ISSN 1857-9027
e-ISSN 1857-9949

MAKE/JJOHCKA AKAJEMUJAHAHAYKUTEUYMETHOCTUTE

OAAENEHKUE 3A NPUPOAHO-MATEMATUYKN U BUOTEXHUHKU HAYKK

MACEDONIAN ACADEMY OF SCIENCES AND ARTS

SECTION OF NATURAL, MATHEMATICAL AND BIOTECHNICAL SCIENCES

NMPUJ1I03N
CONTRIBUTIONS

39
2)

a0 Ha
ot Hﬂ}?})

v, A
PS
<W.—N=
g £
i

,%

Z
2\
2,

CKOIIJE — SKOPJE
2018



Publisher: Macedonian Academy of Sciences and Arts

Editor-in-Chief
Gligor Jovanovski, Macedonia

Co-editor-in-Chief
Doné¢o Dimovski, Macedonia

Editorial Board:

Sjur Baardsen, Norway Lars Lonnstedt, Sweden
lvan Blinkov, Macedonia Vlado Matevski, Macedonia
BlaZo Boev, Macedonia Dubravka Matkovié-éalogovic’, Croatia
Stevo Bozinovski, USA Nenad Novkovski, Macedonia
Mitrofan Cioban, Moldova Nikola Panov, Macedonia
Andraz Carni, Slovenia Shushma Patel, England
Ludwik Dobrzynski, France Dejan Prelevié¢, Germany
Gjorgji Filipovski, Macedonia Kiril Sotirovski, Macedonia
Viktor Gjamovski, Macedonia Hari M. Srivastava, Canada
Marjan Gusev, Macedonia Ivo Slaus, Croatia
Gordan Karaman, Montenegro Bogdan Solaja, Serbia
Borislav Kobiljski, Serbia Franci Stampar, Slovenia
Dénes Loczy, Hungary Petar Zhelev, Bulgaria

*
Editorial assistant: Sonja Malinovska
*
Macedonian language adviser: Sofija Cholakovska-Popovska
*
Technical editor: Sonja Malinovska
*
Proof-reader: Alena Georgievska
*
Printed by: Vinsent Grafika, Skopje
*
Number of copies: 300
*

December 2018

Published twice a year
The Contributions, Sec. Nat. Math. Biotech. Sci. is indexed in:
Chemical Abstracts, Mathematical Reviews, Google Scholar, EBSCO and DOAJ

http://manu.edu.mk/contributions/NMBSci/

[Ipwno3u, Oxa. mpup. mat. 6uorex. Hayku, MAHY Tom Bp. cTp. Ckorje
39 2 79-146 2018

Contributions, Sec. Nat. Math. Biotech. Sci., MASA Vol. No. pp. Skopje




TABLE OF CONTENTS

Zivota Selakovié¢, Bogdan Solaja

ADVANCES IN TACKLING FILOVIRUSES .......coiiiiiiiiinte e

Marina Tasner, Draginja Mrvo$-Sermek, Emina Hajdarpasi¢, Dubravka Matkovié-Calogovié
DINUCLEAR COPPER(II) ACETATE COMPLEX WITH CAFFEINE,

A FAST MECHANOCHEMICAL SYNTHESIS. ...,

Valentin Mirceski, Leon Stojanov, Stawomira Skrzypek

RECENT ADVANCES AND PROSPECTS OF SQUARE-WAVE VOLTAMMETRY .......cccccceciiiinin

Vlado Matevski )
CLINOPODIUM ALBANICUM (GRISEB. ex K. MALY) MELNIKOV NEW SPECIES

FOR THE FLORA OF THE REPUBLIC OF MACEDONIA ...

Maja Jordanova, Katerina Rebok, Maria Jodo Rocha, Eduardo Rocha
HISTOCHEMICAL EVALUATION OF IRON CONTENT IN THE LIVER OF WILD FEMALE

OHRID TROUT (SALMO LETNICA KAR.) ALONG THE BREEDING CYCLE ..........c.ccvcviiiiiiinnne

Sterja Nacheski, Irena Papazova — Anakieva, Blagoj lvanov, Stanislava Lazarevska,
Blagoj Shurbevski
OCCURRENCE OF THE NEW INVASIVE INSECT CYDALIMA PERSPECTALIS

WALKER. ON BOX TREE IN THE REPUBLIC OF MACEDONIA ..o,

INSTRUCTIONS FOR AUTHORS ... e



COIAPXHUHA

Zivota Selakovié, Bogdan Solaja
HAIIPEJIOK BO BOPFATA ITPOTUB OUIIOBUPY CH......ceiiviiiiiieiciieisese s 83

