, 66 2 2 15.8+0.3
2 AP, 66 2 2 16.1+0.5
3 BA, 66 2 2 16.5+0.2
4 DBP, 66 2 2 18.4+0.3
5 DBP, 67 1 2 14.3+0.6
6 DBP, 65 3 2 19.8+0.3
7 DBP, 67 3 0 11.7+0.4
8 DBP, 66 3 1 13.5+0.5
9 DBP, 64 3 3 18.3+0.2

The initial composition (No. 7, Table I1), prepared based on previous ex-
perience gained on other sensors for similar ions,4-20 of 66 mg of DBP, 30 mg of
PVC powder and 2 mg of the ionophore (in the absence of an ionic additive)
showed a selective response toward Lu3*, but the slope of 11.7+0.4 mV dec? of
the calibration curve showed its low sensitivity which could be caused by the
high ohmic resistance of the membrane, as well as the co-extraction of the cat-
ions in the solutions together with the ions present therein. Hence, in the next
experiments, 1, 2, and even 3 mg of an appropriate ionic additive (NaTPB) was
added to the membrane composition (Nos. 8, 4 and 9, respectively, Table II).
Changes of the slopes from 13.5+0.5 to 18.4+0.3, and finally to 18.3+0.2 mV
dec? resulting from changes in the amount of ionic additive in the membrane,
showed that 2 mg of the ionic additive could be regarded as the optimum amount.

To find the best plasticizer for the membrane, four common plasticizers na-
mely NB, AP, BA, and DBP were used in an amount of 66 mg (Nos. 14, Table
[1). NB showed the lowest response of 15.8+0.3 mV dec1, while AP and BA had
better and rather identical responses of 16.1+0.5 and 16.5+0.2 mV dec1, respec-
tively. The best response was, however, observed in the case of DBP with a
response of 18.4+0.3 mV dec1.

To assess the optimal amount of the ionophore for the membrane compo-
sition, two more compositions were prepared and compared with composition 4.
The results (Nos. 5 and 6, Table 1) showed that decreasing the amount of the
ionophore in the membrane to 1 mg considerably decreased the potential slope.
While increasing the amount up to a value of 3 mg increased the potentia
response to the optimum Nernstian value of 19.8+0.3 mV decl. Hence, this
composition was chosen as the optimum one and used for the further experi-
ments.

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




1300 ALI ZAMANI, REZA GANJALI and FARIDBOD

Calibration and statistical data

The potential response of the electrode with the best composition at varying
concentration of Lu3* was found to display alinear response in the concentration
range of 1.0x106 to 1.0x10-2 mol L—1 Lu3* (Fig. 2). The slope of caibration
graph had the optimum value of 19.8+0.3 mV dec1 and the detection limit of the
sensor, determined from the intersection of the two extrapolated segments of the
calibration graph, was 6.8x10~" mol L-1. The standard deviation of 7 replicate
measurements was calculated as £0.3 mV. The membrane electrode was aso
found to show good results for at least 2 months without any measurable diver-
gence.

120 -
100 -
80

= 4

=60

o

40 A

20 A

a T T T 1

9 7 5 : 1 Fig. 2. Cdlibration curve of the PHCT-based
pLu® lutetium electrode.

pH Effect, response time and selectivity

The pH dependence of the sensor response was tested using a 1.0x10-3 mol
L-1 Lu(NOs)3 solution over the pH range of 1.0-12.0 (the pH was adjusted using
concentrated NaOH or HCI). The results are depicted in Fig. 3, from which it is
clear that the sensor response remained constant in the pH range 2.5-8.7. Outside
this range, the potential drifted towards lower values at higher pH values, pro-
bably due to the formation of some hydroxyl complexes of Lu3* in the solution
and drifted toward negative potentials at lower pH values, indicating that the
membrane sensor responded to protonium ions, as a result of the partial proto-
nation of nitrogen atoms of the ionophore.

The practical response time of the sensor was assessed by recording the
equilibrium time when changing the Lu3* concentration in a series of solutions
(1.0x10-6-1.0x102 mol L-1). The results, summarized in Fig. 4, indicate a short
response time of about 5 s.
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Finally, and most importantly, the potentiometric selectivity coefficients of
the sensor, which are supposed to describe the preference of the PHCT-based
membrane electrode for the target ion in the presence of an interfering ion were
determined through the matched potential method.40-42 According to this me-
thod, the primary ion (A) of a specified activity is added to a reference solution
and the potential is measured. In a separate experiment, interfering ions (B) are
successively added to an identical reference (containing primary ion) solution
until the measured potential matches to that obtained only with the primary ions.
A comparison between the selectivity coefficients of the developed Lu3* sensor
with those of the best previously reported Lu3* electrodes is made in Table 111.3-6
It is clear that the selectivity coefficients of the electrode for all ions were in the
order of 6.2x10-3 or smaller. This means these ions would not significantly
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disturb the response of the Lu3* selective membrane sensor, especialy if their
concentrations were low in the test solution. A comparison made of the detection
range, the response time, the detection limit and the selectivity coefficients of the
sensor with those existing in the literature is evidence enough for the comparative
superiority of the sensor investigated in the present study.

TABLE I11. Comparison of the selectivity coefficient, MPMx10", linearity range, detection
limit and response time of the developed Lu** electrode and previously reported Lu** PVC-
membrane sensors

Element Reference

3 4 5 6 Thiswork
Nd3* 200 0.10 65 - 36
Eud* - 3.0 21 2.0 7.2
Gd3* 63 1.0 47 1.7 6.8
Dy3* 80 1.0 62 80 7.7
Sm3* 25 2.0 85 50 75
Cr3+* - - 8.6 - 57
Fe3t - - 10 - 22
Pb2* 7.9 0.20 - 1.0 62
Ni2+ - - - - 2.7
Co?* - - - - 5.9
Ca?* 1.6 1.0 - 8.0 1.8
Nat 32 25 8.7 25 6.3
K* 6.3 8.0 21 9.0 8.4
Response time, s <10 ~5 <10 =5 =5
Linearity range, 1.0x16-  1.0x16-010 1.0x1%  1.0x16-010 1.0x1°6-
mol L* 1.0x102 1.0x12 1.0x102

Limit of detection, 8.0x 107 6.3x 107 7.2x 107 6.0x 107 6.8x 107
mol L*
pH Range 458.0 375 2.7-10.6 4-9 2.5-8.7

Analytical accuracy

The electrode was found to function well under laboratory conditions and the
sensor was used as an indicator electrode in the titration of a 1.0x10~4 mol L1
lutetium ion solution with a standard 1.0x10~2 mol/L EDTA solution. The re-
sulting titration curve is shown in Fig. 5, which indicates that the sensor was
capable of monitoring the amounts of lutetium ions in such measurements.

The proposed sensor was also applied to Lu3* determination in a certified
reference material (CRM), called coal and fuel ash (FFA 1 fly ash). According to
Table 1V, where the CRM analysis is summarized, the Lu3* concentration was
0.658 mg kg—1. Employing the calibration method a Lu3* concentration value of
0.669+0.5 mg kg1 was obtained.

These experimental data reveal that the proposed electrode performed a
trustworthy detection of Lu3*, despite the presence of other rare earth elements.
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Fig. 5. Potential titration curve of
25.0 mL of a1.0x104 mol L1 Lu3*
solution with a 1.0x102 mol L1
Vepra/mL solution of EDTA.
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TABLE IV. Results (certified values in mg kg™) from the coal and fuel ash analysis (FFA 1
fly ash)

Element Value Element Vaue
Al 14.87 Hf 6.09
As 53.6 La 60.7
Ba 835 Li 128
Ce 120 Lu 0.658
Co 39.8 Mn 1066
Ca 156 Na 2.19
Cs 48.2 Nd 56.8
Cu 158 Ni 99.0
Dy 9.09 P 725
Er 452 Pb 369
Eu 2.39 Rb 185
F 198 Sh 17.6
Fe 4.89 Sc 24.2
Gd 10.0 S 22.48
Sm 10.9 Sr 250
Ta 211 Tb 1.38
Th 29.4 Tm 0.705
U 15.1 \ 260
W 105 Y 45
Yb 4.24 Zn 569
CONCLUSIONS

Based on the results obtained in this paper, (2-oxo-1,2-diphenylethylidene)-
-N-phenylhydrazinecarbothioamide (PHCT) can be used as an excellent electro-
active carrier to prepare Lu3* ISEs with excellent electrode characteristics, such
as the wide dynamic linear concentration range of 1.0x106-1.0x102 mol L1, a
fast response time of about 5 s, awide applicable pH range of 2.5-8.7, sensitivity
and selectivity with a number of commonly occurring interfering ions. The ana
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lysis of acertified reference material showed the accuracy of the sensor for appli-
cation in real samples.
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U3BO/I

CEH30P 3A JIVTELIMIYM HA BA3U (2-OKCO-1,2- TN®EHWUIIETUJINEH)-N-
-OEHUIXUJPASVHKAPBOTUOAMUJA Y PVC MATPULIN

HASSAN ALI ZAMANI, MOHAMMAD REZA GANJALI? 1 FARNOUSH FARIDBOD®

1Department of Applied Chemistry, Quchan branch, Islamic Azad University, Quchan, 2Center of Excellencein
Electrochemistry, Faculty of Chemistry, University of Tehran, Tehran u 3Endocrinology and Metabolism
Research Center, Tehran University of Medical Sciences, Tehran, Iran