Marina Tasner, Draginja Mrvo$-Sermek, Emina Hajdarpasi¢, Dubravka Matkovié-Calogovié
BMHYKJIEAPEH BAKAP(Il ALIETATEH KOMIIJIEKC CO KO®EHNH,
BP3A MEXAHOXEMUCKA CHUHTESA ...ttt et 91

Banentnn Mupuecku, Jleorn Ctojanos, Stawomira Skrzypek
KBAJIPATHO-BPAHOBA BOJITAMMETPJA:
HAJHOBU JOCTUT'ABA U TIEPCIIEKTUBU ......oiiiiiiiiiiiieeeee e 103

Bnamo MareBcku
CLINOPODIUM ALBANICUM (GRISEB. ex K. MALY) MELNIKOV HOB BH/J]
3A ®JIOPATA HA PEITYBJIMKA MAKEJIOHUIA ... o et 123

Maja Jopmanosa, Karepuna Pebok, Maria Jodo Rocha, Eduardo Rocha

XUCTOXEMUCKA TTPOIIEHKA HA COAPXKMHATA HA JXKEJIE30 BO LIPHMOT JIPOb

HA JIVBU J)XEHKU OJT OXPUJICKATA ITACTPMKA (SALMO LETNICA KAR.)

BO TEKOT HA PEIMTPOAYKTUBHUOT LUKITYC ..ot 129

Crepja Hauecku, Upena [TamazoBa AHakueBa, binaroj iBanos, CtanuciaBa JlazapeBcka,

Bnaroj llyp6eBcku

ITOJABATA HA HOBUOT MHBA3MBEH MHCEKT CYDALIMA PERSPECTALIS WALKER.

HA IIMMIIWPOT BO PEITYBJIMKA MAKEJIOHMIA ....ccooiiiiiiiic 135

YITATCTBA BA ABTOPHUTE ... e 143



ITPUJIO3U, Onjienenue 3a NpupoAHO-MaTeMaTHIKU U OnoTexHm4kd Hayku, MAHY, tom 39, 6p. 2, crp. 83-90 (2018)
CONTRIBUTIONS, Section of Natural, Mathematical and Biotechnical Sciences, MASA, Vol. 39, No. 2, pp. 83-90 (2018)

Received: April 12, 2018
Accepted: November 13, 2018

ISSN 1857-9027

e-ISSN 1857-9949

UDC: 616-022.6:578.828]-085.281.8

DOI: 10.20903/csnmbs.masa.2018.39.2.121

Short review

ADVANCES IN TACKLING FILOVIRUSES

Zivota Selakovi¢!”, Bogdan Solaja®”

Faculty of Chemistry, University of Belgrade, Belgrade, Serbia
2Serbian Academy of Sciences and Arts, Belgrade, Serbia

"e-mail: zivota_selakovic@chem.bg.ac.rs; bogdan.solaja@sanu.ac.rs

Filoviruses are virulent pathogens that cause deadly haemorrhagic fever in humans and non-human primates.
There is currently no approved drug or vaccine to tackle this disease. Two vaccine platforms that use adenovirus vectors
have completed phase | studies, while a recombinant vesicular stomatitis virus-based vaccine has successfully complet-
ed a phase Il trial. Intricate macromolecular therapeutics have also been developed, most notably those based on anti-
bodies or interfering RNA or RNA-surrogates. Most small molecules active against filoviruses have not yet advanced to
clinical trials, except favipiravir, which was proven to be safe, and GS-5734, which has entered trials.

Key words: ebola; Marburg; hemorrhagic fever; vaccines; small molecules

INTRODUCTION

Filoviruses (lat. Filoviridae) are a family of
viruses belonging to the Mononegavirales order [1].
Most of the members of this family cause fatal
hemorrhagic fever in humans and non-human pri-
mates (NHPs) [2].

The Filoviridae family is comprised of three
genera — Marburgvirus (discovered in 1967 [3] and
named after the city of Marburg in Germany), Ebo-
lavirus (discovered in 1976 [4, 5] and named after
the Ebola river in the Democratic Republic of the
Congo) and Cuevavirus (discovered in 2009 [6] in
Spain and named after the Spanish word for 'cave’).
The former two genera have caused several out-
breaks among humans in the last 50 years, resulting
in at least 2.885 reported cases and 1.972 deaths [7,
8]. More recently, Ebola virus caused the first-ever
filovirus epidemic of an unprecedented scale in
West Africa, from 2013 to 2016, which alone ac-
counted for at least 28.616 cases and 11.310 deaths,
according to the World Health Organization [9].

There are no FDA approved drugs or vaccines
to tackle this deadly virus. In this paper, we provide
a review of the most promising therapeutic candi-
dates that have been developed to date.

VACCINES

There have been several attempts to generate
vaccines against filoviruses, but only three have
made it into advanced phases of clinical trials. These
will be described here in more detail.

Scientists from the Public Health Agency of
Canada (PHAC) developed the rVSV-ZEBOV vac-
cine in the early 2000s [10]. As the name suggests,
the Zaire ebolavirus (ZEBOV) glycoprotein (GP)
gene was inserted into the genome of the recombi-
nant vesicular stomatitis virus (rVSV), a replication-
competent viral vector (Figure 1). The GP is the on-
ly filoviral protein expressed on the surface of the
virion, and is therefore immunologically important.
The vaccine was initially proven to be safe and ef-
fective in rodents, such as mice, hamsters and guin-
ea pigs [11-13]. Afterwards, NHP trials showed that
the vaccine provided full protection when adminis-
tered from 31 to 7 days prior to infection, and partial
protection when administered from 3 days before to
1 day after infection [14-17].

However, several phase | studies that were
performed in 2014 and 2015 showed that, overall,
22% of subjects had fever after vaccination, and
other adverse effects (AEs) were noted [19, 20]. Fi-
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nally, a cluster-randomized phase 111 study was per-
formed during the West African epidemic in the
Conakry region of Guinea, and Tomkolili, and
Bombali regions of Sierra Leone on a large scale
[21]. A ring vaccination approach inspired by the
strategy that resulted in smallpox eradication was
utilized. Lists of contacts (and contacts of contacts)
of infected patients were followed and archived,
after which randomized 1:1 clusters were either im-
mediately vaccinated or vaccinated with a 21 day
delay. There were no cases of Ebola registered with-
in 10 days of vaccination in the immediately vac-
cinated clusters (2119 people in total), while 16 cas-
es were registered in the delayed vaccination clus-
ters (2041 people in total). More than half (53.9%,
3149 people) of patients reported some AEs, but
only 80 reported a serious AE.

Figure 1. Transmission electron microscopy images
of EBOV, VSV and rVSV-EBOV [18]

The other two advanced vaccines both utilize
an adenovirus (AdV) vector. In these vaccines, the
EBOV GP occupies the native adenovirus early re-
gion, furnishing a nonreplicating virus [18].

The first of the two was initially developed in
the early 2000s by the National Institute of Allergy
and Infectious Diseases (NIAID), beginning with a
plain DNA vaccine [22]. The NIAID effort was later
joined by GlaxoSmithKline. Due to safety reasons,
initial experiments involved modified EBOV GP
delivered by DNA vaccination, before moving on to

full-length  wild-type glycoprotein, which was
proved to be safe in a phase | study [23]. After these
results, a chimpanzee adenovirus 3 (CAd3) vector-
based vaccine was evaluated [24]. The vaccine en-
coded both the Zaire and the Sudan species’ wild-
type GPs. In the NHP trials, it was, however, ob-
served that an additional boost with an attenuated
vaccine of a poxvirus (modified vaccinia Ankara,
MVA) vector was needed for a longer lasting pro-
tection of 10 months after vaccination. Finally,
CAd3-EBO phase | studies were initiated in 2014,
with both Zaire GP, or a combination of Sudan and
Zaire GPs, respectively [25, 26]. Glycoprotein-
specific antibodies were induced in a dose-
dependent manner in all participants, with the doses
ranging from 1 x 10%° viral particle units (pu) to
2 x 10 pu. The AEs were dose-dependent, with up
to 56% of volunteers developing very mild AEs, and
up to 20% developing fever, which luckily did not
last more than one day. In general, there were no
serious AEs. Depending on the vaccine and on the
dosage used, an additional MVVA boost may or may
not be required for protection lasting up to 48
weeks, as evidenced from antibody titers.