Ha ocHOBY paHHjer HCKyKCTBa y AM3ajHY M KOHCTPYKLHWjU CEH30pa 3a jOHE MeTana, MoceOHO
OHHX BHCOKE OCET/BHBOCTH 3a JIAHTAHOWJE, HAampaBibeH je censop 3a Ludt ma Gasu (2-oxco-1,2-
nudpenmnernnuieH)-N-pennnxuapasuakapoorrnoamun (PHCT) y PVC marpuny, Koju je mokasao
Hepucros Haru6 ox 19,8+0,3 mV dexL. TTokazano je 1a censop paau 106po y orcery KOHIEHTpa-
nuja Lu3* on 1,0><1O‘2 o l,O><lO'6 mol LY u na My je TpaHuIla OCETJBHBOCTU 6,8><10‘7 mol L1,
CeJIeKTHBHOCT CEH30pa MpeMa MHOTUM YOOHYajeHHM allKajJHUM, 3eMHOAIKAIHUM, NpEIa3HuM H
TEIIKAM METalnuMa, a MoceOHO MpeMa jOHUMa JIAHTAaHOHUIA je BeoMa 100pa U MOXe ce yrmoTpeOsba-
Batu y omcery pH 2,5-8,7. Ca nepuonom ynorpebe o1 HajMame 2 Mecela U KPaTKUM BPEMEHOM
0/13UBa 01l ~5 S, CeH30p je yclemHo KopuiheH Kao MHAMKATPOCKA eNEeKTPOsa Y MOTEHLMOMET-
pujckoj Turpammju Lud*,

(TMpumsbeno 26. aBrycra, pesuaupato 18. HosemGpa 2010)
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Abstract: This study examined the possible correlation between the degree of con-
version (DC) and the amount of substances eluted from three commercial cured
resin-based cements. The DC of the various resin-based cements was measured by
Raman spectroscopy, while the quantity of unreacted monomers released from the
cement matrix (triethylene glycol dimethacrylate, TEGDMA, urethane dimetha
crylate, UDMA, 2-hydroxyethyl methacrylate, HEMA and bisphenol A) was deter-
mined by high pressure liquid chromatography (HPLC). The obtained results, after
multiple statistical evaluation (one way ANOVA, LSD post hoc test), showed no
significant differences in the DC values between the resin cements. On the contrary,
the results of the HPLC analysis depicted statistically significant differences be-
tween the three materials with respect to the amount of leached monomers. In ad-
dition, no correlation between the DC and the amount of eluted substances from the
tested cured composite cements was found.

Keywords: dental resin-based cement; degree of conversion; eluted monomer.

INTRODUCTION

Contemporary prosthodontics promotes new all-ceramic systems and diffe-
rent resin-based luting cements. Adhesive composite cements belong to a rela-
tively small but specific group of dental composite materials. They are highly
responsible for the final appearance and functional capacity of cemented ceramic
crowns in the mouth environment.1.2

Although, the composition of luting resin-based dental composites is basi-
cally identical to other composite materials (filling composite and core build-up
materials), there are some differences. Resin-based cements must provide the

* Corresponding author. E-mail: gal atea@eunet.rs
# Serbian Chemical Society member.
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practitioners with optimum handling features. Therefore they have modified rheo-
logical properties (higher flow capacity and lower viscosity) resulting from a
reduced filler content (fine particle hybrid type). In addition, the different poly-
merization initiation system of resin cements is responsible for the participation
of additional components: chemical polymerization or/and light-curing initiators.
Newer self-adhesive resin cements contain acidic monomers with several metha-
crylate and phosphate groups.3

The setting of resin-based cements belongs to a radical-chain type of poly-
merization. Most frequently, a material sets through the light or chemical ini-
tiated polymerization of matrix monomers by the opening of double bonds at both
methacrylate residues of the monomers and the resulting cross-linking process.
Ideally, dental resins would have all their monomers converted to polymer during
the polymerization process. However, al dimethacrylate monomers exhibit re-
sidual unsaturation in the final product, mainly in the form of pendant metha-
crylate groups, due to steric hindrance.4> The percentage of reacted C=C bonds
is defined as the degree of conversion (DC). This value, which varies between 35
and 77 % (88 %) among different composite materials, affects many properties
including mechanical features, solubility, dimensional stability and biocompati-
bility of resin-based materials.58 The degree of conversion may be assessed di-
rectly or indirectly. Micro-Raman spectroscopy and Fourier transform infrared
micromultiple internal reflectance spectroscopy (FT-IR) are the available direct
methods frequently used for measuring the DC values of the composites. Infrared
spectroscopy is the most sensitive as it detects the C=C stretching vibrations di-
rectly before and after curing of the material, but it is a time consuming and costly
method.® On the other hand, FT-Raman spectroscopy is a nondestructive tech-
nique which provides for investigation of samples of any thickness and geometry.
Physical property test such as hardness, flexura strength and modulus of elas-
ticity are indirect methods used to evaluate the conversion of double bonds in a
composite.%-11

The elutable residual monomer content must be differentiated from the de-
gree of conversion. Residual monomers are those components that are released
from the resin into various media. The results concerning the correlation between
DC and eluted residual monomers in water are strongly controversial.812 Appro-
ximately, one tenth of the non-reacted methacrylate groups exist as residual mo-
nomers,8 or 0.2—3 mass% is the measured elution of monomer from the polymer
matrix of various resin composites.13.14 The main analytical methods used for the
determination of substances eluted from cured composite materials are gas chro-
matography (GC) and high performance liquid chromatography (HPLC). If ne-
cessary, they are combined with mass spectroscopy (MS), whereby different
forms and masses of the eluted species can be identified.15-17
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The present study was performed as a part of a comprehensive investigation
of the biocompatibility of dental resin luting composites. The biological charac-
teristics of the resin-based cements were not investigated as much as the pro-
perties of the filling composites or dental adhesives (similar materials with dif-
ferent applications and purposes). Literature data very rarely revea the correla-
tion between the quantity of eluted substances and the degree polymerization of
composite cements. This correlation significantly influences the clinical success
of cementation procedures, because cement hardens through prosthetic restora-
tions. Therefore, the aim of this study was to determine the correlation between
the degree of conversion and quantity of leachable monomers of three commer-
cial resin-based cements.

EXPERIMENTAL

The three different cure dental resin-based cements included in the study are presented in
Table I. They differ from each other with respect to the resin matrix and the filler loading
(Table 1). Their compositions, according to the manufactures, are not available in detail, due
to the rights of the manufacturers to keep the composition a secret.

TABLE |. Resin-based cements tested in this study

Filler content, Size of filler
mass% particles, um
Panavia Kuraray White 78 0.01-35 BisGMA? TEGDMA”,
F2 Medical Avg. 0.5 MDF, quartz glass, barium
glass, silanated silica,
silanated colloidal silica
Variolink  Ivoclar,  Transparent 71.2 0.04-3.0 BisGMA, UDMAY,
2 Vivadent Avg.0.7  TEGDMA silica, barium
glass, ytterbium trifluoride,
Ba-Al-fluorosilicate glass

Brand  Manufacturer  Shade Chemica composition

Nexus2 KerrCorp. White 68 0.02-2.8 BissGMA, TEGDMA,
Avg. 0.6 UDMA, Ba-Al-borosilicate
glass, SIO,

®Bisphenol A—glycidyl dimethacrylate; btriethylene glycol dimethacrylate; “10-methacryloyloxydecyl dihydro-
gen phosphate; Yurethane dimethacrylate

Specimen preparation

Ten specimens of each material were prepared in accordance with the manufacturer’s
instructions and divided into two groups with five specimens in each group.

After carefully mixing, to minimize the inclusion of air, the resin-based cements were
placed into a stainless steel ring mould (thickness, 1 mm, diameter, 8 mm) positioned on a
glass slide. Subsequently, a second glass slide and a sheet of polyester film (ION Brand, extra
thin, 3M Co., St. Paul, MN, USA) were positioned on the top of mould in order to press the
excess material over the brim of the mould and to avoid the contact with oxygen, which is an
inhibitor of polymerization. A common practice under clinical conditions is the removal of
surfaces which are in contact with air by grinding. The same effect was achieved by covering
the surfaces with a polyester film.
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The specimens were irradiated with an external halogen light-curing unit (Megal ux soft-
-start, Mega Physik Dental) in five overlapping sections for 20 s at an intensity of 676 mW m2,
emission spectrum 390490 nm. The diameter of the light tip was 8 mm. The glass dide was
removed after the initial twenty second of light activation. Remaining light activation was
delivered through a sheet of polyester film to eliminate the potential attenuation of the light
intensity through the glass slide. The hard set specimens were released from the mould.

One group of specimens was DC tested immediately after specimen preparation. The
other groups of specimens were immersed immediately after polymerization in 3 mL of de-
ionized water maintained at 37 °C. The specimens were removed from the water after 24 h
and extracts (0.5 mL) were analyzed for the qualitative and quantitative determination of the
eluted monomers.