Lastly, the third group of vaccine platforms
utilized a human AdV vector, and specifically, that
of the Ad26 serotype, which is rarer than the com-
mon Ad5, and therefore more probable to override
pre-existing immunity [27-31]. Two phase | studies
have been conducted, where generally Ad26-
ZEBOV was used for priming, and MV-BN-Filo
was used as a boosting component, or vice versa.
The boosting was performed 2, 4 or 8 weeks after
the prime dose. The doses used were 5 x 10 pu for
priming and 1 x 108 pu for boosting. Volunteers were
observed for up to one year (360 days), the longest of
all studies, and it was concluded that the regimen is
safe, providing long lasting protection with an MVA-
BN-Filo prime and subsequent Ad26-EBOV boost.
The reverse order was better for a more rapid immun-
ization, i.e. in emergency situations.

MACROMOLECULES IN EBOV THERAPY

Four approaches stand out in the field of po-
tential macromolecular therapeutics.

The small interfering RNA (siRNA) approach
was among the first to be developed. Namely, the
idea was to synthesize siRNA complementary to the
messenger RNA (mRNA) that encodes viral pro-
teins, and then deliver it to an infected cell. The
SiRNA will target the mRNA, and after a complex
of the two is formed, the cell will recognize it as
abnormal, and the mRNA will be degraded, thus
preventing translation, and resulting in silencing of
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the viral genes. A Canadian company developed
small lipid nanoparticles that carried siRNA com-
plementary to mRNA of EBOV L polymerase, the
membrane-associated protein (VP24), and the pol-
ymerase complex protein (VP35), a complex called
TKM-Ebola [32-35]. The product, which was deliv-
ered intravenously, faced difficult phase | trials dur-
ing the West African epidemic, with the FDA halt-
ing the study throughout 2014 and 2015 due to safe-
ty concerns [36]. Unfortunately, in a small phase 11
study in Sierra Leone, the formulation was not
shown to improve survival when compared to his-
toric controls [35].

Similarly, antisense phosphorodiamidate oli-
gomers (PMOs, Scheme 1) were invented as early
as the late 1990s in order to behave as RNA surro-
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gates, and thereby target specific RNA sequences
[37]. In the early 2000s it was discovered that thera-
py utilizing PMOs which mimic the EBOV VP24,
VP35, and RNA polymerase L sequences can pro-
tect rhesus macaques [38]. Subsequently, a private
company developed formulations such as AV1 6002,
AVI 6003, AVI 7537 and AVI 7228, which targeted
different Ebola or Marburg genes using the PMO
technology, or, more specifically, a slightly different
PMOplus approach (Scheme 1). These reached
phases | studies, where they were proven to be well
tolerated and safe, with potential as post-exposure
prophylaxis for filovirus infections [39, 40]. How-
ever, to the best of our knowledge, no further devel-
opment has been reported [41].
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Scheme 1. Structure of PMO and PMOplus based oligomers [41]

A different approach was developed by
PHAC, the United States Army Medical Research
Institute for Infectious Diseases (USAMRIID), and
NIAID, and was later improved upon by US-based
companies [42-45]. Specifically, a cocktail of three
antibodies, called ZMapp, was derived from mice
infected with Ebola. More precisely, the DNA that
encodes monoclonal antibodies was collected from
hybridomas and produced by combining immortal
myeloma cancer cell lines with splenocytes of in-
fected mice. The DNA was modified by genetic en-
gineering to produce antibodies suitable for humans,
and the appropriate genes were delivered to tobacco
plants through an Agrobacterium which infects the
plants. Finally, a large number of antibodies was
collected from the dying plant.

After the formulation was proven to be safe
and effective in NHPs, clinical studies were initiated
[42]. The fear of uncontrolled spread of the West
African epidemic led to a clinical trial in infected
humans [43]. In a group of controls that received
only standard care at the time, 13 out of 35 patients
(37%) died, compared to only 8 out of 36 patients
(22%) who received standard care plus ZMapp.
Thus, it was proven that the addition of ZMapp
treatment to standard care would improve survival
was 91.2%.