Degree of conversion analysis

The DC of the test materials was measured by Raman spectroscopy using a 670 FT-IR
FT-Raman spectrometer (Nicolet, USA). The excitation source in the FT-Raman module was
an Nd-YAG laser. This emits continuous wave length of 1054 nm (9398 cml) and has a
maximum power level of approximately 1.5 W at the sample. An air-cooled GaAs detector
was installed in the FT-Raman module. An XT—KBr beam splitter was used. The employed
sample configuration was 180 °C reflective with fully motorized sample position adjustment,
with an NMR-tube sample holder. All the FT-Raman spectra were collected in the spectral
range from 3701 to 98 cmr! and 46 scans. The laser power was 0.7 W.

The DC of the dental resin cements was determined by comparison of the ratio (R)
between the reacted aliphatic C=C bonds and the unreacted aromatic C=C bonds before and
after curing. The aiphatic and aromatic C=C bonds have characteristic Raman scattering
peaks located at 1638 and 1610 cml, respectively, as well as infrared absorption peaks but
with higher intensities. The peak height (H) and the underlying area (A) were calculated for
each peak, using a standard baseline technique. The ratio (R) was determined twice using the
mean of the peaks heights and areas to obtain reliable results. The percentage DC for each
specimen was calcul ated using the following equation:

DC% = 100(1 - Rpolym/ Runpolym)

where R represents peak height at 1640 cv? divided by peak height at 1610 cnrl,
Monomer |leaching and HPLC

The unreacted monomers released from the matrix were determined by HPLC.
Chemicals

All solvents and chemicals used were of analytical grade. The dimethacrylate monomers
used were triethylene glycol dimethacrylate, TEGDMA (Sigma-Aldrich, Germany), urethane
dimethacrylate, UDMA (Sigma-Aldrich, USA), bisphenol A glycidyl methacrylate, bisGMA
(Sigma-Aldrich, USA), 2-hydroxyethyl methacrylate, HEMA, (Sigma-Aldrich, USA) and bis-
phenol A (Sigma-Aldrich, USA).
Equipment and chromatographic conditions

Quantitative analysis was performed on a Surveryor HPLC system (Thermo, USA)
consisting of a solvent delivery module, an auto sampler and a photodiode arrey (PDA) de-
tector. The separation column was reverse-phase Zorbax Eclipse® XDB-C18 (Agilent Tech-
nologies, USA), 4.6x75 mm? i.d. and 3.5 um particle size. Before the separation column, a

pre-column was ingtalled; 4.6x12.5 mm? i.d. and 5 pm particle size (Agilent Technologies,
USA). The mobile phase consisted of water (A) and acetonitrile (B). The gradient changed as
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follows: 0 min, B 20 %; 15 min, B 70 %; 17 min, B 70 %; 20 min, B 100 %. The initial con-
ditions were re-established and held for 9 min to ensure minimal carry-over between injec-
tions. The flow rate was 0.5 mL min' and the injector volume was 10 pL. UV detection was
performed at 205 and 275 nm simultaneously. The components were identified by comparing
the elution time with that of reference compounds and by their UV spectra. Simultaneoudly,
additional conformation for TEGDMA, UDMA and Bis-GMA was performed using a quad-
ruple ion trap mass selective detector (LCQ Advantage Thermo, USA). Samples were ana-
lyzed using the electrospray ionization technique in the positive mode. The optimal source
working parameters for monitoring al ions were as follows: source voltage (4.5 kV), sheath
gas (25 au.), auxiliary gas (4 au.) and capillary temperature (220 °C). Detection of the
analytes was based on the isolation of the ammonia adduct [M+NH,4]*, for TEGDMA and bis-
-GMA and the sodium adduct [M+Na]* for UDMA.. Subsequent MS? and M S? fragmentations
of the isolated ions were performed using the parameters listed in Table I1. Selected reaction
monitoring (SRM) or consecutive reaction modes (CRM) were used for identification of all
the mentioned monomers.

TABLE Il. Cdlibration eguations, regression correlation coefficients and retention times for
the reference compounds at 205 nm

Analyte Regression equation R Retention time, min
HEMA Y = 167028x + 205716 0.9918 4.05
Bisphenol A Y = 244316x + 11111 0.9997 13.48
TEGDMA Y =274101x + 12000 0.9983 15.18

Y* = 159927x + 2000000 0.9992
UDMA Y= 79274x + 12473 0.9992 18.58
BissGMA Y = 174038x + 67260 0.9992 20.10

Calibration equation for the concentration range from 20 to 50 ug mL?t

Calibration procedure

Stock solutions of reference standards (100 ug mL™1) were prepared in methanol. These
solutions were stored at 4 °C. Working standards of the analytes were obtained by dilution
with methanol to final concentrations at 0.5, 1.0, 5.0, 10.0 and 20.0 ug mL-1. For TEGDMA
and HEMA, working standards at 30.0 and 50.0 pg mL-1 were also made. Calibration plots
were produced using the standard solutions described above. Calibration curves were obtained
by plotting the peak area vs. concentration using linear regression analysis.

Optimization of the HPLC and HPLC/MS analysis

Detection and quantification was performed at a wavelength of 205 nm for all the ana-
lytes because they exhibit significant absorption. The second wavelength of 275 nm for bis-
-GMA and bisphenol A detection was used based on their UV spectra. The linearity of the
analytes response was established with five concentration levels. The eguations obtained, as
well as the retention times for reference compounds are also reported in the Table 1.

For additional confirmation purposes, the HPLC/MS method was aso optimized. In a
search for the most appropriate conditions to optimize the mass spectrometric system for
analysis, different ionization techniques were examined. The responses of analytes using
atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI) were com-
pared. Tuning of the instrument, with both ionization techniques, was performed for each
tested compound using standard solution prepared at 10 ug mi-L. All standard solutions were
infused with the syringe pump at 5 pl min® to the mobile phase consisting of 50/50, aceto-
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nitrile/water at a flow rate of 0.5 ml minL. Identification of the characteristic ions as well as
the choice of the ionization mode for each analyte were performed in the full scan mode by
recording mass spectra from m/z 60 to 700 in both the positive and negative mode. For HEMA
and bisphenol A, it was not possible to obtain reliable MS spectra with either of ionization
sources. The most abundant ions for the remaining three analytes were: ammonia adducts for
TEGDMA and bissGMA and the sodium adduct for UDMA. The response using the ES|
technique was 10 times higher than that using the APCI technique. Positive ESI mode was
chosen for further analysis.

Furthermore, for TEGDMA, UDMA and biss=GMA, optimization of the isolation width
of the chosen parent ion, selection of the optimal collision energy and identification of the
most abundant daughter ion were performed in the selected reaction and consecutive reaction
modes. The optimized parameters for MS acquisition are given in Table I11. The linearity of
calibration curves was rather poor, suggesting that MS analysis could not be used for quanti-
fication purposes but rather as an additional identification tool for TEDMA, UDMA and bis-
-GMA. Sample analyses were performed using the same chromatographic conditions as for
the standards.

TABLE IIl. Optimized MS, MS? and MS?® parameters for TEDMA, UDMA and bis-GMA
identification

Isolation Collision M2 Isolation Collision M S

Analyte MS width energy width  energy
TEGDMA  303.9[M+NH,]* 2.0 25 286.7 20 - -
303.9 [M+NH,]* 2.0 25 286.7 3.0 20 1130
UDMA 493.2 [M+Na]* 1.0 42 407.1 1.0 - -
493.2 [M+Na]* 1.0 42 449.6 1.0 - -
BisGMA 512.8 [M+NH,]" 20 25 512.8 20 - -
512.8 [M+NH,]" 2.0 25 494.7 20 - -

Satistical analysis
The data were expressed as mean values with standard deviations. Differences in the
continuous variables between the materials (Panavia F2, Variolink 2, Nexus 2) were compared
with the parametric one way ANOV A with the LSD post hoc test for multiple comparisons.
Correlation (measured as a correlation coefficient, r) indicates the strength and direction
of a linear relationship between two random variables. Differences were considered signi-
ficant at p < 0.05 level.

RESULTS
Degree of conversion analysis

Typical FT-Raman spectra recorded for the resin cements are shown in Figs.
1 and 2. The spectra reveal s a scattering Raman peak at 1638 cm—! corresponding
to the reacting aliphatic C=C stretching of the vinyl group in the acrylates and
methacrylates. The scattering peak at 1610 cmL, arising from unreacted aromatic
rings in the bissGMA molecule, is commonly used as an internal reference for
precise quantitative analysis.1 For more reliable data, the ratio of the peaks 1638
to 1610 cm® (R) was calculated twice, using the means of peaks height and
peaks area.
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Fig. 1. Typical FT-Raman spectrum of the cured resin cement Variolink 2.
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Fig. 2. Magnified section from the FT-Raman spectrum of the cured resin cement Variolink 2.

According to the results of statistical analysis, Variolink 2 showed the high-
est degree of conversion, whereas Panavia F2 showed the lowest (Table V). The
ANOVA reveded no significant differences in the DC between the tested luting
resin cements (F = 1.925; p > 0.05).

Monomer leaching and HPLC

Concentrations of detected monomers are presented in Table V (means and
standard deviation). There was a statisticaly significant difference between the
three materials with respect to the amount of leached monomers (p < 0.001)
(Table VI).
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TABLE V. Percentage degree of conversion of the materials included in the study (n = 5)
with standard deviation in parentheses (the means were not significantly different at the p =
=0.05level)

Material Degree of conversion, %
Panavia F2 66.84 (3.41)
Variolink 2 71.16 (3.73)
Nexus 2 68.46 (3.39)

TABLE V. The monomer concentrations in ug mL1 eluted from the tested materialsin 24 h
with the standard deviations in parentheses (the means were significantly different at the p =
=0.05level)

Material
Monomer released Panavia F2 Variolink 2 Nexus 2
HEMA 0.82(0.32) 0.42 (0.18) 27.20 (1.54)
Bisphenol A 7.24 (0.65) 0.05 (0.34) 1.22(0.26)
TEGDMA 1.73 (0.63) 30.92 (2.00) 42.90 (0.88)
UDMA - 1.13(0.33) 0.96 (0.43)

TABLE VI. Correlation values between degree of conversion (DC / %) and monomer
leaching

Materia R Significance, p
HEMA 0.103 0.714
Bisphenol A 0.430 0.110
TEGDMA 0.278 0.315
UDMA 0.201 0.473

The released monomers which were detected in the sample Panavia F2, were
HEMA, bisphenol A and TEGDMA, while UDMA and bissGMA were not de-
tected. The highest concentration found was for Bis phenol A, the MS identifi-
cation of which was not possible, but the UV spectrum of bisphenol A is quite
characteristic, allowing the identification of bisphenol A with a high degree of
certainty. The chromatogram for the Panavia F2 sampleis shown in Fig. 3.

In samples Nexus 2 and Variolink 2, the released monomers HEMA, bisphe-
nol A, TEGDMA and UDMA were detected. In both samples, the highest con-
centrations found were for TEGDMA. Confirmation of TEGDMA and UDMA
presences/absence for both samples was achieved with MS analysis. The chroma-
togram for sample Variolink 2 is presented in Fig. 4.

In sample Nexus 2, besides TEGDMA, HEMA was aso found at a high con-
centration. Confirmation of identity for HEMA was based only on the retention
time and UV spectra. The chromatogram obtained for the Nexus 2 sample is pre-
sented in Fig. 5. BissGMA was not detected either by UV or MS analysisin any
of the examined samples under the employed experimental conditions.
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Fig. 3. Chromatogram obtained for Panavia F2 sample at 205 nm.

Obtained results indicate that the percentage of conversion is a rather poor
predictor for monomer leaching, as Fig. 6 illustrates.

DISCUSSION

The materials used in the present study were chosen for their differencesin
particle size, and types and weight fractions of filler additives. It is known that
the transmission of the curing light is determined by the material and by the size
of the filler particles. Different filler particles have different refractive indexes,
causing different transmission properties of the composites with respective to
wavelength. This fact is probably responsible for the differences in the DC of the
tested resin-based cements and may lead to different releasing rates of unreacted
toxic components.

It is hard to obtain the exact composition of the materials because the manu-
facturers guard them as company secrets.

The degree of polymerization is one of the important factors which affect the
clinical performance of resin cements. Among the methods which determine the
degree of conversion (DC) of resin materials, Raman spectroscopy has mostly
been used. This method relies on the scattering of the IR signal at the surface of a
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material with the primary advantage that thick specimens can be analyzed simply
in transmission.18

TEGDMA
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Fig. 4. Chromatogram obtained for the Variolink 2 sample.

The required periods after specimen preparation before Raman spectroscopic
analysis are not well established. The periods reported can range from imme-
diately after specimen preparation to up to some days after. It can be assumed
that luting restoration will be immediately subject to moisture in the mouth. For
this reason, in this study, the specimens were DC tested immediately after spe-
cimen preparation.

The polymerization of resin-based cements depends on severa factors: the
polymer matrix, the filler particles, coupling between filler and matrix, the type
and intensity of the light source, the distance from the curing tip and duration of
exposure. In the present study, the type and intensity of the light source, the dis-
tance from the curing tip and duration of exposure were kept constant.

The DC values for the resin-based cements tested in this study were higher
than for composite restorative materials, which typically range from 50 to 60
%.19.20 This finding may be due to the low initial viscosities of the cements com-
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pared with those composite restorative materials. The lower viscosity would al-
low for greater diffusion of free radicals in the polymerization process and for a
higher conversion potential .21
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Fig. 5. Chromatogram obtained for the Nexus 2 sample at 205 nm.

However, little has been published about the polymerization of resin-based
cements. The results of the present study, mostly agree with those in the litera-
ture.22-24

In the present study, Variolink 2 showed the highest degree of conversion.
This may be due to the content of urethane dimethacrylate (UEDMA), which is
known to be a more flexible molecule than Bis GMA because of its urethane
linkages. It also has a lower viscosity, which facilitates the migration of free
radicals. It is well known that degree of conversion of methacrylate monomers
depends on the nature of the polymerizing monomers, more flexible monomer
molecules increase the conversion.z

However, Nexus 2, with similar chemical composition and filler loading
showed a lower degree of conversion than Variolink 2. The general difference
between resin-based cementsis very difficult to deduce from existing in vitro stu-
dies because the materias differ in many aspects. A conversion decrease can be
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considered from factors that impair the mobility of the reactants. The limited
conversion found in many network polymers is due to restricted mobility of the
radical chain ends, pendant methacrylate groups and monomer at high cross-link
densities.26
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Fig. 6. Monomer leached out as a function of conversion.

On the other hand, Panavia F2 showed the lowest degree of conversion of
the studied materials. Furthermore, the relatively higher filler loading of Panavia
F2 might contribute to the low DC obtained in this study. Incorporation of filler
into polymerizable resins was shown to also decrease molecular mobility within
the boundary regions extending from the interface of the filler.27

The analytical HPL C method used in this study was able to detect monomers
that leach out from the investigated resin-based cements (within the limits of the
detection system). In this study, the elution of HEMA, bisphenol A, TEGDMA,
UDMA and bissGMA from Panavia F2, Nexus 2 and Variolink 2 into water was
followed.
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The results showed that bisphenol A was eluted from Panavia F2 in a higher
amount than from Nexus 2 and Variolink 2 (p < 0.001). Bisphenol A is not an
original component of dental composites but a contaminant which could aways
be expected in resin-based materials containing bis-GMA .28 Several researchers
have studied whether bisphenol A leaches from cured dental restorative or resin-
-based cements. Many investigations indicated the presence of the residua bis-
phenol A in some dental products based on bissGMA .28-31 However, in some
studies bisphenol A was not detected.14 The lack of detection of bisphenol A in
this and similar studies may be due to several reasons. the concentration of BPA
was too low to be detected, the detection method was not suitable, or the tested
products were not contaminated with residual BPA.

It is possible that the number of polymerized bisGMA monomers were
smaller in Panavia F2 (compared to the other two cements) and some of them
were degraded to bisphenol A (bissGMA monomer precursor), which was detec-
ted.14 BissGMA was not found as an eluted substance from any of the tested ce-
ments, mostly due to its low solubility in water. Biss=GMA is soluble only in alka-
line or acidic aqueous solutions under vigorous conditions, when hydrolysis oc-
curs (100 °C).15 This process results in the formation of the individual compo-
nents, i.e., bisphenol A, methacrylic acid and glycerol. The fact that this experi-
ment was performed under ambient conditions and in water leads to the logical
conclusion that the bisphenol A in Panavia F2 could be rather an impurity not a
degradation product of bissGMA. Hence, in the case of Panavia F2, the possible
explanation for the found concentration of bisphenol A was probably the poor
quality of bisGMA. Bisphenol A exhibits estrogenicity, acts as a steroid hor-
mone and bonds to hormone binding sites. Hence, the biocompatibility of Pana-
via F2 may be questionable and critical, especialy if it is used for the cemen-
tation of long span fixed restorations and orthodontic appliances.32-34

Small, mobile resin monomers, such as TEGDMA, were primarily eluted
from Nexus 2 and Variolink 2 in higher quantity compared to Panavia F2 (p <
< 0.001). Due to the low viscosity, relatively high hydrophilicity as well as good
water solubility, TEGDMA was always found to leach from polymerized compo-
site, even into agueous solution.3®> TEGDMA elution depends on the mode of
polymerization (an oxygen inhibition layer increases the elution); it easily hydro-
lyzes at low pH to methacrylic acid, which would be detect as a reaction pro-
duct.14

There are reports which illustrate higher water uptake in composite materials
with low filler contents (resin cements are such) compared with materials with a
higher filler content. The results of the present study, which are in line with these
reports, showed a greater TEGDMA elution from Nexus 2 and Variolink 2, the
cements with lower initial filler contents compared to Panavia F2 luting re-

Available online at www.shd.org.rs/JSCS/

2011 Copyright (CC) SCS




1320 OBRADOVIC-DJURICIC et al.

sin.14.36,37 This leads to the conclusion that the elution mechanism is complex
and cannot be explained only by the absorption process.