Finally, an approach utilizing glycodendritic
structures that inhibit viral entry has been in devel-
opment since the early 2000s [46]. Namely, the in-
teraction of EBOV GP with a dendritic cell specific
ICAM-3 grabbing non-integrin (DC-SIGN), which
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facilitates viral entry into dendritic cells, can be in-
hibited by carbohydrates mimicking the glycans
present in the viral GP. A multivalent presentation
of carbohydrates is needed for effective interaction
with lectins, therefore dendritic polymers with car-
bohydrate termini were developed; the most effec-
tive possess fullerene or even virus like particle
(VLP) cores encompassing as many as 1620 copies
of mannose at the surface [47, 48]. T-cells, which
cannot otherwise be infected with EBOV, can be
rendered susceptible by the addition of DC-SIGN,
and these cells were used for proof-of-concept as-
says. Recombinant VSV expressing EBOV GP was
used to mimic the virus, instead of the much harder
to work with wild-type EBOV. In the assays, the

NH,
o N
o HN P o1 o \ N\N/)
OH OH
GS-5734

toremifene

Favipiravir, or T-705, is an antiviral drug de-
veloped by a Japan-based company. In essence, the
compound is metabolized to a ribofuranosyl 5'-
triphosphate derivative, which then enters the path-
way of viral metabolism and inhibits the RNA-
dependent RNA polymerase [49]. Even though it’s
in vitro activity is weak (ICso = 67 uM), its toxicity
is exceptionally low (CCso > 1000 uM) [50]. There-
fore, in vivo assays freely extended to doses as high
as 300 mg/kg, and testing in mice proved that the
compound is effective at doses as low as 30 mg/kg
(under certain dosage regimes). A clinical trial was
set up during the West African epidemic but per-
forming a randomized study where one group of
patients would receive standard care, while another
would receive an additional experimental drug, was
deemed inappropriate. Therefore, all patients re-

i |
F N
T \ILNHZ Ho— 7
~
N OH

dendrite polycarbohydrates showed 1Csy values as
low as ~900 pM.

SMALL MOLECULES

Since the late 1990s, a number of known and
even FDA approved drugs, as well as newly synthe-
sized small molecules, have been found to exhibit
anti-EBOV activity. Above all, small molecules carry
an advantage over vaccines and antibodies, in princi-
ple, being cheaper to produce. Moreover, depending
on their mechanism of action, their activity may not
be affected by mutations in the viral RNA. Scheme 2
outlines the most effective molecules, although many
others have been, and are, being developed.

OH OH

favipiravir BCX4430

o

()\'\/\NH

HN
\/\N
zsas L _o

Scheme 2. Select examples of small molecules with anti-EBOV activity

ceived favipiravir. For the 99 patients that were
treated, favipiravir was well tolerated and showed a
mean decrease of viral load = 0.33 logio copies/ml
per day — in individuals that survived [51].

Another group of drugs, developed by
USAMRIID, NIAID, and US-based private compa-
nies includes compounds such as BCX4430 and GS-
5734. The drugs, which are nucleoside analogs,
were reported to have a stronger affinity for viral
RNA-polymerase than for that of native, host-cell
(human) RNA-polymerase. These compounds,
therefore, in a way similar to favipiravir, inhibit the
RNA-related steps in the viral multiplication path-
way. BCX4430 was discovered via a large scale
high-throughput screening campaign [52]. It provid-
ed an ICsp value of ~3.4 puM, and it was the first
small molecule to be tested in a NHP model, where
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it cured 100% of monkeys with a 15 mg/kg dose,
administered 2 times daily for 12 days. Under in
vitro conditions, GS-5734, which was developed
after BCX4430, proved to be superior, with an ICsp
as low as 0.06 uM [53]. Most probably, its triphos-
phate metabolite is an RNA-chain terminator. The
compound is not active in mice, but it did cure
100% of infected cynomolgus macaques with a 3.3
mg/kg daily dose. GS-5734 was given under com-
passionate use to two Ebola patients, and has en-
tered clinical trials [54].