Concerning the clinical significance of eluted TEGDMA, it is clear that it
may be released either through dentin tubules into pulp, or through the surface of
a restoration into the oral cavity (mostly TEGDMA from the filling materials).
For the first pathway of release, dentin adhesives may be the prime issue of con-
cern, since these materials consist of monomers that are more hydrophilic than
monomers typically contained in resin composites. Recent results showed that
release of TEGDMA through dentine was 60 % of the direct release; therefore
dentin appears to exert its protective effects principally by retarding or “damp-
ing” theinitial high release of TEGDMA to a substantial degree.38

The second pathway of release enables components to be eluted into salivary
fluids and brought into contact with mucosal tissues. Depending on the level of
irradiation and curing duration, this could play a significant role in the elution
action.39.7

In addition, there are results of the synthesis of a reliable chemical inhibitor
(CI) which can prevent the adverse effects mediated by TEGMA, HEMA and
bleaching agents (cells death inhibition, increasing cell viability and function).40

The elution of HEMA (2-hydroxyethyl methacrylate) was the highest from
Nexus 2 compared to the other two tested cements (p < 0.001). It is known that
HEMA mediates apoptotic cell death by inducing changes in the cell-surface
composition and by activating many critical genes to apoptosis these, in turn,
activate endonucleases that cause DNA fragmentation. Additionaly, HEMA
seems to be a more potent inhibitor of cellular function than TEGDMA .41

Urethane acrylates monomer UEDMA was released in small quantities from
Nexus 2 and Variolink 2 due to its “hydrophobic” nature and dimensions (bulky
and large substance). The main role of UDMA in resin composite materialsis to
improve their resistance to wear and to reduce water absorption. However, it
must be emphasized that particular base monomer, such as UDMA, are more to-
xic in genera when tested individually, compared with TEGDMA co-monomer.
However, the elution rate of UDMA was low and only trace amounts leach out
into the aqueous media. Some results suggested synergistic cytotoxic effects of
TEGDMA and UDMA in combination, while other studies confirmed UDMA as
a sensitizing agent.#2 The total replacement of TEGDMA by UEDMA in aresin
composition would change the mechanical properties significantly, leading to a
decrease in the elasticity modulus, and in the flexure and tensile strength. Thisis
associated with the capacity of urethane acrylate resins to form hydrogen—ionic
links with copolymers and thus restrict the mobility of the polymers.43:44

The present study shows that it is not possible to predict the elution of mo-
nomers based on the manufacture’ s declaration. A comparison of the composites
investigated showed that, although several compounds were extractable from
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each material, the quantities differed between the resin cements, even when they
had a similar DC. The water extracts of resin cement Nexus 2, especidly, re-
vealed a considerable concentration of both TEGDMA and HEMA, but a minor
concentration of UDMA. In contrast to Nexsus 2, cement Panavia F2 revealed a
considerable concentration of bisphenol A, with minor concentrations of HEMA
and TEGDMA found. Only, the elution from Variolink 2 was to some extent as
expected according to the declared composition. The detected concentration of
bisphenol A was negligibly low and concentrations of both HEMA and UDMA
were minor. The only eluted monomer found in a considerably high concen-
tration was TEGDMA.

For the particular resin system or composite, the percentage elution can be
correlated with the degree of conversion. However, due to differences in mono-
mer composition, type and concentration of adhesive promoters, and the cross-
-link density of polymer networks, it is not possible to predict accurately the elu-
tion for different composites based on their relative degree of conversion.” The
results in this study are in line with these statements, showing no correlation
between the DC and the percent of monomers eluted from resin-based composite
cements. The great importance of composite cementsin every day practice actua-
lizes the existence of controversial opinions in the literature (inverse correlation
between the DC and the percent elution), confirming that this subject will still be
atopic of interest in the future.12:45

CONCLUSIONS

Within the limitation of the current study, it can be concluded that resin-
-based cements may show different DC depending on their composition, but
without significant differences. All the tested luting resin cements resulted in ac-
ceptable levels of the degree of conversion with the same polymerization condi-
tions. These results cannot be unreservedly extrapolated across other brands of
related materials because of the possibility of minor changes in chemistry and the
polymerization conditions causing significantly different responses. It can also be
assumed that quantity of eluted monomers from composite cements depends on
various factors (the composition and solubility parameters of the solvent-tested
media, condition used for light curing, size and chemical characteristics of leach-
able substances). This research did not confirm a direct correlation between the
degree of conversion and elution of monomers among the different commercial
resin-based cements.
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U3BOA

KOPEJIAIIMJA CTEIIEHA KOHBEP3UJE 1 KOJIMYMHE OCJIOBOBEHUX CYIICTAHIIN
N3 JEHTAJIHUX KOMIIO3UTHUX HEMEHATA

KOCOBKA OBPAJIOBUR-BYPUUMR', BECHA MEJIURY, MAPUHA PAJIUILIH? u MAJIA JIAVIIEBUR?

TKaunura 3a citiomaitionowky tpoiteitiuxy, Citiomaitiorowku axyaitieit, YHusep3auitieiti y beozpaody, Pankeosa 4,
_ 2 _ _ . _ _
11000 Beozpao u “Kaitieopa 3a anaauitiuuky xemujy, Texnoaowko—meiiarypuiku gpaxyaitieit,
Ynusepsuitiei y Beozpaoy, Kapuezujesa 4, 11120 Beozpao

Pax ucrpaxyje moryhy xopenauujy crenena kousepsuje (DC) u konmumbe ocioGohennx
MOHOMEPHHUX CYICTaHLH M3 TPH KOMEpLHMjalHa Iperapara KOMIIO3UTHHX JCHTAIHHMX IIEMCHATa.
CrerneH KOHBEp3Hje KOMIIO3UTHHX IieMeHaTa onpeljeH je MerooM PamaH CleKTpOCKOMHje, JO0K je
KOJIMYMHA HEU3PEaroBallMx M ocio0oheHnX MOHOMEpA M3 IIEMEHTHOI MaTpHKCa JETEKTOBAHA IMO-
mohy HPLC mertoze. Pesynraru 100MjeHr HAKOH BHIIIECTPYKE CTATUCTHYKE eBaiyanuje (one way
ANOVA, LSD past hoc test) e moka3syjy 3Ha4ajue pasiuKe y CTENECHY KOHBEP3HjE Pa3IHYUTHX
npernapara KOMIO3UTHUX IieMeHata. Hacympot Tome, pesynratn HPLC ananuse Genexe 3Ha4yajHE
pasiuKe y KOJMYMHHA M BPCTH MOHOMEPHHX CYICTaHIHM OTIYLITCHHX W3 KOMIIO3UTHHX lEMEHATa.
Takohe, cTaTUCTHYKA aHAIIM3a y OKBHPY OBE CTY/Hje HUje HOKa3alia KOpeJalujy CTeleHa KOHBep-
3Wje MCIIMTHBAHMX KOMIIO3MTHHUX JICHTATHHX [[EMEHATA U KOJMYHMHE OCIOOOhEHUX CYNCTaHIM H3
OBHX MaTepujaia.

(IIpumsseno 10. jyna 2010, peBumupano 20. pebpyapa 2011)
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Abstract: The stability of metal-humate complexes is an important factor deter-
mining and predicting speciation, mobility and bioavailability of heavy metals in
the environment. A comparative investigation of the complexation of Cu(ll) and
Pb(I1) with humic acid and humic-like ligands, such as benzoic and sdicylic acid,
was performed. The analysis was realized at pH 4.0, a temperature of 25 °C and at
an ionic strength of 0.01 mol dm3 (NaCl) using the Schubert ion-exchange method
and its modified form. The stability constants were calculated from the experi-
mental data by the Schubert method for complexes with benzoic and humic acid. A
modified Schubert method was used for the determination of the stability constants
of the complexes with salicylic acid. It was found that Cu(ll) and Pb(Il) form mo-
nonuclear complexes with benzoic and humic acid while with salicylic acid both
metals form polynuclear complexes. The results indicate that Pb(I1) has a higher
binding ability than Cu(ll) to all the investigated ligands. The Cu(ll)—salicylate and
Phb(l1)—salicylate complexes showed noticeable higher stability constants compared
with their complexes with humic acid, while the stabilities of the complexes with
benzoic acid differed less. Salicylic and benzoic acids as humic-like ligands can be
used for setting the range of stability constants of humic complexes with Cu(ll) and
Pb(I1).

Keywords: copper; lead; benzoic acid; salicylic acid; humic acid; Schubert’ s method.

INTRODUCTION

Heavy metals introduced into soil and natural waters are involved in a num-
ber of chemical, physical, and biological processes that determine their concen-
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1326 KOSTIC et al.

trations. The bioavailability of a metal depends on its chemical form, which is
strongly affected by the presence of natural and anthropogenic ligands. The com-
plexation of metals with ligands can drastically change the physico—chemical and
biological properties of the metal species.

The binding or complexing of metal ions by humic substances (HS), as wi-
dely distributed natural ligands in soil and natural waters, is an important factor
determining metal toxicity, bioavailability and transport.2# Humic and fulvic
acids, as fractions of humic substances, are the most important HS components
that, due to their high structural complexity, contribute to the overall fate of trace
metal cations, such as Pb(I1), Cu(ll), Zn(l1) and Cd(I1), in environment.>~7 They
contain a variety of functional groups which may react with metal ions. Humic
acid (HA) with its hydroxyl, phenoxyl and carboxy! reactive groups can form co-
ordination compounds with metals. The large number of ionizable sites in the hu-
mic acid molecule, mainly phenolic and carboxylic groups, provide the appre-
ciable ability to form stable complexes and chelates with heavy metal cations
(Pb(11), Cu(ll), Zn(I1) and Cd(I1)).8

The mobility of humic—metal complexes in soils and aquifers strongly de-
pends on their charging behavior which is influenced by the ambient pH value.2
Metal ion binding to HA depends on the competition between metal ions and
protons for the available binding sites and the electric charge of the humic mac-
romolecule.910 As the pH increases, the macromolecule becomes increasingly
negatively charged attracting the positively charged metal ions and protons.
Thus, in defining the ion binding process of humic substances, it is necessary to
specify the pH value of the system.11

The study of Cu(ll) and Pb(ll) interactions with HS is of great interest in
terms of the environmental impact of metals due to the ability of HS to immo-
bilize these ions by sorption processes.1213 Humic matter—metal ion stability
constants have been determined by a variety of different analytical techniques,14
such as potentiometric titration,1> equilibrium dialysis, 16 ion selective electrode
(ISE) techniques,1’ scanned stripping voltammetry and dynamic light scattering
techniques.18 The Schubert ion-exchange method is a popular method for deter-
mining the stability constants of metal ions and humic acid.19.20 This method is
based on the competition of a metal to bind to aligand or resin, which lead to its
distribution between solution and solid phase. The concentration of meta is
measured in the presence and absence of a dissolved ligand.2!

In this study, benzoic and salicylic acid were used, as discrete ligand models,
for the study of complexation properties of humic acid. Their structure is a sSim-
plified form of the humic structure, which can be seenin Fig. 1.

The understanding of complexation process is hindered by the fact that hu-
mic acids are assemblage of large polyfunctional molecules, such as lipids, car-
bohydrates, aromatics, etc. having a great variety of functional groups and metal
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COMPLEXATION OF METALS BY HUMIC ACID AND HUMIC-LIKE LIGANDS 1327

binding sites. Thus, a full and detailed description of metal binding is hard to
obtain. However by using “simpler” and stoichiometrically defined ligands of
known chemical structure and with similar binding sites to those of humic in the
context of chemical composition, electronic and steric effects, a prediction of hu-
mic—metal binding can be performed.1” Considering the fact that the major bind-
ing sites of humic acid are attributed to the oxygen-containing functional groups,
i.e.,, carboxylic and phenolic groups, the employment of benzoic and sdicylic
acids as humic model ligands is justified.1>

(b)
Fig. 1. @) Proposed structural formula of humic acid with possible ion binding sites indicated;
b) interaction of oxygen donor groupsin salicylic acid with Pb(Il) ion.

The information obtained using benzoic and salicylic acids can be useful in
the difficult task of evaluation of the nature and the contribution of the donor
sites of humic acid to complexation.

EXPERIMENTAL
Chemical reagents, instrumentation and resin preparation

All the used chemicals were of analytical grade purity and purchased from Merck
(Pb(NOs),, CuCl,-2H,0, benzoic acid, salicylic acid) and Aldrich (HA, catalog H1, 675-2 lot
No. S15539-264). Stock metal solutions of Cu(ll) and Pb(l1) (1000 mg L-1) were prepared by
dissolving appropriate amount of the metal saltsin 0.1M HCI. Aldrich HA was purified by the
same procedure that is recommended for purification of HA isolated from soil, in order to
remove ash content, residual fulvic acids and heavy metals. Its main characteristics are sum-
marized in Table |. Three different concentrations of ligands were used (0.005, 0.01 and 0.015
mol L1 for benzoic and humic acid, 0.005, 0.0075 and 0.015 mol L1 for salicylic acid). All
solutions were prepared using double deionized water (conductivity less than 0.1 pS cm'l).
Metal ion solutions were adjusted to pH 4.0 by the addition of 0.1 M NaOH or HCI with a
constant ionic strength of 0.01 mol dm3.
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1328 KOSTIC et al.

Measurements of pH were made with a Hach Sension 3 pH-meter (precision 0.1 mV or
0.001 units of pH) using a Hach gel-filled combination glass el ectrode (51935-00). All experi-
ments were performed at 25+1 °C.

TABLE |. Main characteristics of the humic acids used in this study

Elementary analysis Content, % Functional group Concentration, mmol g*
C 54.47 Total acidity 6.48

H 3.82 COOH 3.94

N 0.75 Phenolic OH 254

S 3.80 - -

0] 29.26 - -

Ash content 37 - -

M oisture content 4.2 — -

The prepared solutions were analyzed by flame atomic absorption spectroscopy (AAS)
using an AAnalyst 300 (Perkin EImer) instrument.

For each experiment, Dowex 50WX8, 100200 mesh, Na-form cation exchange resin
was used. Approximately 50 g of the resin was stirred with deionized water. Fine particles
were decanted off and the resin was transferred to glass column containing deionized water.
Then, the resin was rinsed with 2 L of deionized water, followed by 2L of 2M HCI, 2 L of 2
M NaOH, and rinsed with 2 L of deionized water. The resin was converted into the Na-form
by passing 2 L of 2 M NaCl, followed by a2 L rinse with deionized water. The resin was air-
dried for 24 h, and then stored in an air-tight polyethylene container.

The time to attain equilibrium was investigated for both metal ions by taking an accu-
rately known amount of Na-saturated cation exchange resin and 50.0 ml of metal ion solution.
Samples were shaken and period to attain equilibrium was determined by measuring the
concentration of the respective meta ionsin the supernatant. Equilibrium was achieved after 1 h.

Experimental procedure for establishing metal/ion-exchange isotherms (D)

lon-exchange isotherms were measured at pH 4.0 for each metal Cu(ll) and Pb(ll). For
each measurement, metal solutions were prepared by adding different volumes of metal stock
solutions to 50.0 mL volumetric flask together with 0.01 M NaCl, and the pH was adjusted by
the addition of 0.1 M NaOH and/or 0.1 M HCI. Accurately weighed, 100.0 mg of cleaned, Na-
saturated cation exchange resin was added to 50.0 mL of the prepared metal solutions. All
samples were shaken at constant temperature for 2 h at 25 °C.

Experimental procedure for the determination of the conditional stability constant of the
metal-igand complexes (D)

The ion-exchange procedure used to determine stability constants for ligands and di-
valent metal ion was similar to the procedure used to establish the distribution coefficient, Dy,
with difference that the solution contained ligand.22

Each solution contained variable concentration of metal ions, from 5 to 20 mg L1 for
Cu(l1) and Pb(Il), and a concentration of organic acid (benzoic, salicylic or humic acid), from
5to 15 mol L1, at pH 4.0, with 100 mg of Dowex 50WX8 (100-200 mesh) resin in the Na-
-form and was shaken for 2 h at 25 °C. The total concentration of free metal ion and com-
plexed metal ion remaining in the equilibrium solution was determined in the supernatant by
flame AAS.
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RESULTS AND DISCUSSION

The isotherms for both metal ions at 25 °C temperature and pH 4.0 were
investigated. The experiments were performed at pH 4.0 to avoid hydrolysis of
the metal ions and carbonate formation. The linear range was obtained from each
isotherm curve to estimate the Dg in order to choose the appropriate concentra-
tions for both metal ions to avoid the effect of metal loading.

The distribution coefficient, Do, between the resin and solution phase for
metal ion in the absence of ligand and the distribution coefficient, D, between
resin and solution phase for metal ion in presence of ligand was calculated from
the equilibrium ratio:

o= ooV &

100—ao)m

where oy is percentage of total metal bound to the exchange resin; (100 — ayp) is
percentage of the total metal remaining in solution; V is volume of solution (mL)
and my is mass of the exchangeresin (g).

The number of equivalents of complexing agent, n, combined with a particu-
lar metal ion was found from the slope of the linear function:

Iog(%—ljzlog LS +nlog c. 2

where ¢_isthe concentration of ligand (mol L-1).

Equation (2) was used to determine conditional stability constants for the
mononuclear complexes. Possible problems with the Schubert method can occur
when the complex, MLp, is not mononuclear (m # 1). Equation (3) presents the
equation for the modified Schubert method, which was used to eliminate this
source of error and presents the modified method of data treatment and analysis:

logM¢ = Iog(%—lj =log m+log B +(m—1)log M +nlog ¢ (3

Equation (3) was used to calculate log S for polynuclear complexes.22-25
Equation (2) is a reduced form of Eq. (3) for the case of m = 1, when a mono-
nuclear complex is present. The metal-igand ratios were obtained from the slo-
pes of the curves log (Do/D-1) vs. log ¢ (Fig. 2) according to the Schubert me-
thod, and log Mc vs. log ¢, (Fig. 3) according to the modified Schubert method.
The dopes of these plots give the composition of the complexes, which when
close to unity indicate a 1:1 metal:ligand ratio. Values of n near 1.5 indicate that
the stoichiometry of the complexesis 2:3.

The percentage of total metal bound to the exchange resin, «g, the values of
the slope, n, and stability constants, log Sy, obtained for Cu(ll) complexes (at 5
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mg L=1 Cu(ll) concentration) with the investigated ligands, at pH 4.0 are sum-

marized in Tablell.
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Fig. 2. Plots of log (D¢/D-1) vs. log ¢, for @ Cu(l1)-benzoic acid; b) Cu(ll)-humic acid;
¢) Pb(I1)—benzoic acid and d) Pb(I1)—humic acid, obtained by the Schubert method.

These results show that percentage of total metal bound to the exchange
resin, ap, for Cu(ll)—salicylate was 54.76 %, which was the highest when com-
pared to the percentage for Cu(ll)-humate (49.28 %) and Cu(ll)-benzoate (53.70
%). This trend was even more pronounced in the presence of higher humic acid
concentrations, that is, more metal was in the solution phase than on the resin,
confirming the stronger and multi-site binding and multifunctional characteristics
of the humate ligand.
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Since the values of n should be an integer, values of n = 1 indicate that the
complexation of Cu(ll) with benzoic and humic leads to the formation of 1:1
complexes. In addition, it was noticed that for Cu(ll)-salicylate, n was 1.6, and
the stoichiometry 2:3 was assigned in this case.

e smel! pe?t

381 " 5mgL_] cu?t . 4.0

-1 o2t A
e 10mgl. " Pb
-394 e 10mg L cu?t M 4.1 A
4.0 RN R A 17 a4 15mgl  Pb .
. 4 |5mgl  Cu 12+
4.1 1 o -424 v 20mgL™ Pb A v
~.42] ¥ 20mg L™ Cu . LN M
i s * -4.34 v
o437 M o) ¢
E44] . g 449 4 .
4.5 . TP as
wd6] e o~ .
3-43- 2 6] )
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Fig. 3. Plots of log Mc vs. log ¢, for a) Cu(ll)—salicylic acid and b) Pb(I1)—sdicylic acid,
obtained by the modified Schubert method.

TABLE Il. Experimentally determined percentages of the total metal bound to the exchange
resin, o, distribution coefficients, Dy, metal-igand ratios and logarithms of conditional sta-
bility constant, log B, for complexes between Cu(ll) (5 mg L-1) and benzoic, salicylic and
humic acid, at pH 4.0 and ionic strength of | = 0.01 mol dm3, determined by the Schubert
method

3 .
Acid r%;?ll_o_l % Do D DyD-1 M%ﬁf‘“" 10g fom '(‘r’r? egnm;
Benzoic 0 5852 705.4 - — - - — 1.62
5.0 53.70 - 58153 0213 - - 1.63
10.0 50.40 - 50785 0389 - - 1.59
15.0 45.65 - 422,39 0.670 1.02 11 1.65
Sdlicylic 0 5852 705.4 - - - - 10.53°
5.0 54.76 - 605.22 0.16 - - 11.05
75 51.52 - 531.35 0.33 - - 10.49
10.0 46.56 - 435,63 0.62 1.60 2:3 10.06
Humic 0 5852 7054 - - - - 2.33
5.0 49.28 - 485.80 0.45 - - 2.25
10.0 27.00 - 18493 281 - - 2.45
15.0 20.84 — 131.63 436 1.13 1.1 2.29

®Optained by the modified Schubert method

The stability constants obtained for Cu(ll)-benzoate, —salicylate and —hu-
mate complexes are given in Table II. The most stable complex was the Cu(l1)—
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—salicylate complex with log B 10.53, which corresponds to literature data.26
For determination of these stability constants, the modified Schubert method was
applied. The stability constant of the Cu(ll)-humate complex was between the
stabilities of Cu(ll)—salicylate and —benzoate complexes. Stability constants of
Cu(ll)—humate complexes can differ because of the origin of the humic ligand,
but the obtained values were similar and comparable. Variation of stability cons-
tants values in humic complexation studies is not uncommon due to differences
in the elemental composition of the humics, their chemical structure and period
of genesis during the humification process.2”

The percentage of total metal bound to the exchange resin, og, the slope
values, n, and stability constants, log S, obtained for the Pb(l1) complexes (at a
5 mg L—1 Pb(ll) concentration) with the investigated ligands, at pH 4.0 and 25
°C, are presented in Table I11. It was found that percentage of total metal bound
to the exchange resin for Pb(l1)-benzoate was higher than for Cu(ll)—salicylate
and Cu(Il)-humate in the total metal and ligand concentration range. Thisisin
accordance with the number of binding sites in the ligands. In addition, the dif-
ferences between the percentages of the total metal bound to the resin for same
ligand were greater with increasing concentration of ligand. The values of stabi-
lity constants presented in Table 111 show that stability constant of Pb(l1)-humate
complex was higher than that of the Pb(ll)—benzoate complex. Moreover, the
Pb(l1)—salicylate complex was the most stable, with avalue of 10.90 for log .

TABLE Il1. Experimentally determined percentages of the total metal bound to the exchange
resin, o, distribution coefficients, Dy, metalHigand ratios and logarithms of conditional sta-
bility constant, log S, for complexes between Ph(l1) (5 mg L) and benzoic, saicylic and
humic acid, at pH 4.0 and ionic strength of | = 0.01 mol dm3, determined by the Schubert's
method

3 .
add @0 4 D, D Dyp-1 n MORTEIO 5 '(‘rfeg]“)
Benzoic 0 52.56 553.96 - - - - - 197
50 428 - 37412 048 - - 198
100 3780 - 3038 082 - - 1@
150 3000 - 21429 158 105 11 202
sdiglic 0 5256 55396 - - - - —  10.90°
50 3496 - 26876 106 - - 1141
75 3076 - 22213 149 - - 1085
100 2560 - 17204 221 124 23 1044
Humic 0 525 55396 - - - - - 250
50 2040 - 20821 166 - - 252
100 2420 - 15963 247 - - 239
150 1400 - 8139 581 107 11 259

®Obtained by the modified Schubert method
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According to Table |1 and I11, the results show that the system Cu(ll) without
ligand had higher value of the percentage of total metal bound to exchange resin
than the Pb(l1) system.

The stability constants, log fmn, and the metal-igand ratio for the Cu(ll) and
Pb(I1) complexes with al the investigated ligands, shown in Figs. 1 and 2, are
summarizedin Table 1V.

Table V. Stability constants, log S, and metal-igand ratios for complexes between Cu(ll)
and Pb(l1) with benzoic, salicylic and humic acid, at pH 4.0 and ionic strength | = 0.01 mol
dm'3, determined by the Schubert method

Cu Pb

c . log B Literature ¢ . log B, Literature
mgL™ M:L 10 fim (mean) valud® mglL* M:L 10 fm (mean)  vaue®
Benzoic 5 11 162 165 160% 5 L1 197 196 2.00%

Acid

10 11 163 10 11 190
15 11 165 15 11 201
20 11 171 20 11 19

Sdicylic 5 2:3 1053 10.34* 10.60*° 5 2:3 1090 1051° -
10 2:3 1022 10 2:3 1060
15 2:3 1010 15 2:3 1044
20 2:3 1049 20 31 1012

Humic 5 11 233 235 1952 5 L1 250 258 2.76%
10 11 242 3.70% 10 11 257 3.66%
15 11 232 5.28% 15 11 264 4.78%
20 11 234 20 11 260

#Optained by the modified Schubert method

A comparison of the obtained results for the stability constants and stoichio-
metry of Cu(ll) with benzoic and salicylic acid with literature data indicate that
values were approximately the same. The obtained values of the stability cons-
tants for the Pb(I1)—benzoate complexes were similar with literature data,28 while
the values of the stability constant for Pb(l1)—salicylate complexes are not avail-
ablein the literature.

The obtained results, which were derived using the Schubert method and its
modified form, indicate that the conditional stability constant, log fmnn, for the
Pb(I1)-humate complex was greater than that of Cu(ll)-humate at pH 4.0. Pb(ll)
was found to form the most stable complex with the oxygen-carrying donor groups
of humic acid. An explanation for the established stabilities of the Pb(l1)— and
Cu(l-humate complexes can be given within the concept of hard/soft acids and
bases. Since oxygen, as the donor atom in carboxylic and phenolic groups, exhi-
bits hard base properties (a highly electronegative atom), a strong bond will be
formed with hard acids (Pearson’s rule). Bearing in mind that the electronic con-
figuration of the Pb(ll) ion 18(n—1)e~ + 2ne- classifies it in the borderline metal
acids, while Cu(ll) ion, the electronic configuration (n-1)d®, classifiesit as a soft
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metal acid, the greater stability of the Pb(I1)-humate complex compared to the
complexes with copper can be expected.

The established trend of the stabilities of the metal-humate complexes can
be used for predicting the strength of interaction between the donor atoms and
the metal ions, aswell asto predict their competition in binding to humate ligand.
The obtained results indicate that there may be competition between Pb(Il) ions
and Cu(ll) ions in the binding for carboxyl and phenolic binding sites of humate
macromolecules. Therefore, under conditions of increased concentrations of Pb(ll)
ions in the natural environment, Pb(ll) may displace Cu(ll) ions, which can lead
to increasing mobility and bioavailability of copper.

The present results provide important information on the interaction of Cu(ll)
and Pb(11) with benzoic, salicylic and humic acid, and demonstrate that not only
are carboxyl groups involved in metal binding, but also other groups, like pheno-
lic groups, must be involved.

CONCLUSIONS

The Schubert ion-exchange method is applicable for the determination of
conditional stahility constants of mononuclear complexes while for polynuclear
complexes, a modified Schubert ion-exchange method should be applied. The ob-
tained stoichiometry values indicate that humic and benzoic acid form mononuc-
lear complexes with Cu(ll) and Pb(ll), while salicylic acid forms polynuclear
complexes with both metals.

Phenalic acids comprise a significant part of the chemical structure of humic
substances showing an important role in complexation properties of HA. Sali-
cylic and benzoic acids, as humic-like ligands, can be used for setting the range
of stability constants of humic complexes with Cu(l1) and Pb(ll). The binding of
Pb(l1) by HA is stronger than that for Cu(ll). The results of this study are impor-
tant for understanding the mobility and fate of Cu(ll) and Pb(Il) in the environ-
ment.
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U3BOJ
KOMIUIEKCUPAKE BAKAP(I1) 1 OJIOBO(I1) JOHA XYMUHCKOM KHUCEJIMHOM
U MOJEJIOM XYMUHCKOT JINTTAHJJA

MBAHA KOCTURY, TATJAHA AHBEJIKOBUR?, PY)XUIIA HUKOJIMR', AIEKCAHJIAP BOJUR?,
MWJIOBAH ITYPEHOBUR', CPHAH BJIATOJEBUR? u JIAPKO AHBEJIKOBUR®

' 00cex 3a xemujy, Mpupoono—vaiiemailivuxu axyaitieid, Ynusepauiied y Huuwy, Buwezpadcka 33,
18000 Huuw, ZHO/boﬁpqueOHu ¢akyaitieiti, Ynusepsuitein y beozpady, Hemaruna 6,
11080 3emyn u JKIT “Naissus’, Knezume Jby6uue 1/1, 18000 Huw

CrabmIHoCT MeTal—XyMaTHOT KOMIUIEKCa MpeICTaBiba BaxkaH (akTop y oapehuBamy u npen-
Brubamy crenyjanyje, MOOMIHOCTH U OHOPACIIONOKHUBOCTH TEIIKAX METaia y )KUBOTHOj CPEIUHH.
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V oBoM pany BpiueHa cy ynopenna ucnutuBama komiuiekca Cu(ll) u Pb(Il) ca xymuackoM kuce-
JMHOM M MOJIETIOM XYMUHCKOT JIMT'aH/a, Kao IITO Cy OeH30eBa M CalMIWIHA KucenanHa. McnuTu-
Bama cy Bpurera Ha pH 4,0 u temneparypu ox 25 °C u npu jonckoj jaunau ox 0,01 mol dm™
(NaCl), nomohy knacuune u momudpukosane IllyGeproBe joHOM3MewHBauke Meroae. Koncranre
CTaGHIHOCTH 32 KOMIUIEKCE ca OCH30€BOM M XYMHUHCKOM KHCEJIHHOM H3padyHare Cy HoMohly ekc-
MePUMEHTAJHUX ToJaTaka aobujenux kimacuyaoM llly6GeproBom meromoM. Moaudukosana Ily-
OepTroBa MeToza je KopumheHa 3a oapehuBame KOHCTaHTE CTAOMITHOCTH KOMIUIEKCA Ca CaIHIIMII-
HoM kucenuHoM. YTBpheno je ma Cu(ll) u Pb(Il) joru dopmupajy MoHOHYKI€apHE KOMIUIEKCE Ca
OeH30eBOM M XyMHHCKOM KucenuHoM. Takobe, yrBpheno je u na 06a merana GpopMupajy MOTHHY-
KJIeapHEe KOMILICKCE ca CAJMIMIHOM KHCeIMHOM. Pesynraru ykasyjy Ha To na Pb(I1) jon uma ehy
crioco6HocT BesuBarma o1 CU(ll) jona ca cBum ucnimTuBanuMm Juranauma. OoBo U Gakap cauiu-
JIATHU KOMIUICKCH IOKa3yjy Behy KOHCTAaHTy CTaOWIIHOCTH y mopehemy ca XyMaTHHM KOMILICK-
CHMa, JIOK ce CTaOMIIHOCTH OBHX KOMILIEKCAa Mamke Pa3INKyjy O CTaOMIIHOCTH KOMIUIEKca ca OeH-
30€BOM KucenrHOM. CalliiiiIHa U OeH30eBa KUCEIIHHA Ce MOT'Y KOPHCTUTH Ka0 MOJICITH XyMHHCKOT
JWTaHaa 3a ofpehuBame oncera Koucrantu crabmiHoctn komruiekca Cu(ll) u Pb(ll) jona ca xy-
MHHCKOM KHCEITHHOM.

(Mpumsbeno 10. mapra, peBuaupato 2. jyna 2011)
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BOOK REVIEW
Interfacial electrovicoelasticity and electrophoresis

Authors: JYH-PING HSU and ALEKSANDAR M. SPASIC

Published by CRC Press Taylor & Francis Group, 6000 Broken Sound Parkway NW,
Suite 300, Boca Raton, FL 33487-2742

In contemporary hydrodynamic, electrodynamic and thermodynamic instabi-
lities that occur at interfaces, it is important wisdom to believe that interfacial
electroviscoe asticity and electrophoresis are a new science with adequate use in
modern technology. They are connected with the interfaces of rigid and defor-
mable particles in homo- and hetero-aggregate dispersed systems, such as emul-
sions, dispersoides, suspensions, nanopowders, foams, fluosols, polymer mem-
branes, biocolloids and plasmas.

This book is published on 176 pages with 57 Figures, 5 Tables and 232
References, 147 for the first 5 Chapters and 85 for the 6th. The book also has an
Author Index and a Subject Index.

The authors have collected six chapters that show the development of the
theory of electroviscoelasticity and electrophoresis and the motivation for deve-
loping this theory. These chapters cover a wide range including: Classifications
of Finely Dispersed Systems, Historical Review and Motivation, Theory of Elec-
troviscoel asticity, Measurements, Implications and Electrophoresis.

Classifications (Chapter 1) are based on various phenomenological notions:
the scales, geometry, and the origin of forces, physical-chemical processes and
entities.

Historical Review and Motivation (Chapter 2) describe the pilot plant of
uranium extraction from wet phosphoric acid. There are also subsections related
to entrainment problems in solvent extraction, underlining the performance of de-
mulsions, Marangoni instabilities and possible electrical analogies, and various
congtitutive models of liquids. Finaly, authors introduced the terms “electro-
viscosity” and “ electroviscoelasticity” of liquidiquid interfaces.

Theory of electroviscoelagticity (Chapter 3) includes. previous work, struc-
ture: eectrified interfaces — a new congtitutive model of liquids and dynamics:
physical formalism. Mathematical formalisms are also presented by the stretch-
ing tensor model and the van der Pol derivative model: the fractional approach.
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Experiments (Chapter 4) confirm the theoretical predictions describing sys-
tems which include the generation of the physical model, measuring changes of
electrical interfacial potential at interfaces and measuring the characteristic
frequencies of the system. The results and discussion of the subsections and as-
sembled measured, calculated and estimated data are given.

The implication and applications to the first and second philosophical break-
points (Chapter 5) are discussed (particular entrainment problem is solvent ex-
traction: breaking of emulsions).

Electrophoresis (Chapter 6), as very important electrokinetic phenomena,
presents analytical tools for the characterization of the surface properties of col-
loid-sized particles as well as for separation and purification process in both labo-
ratory and industrial investigations.

This welcome collection concerning electroviscoelasticity and electropho-
resis provides an important survey of how and where interfacial and colloidal
phenomena serve to advance the frontiers of numerous chemical manufacturing
processes at the micro-, nano- and atto-scales, in one word to solve problems in
solvent extraction operations and processes, colloid and interface science, chemi-
cal and biological sensors, electroanalytical methods and /or biology/biomedicine
(hematology, genetics and electroneurophysiology). In addition, the second
philosophical breakpoint could be applied in elucidation and research of spin-
tronics, decoherence sensitivity, quantum particles entanglement, ionics, fractio-
nal-quantum Hall Effect, fluids, etc.

This book is aimed not only at those working in a specific area related to the
considered phenomena, but also at general chemists, prospective researchers and
graduate students with a basic knowledge of physical chemistry, electromag-
netism, fluid mechanics, quantum mechanics and wave mechanics.

Bojan D. Djordjevié*#
Faculty of Technology and Metallurgy
University of Belgrade

* E-mail: bojan@tmf.bg.ac.rs
# Serbian Chemical Society member.
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