Lastly, an important group of EBOV inhibi-
tors belongs to the class of compounds known as
cationic amphiphilic drugs (CADs) [55, 56]. These
molecules have a basic nitrogen atom separated by a
flexible linker from a hydrophobic, most often aro-
matic, molecular core. The mode of action of these
compounds is not fully elucidated, but it is clear that
it is host-based, and that viral entry is being inhibit-
ed in the late endosome/lysosome stage. It is also
clear these compounds increase Ca?* levels within
endosomes/lysosomes, while also lowering sphingo-
sine levels and causing cholesterol accumulation
[57, 58]. Toremifene, a selective estrogen receptor
modulator, stands out among CADs, and its estro-
gen receptor related activity was proven to be irrele-
vant for anti-EBOV activity. Its ICsy value ranges
from 0.97 to 1.73 uM, and it is able to cure 50% of
mice with a 60 mg/kg/day dose. Our own research
led to the development of diazachrysene derivatives,
such as ZS548. These compounds have ICsq values as
low as 0.34 uM, and can cure up to 90% of mice,
notably with a low dose of 10 mg/kg, delivered in-
traperitoneally once daily for seven days [59, 60].
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OUIOBUPYCUTE CE BUPYJICHTHU MATOTCHA KOW MPEAM3BUKYBAaaT CMPTOHOCHA XEMOparuyHa Tpecka Kaj JIyreTo u
HEXyYMaHHU MPUMAaTH. 3acera He MOCTOM OJ00PCH JICK MM BaKluHA 3a 00pOa mpoTuB oBaa Ooject. [IBe muiathopmu Ha
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Ha BE3WKYJIapeH CTOMATHTEH BUPYC YCIENIHO ja uMa moMuHTO (hazata |l ox ucrutyBamara. Pa3BueHu ce U CII0XKEHH
MaKpPOMOJICKYJICKH TEPAINCBTCKH CPEJICTBA, HAjIIO3HATOTO OJf HUB € 3aCHOBAaHO HA aHTUTENIA WM Ha UHTEp(EepeHTHA
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DINUCLEAR COPPER(I) ACETATE COMPLEX WITH CAFFEINE,
A FAST MECHANOCHEMICAL SYNTHESIS

Marina Ta$ner, Draginja Mrvo$-Sermek”, Emina Hajdarpasi¢, Dubravka Matkovi¢-Calogovié

Department of Chemistry, Faculty of Science, University of Zagreb, Croatia
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A new dinuclear paddle-wheel copper(Il) complex with caffeine was synthesized by the solvent-based and
mechanochemical methods from copper(l1) acetate and caffeine in a 1:1 molar ratio. Mechanochemical synthesis was
found to be the fastest and easiest way to prepare the complex. The reaction proceeds with addition of small amounts of
methanol or ethanol. The complex was characterized by FT-IR spectroscopy, elemental and thermoanalytical methods
(TG and DSC) and X-ray diffraction methods. The molecular and crystal structure was determined by the single crystal
X-ray diffraction method. The complex molecule consists of a centrosymmetric dinuclear unit, [Cuz(u-Ac)a(caf)2], with
two copper(ll) atoms bridged by four acetato groups, and N-coordinated caffeine (caf) molecules in the apical posi-

tions.

Key words: copper(l1); paddle-wheel structure; caffeine; crystal structure; mechanochemical synthesis

INTRODUCTION

Caffeine (3,7-dihydro-1,3,7-trimethyl-1H-pu-
rine-2,6-dione) is a purine alkaloid with very inter-
esting pharmacological properties as a therapeutic
agent with analeptic activity. The coordination
chemistry of the purine type ligands has been sub-
jected to intensive studies because of the importance
of the interaction between these ligands and metal
ions in many biological systems [1, 2].

A few crystal structures of copper(ll) com-
pounds with caffeine (caf) in which the copper(ll)
atoms are five coordinated have been described.
Two monomeric examples are triaqua(caf)nitra-
tocopper(ll) nitrite [3] and aqua(caf)dichloro-
copper(Il) [4]. Caffeine usually prefers the nitrogen
atom as the donor atom, especially in the copper(ll)
carboxylate complexes [5-14] (see Table 1). In
[Cux(flufenamato)s(caf)(H20)] [15] two copper(ll)
atoms are bridged by four carboxylato groups, but
one apical ligand is a caffeine molecule and the oth-
er one is a water molecule. The only example in the
series of dimeric copper(ll) carboxylates where both

apical position are occupied by O-coordinated caf-
feine molecules is [Cuz(3,5-dinitrobenzoato)s(caf);]
[16]. The authors comment that the possible reason
why this caffeine complex does not contain met-
al—-N bonding is a steric effect caused by the size of
the 3,5-dinitrobenzoato ligand.

In general, copper(ll) carboxylates can con-
tain a mononuclear, dinuclear or polynuclear struc-
tural unit. Scheme 1 shows some of the most fre-
quently encountered coordination modes of carbox-
ylate ligands in metal complexes.

1\|/1 M
Q. .0
— Roseg
M—0\ /0~\ ¢
R M SR |
0” 0" R
a b c

Scheme 1. Carboxylate coordination modes:
(a) monodentate; (b) chelate; (c) bidentate bridging
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All of the dinuclear [Cu,(RCOO0)4XY] com-
plexes, (RCOO™ = carboxylate; X, Y = usually N- or
O-donor ligands), have the paddle-wheel cage struc-
ture, as shown in Figure 1, in which each of the four
carboxylate ligands is bound to both copper(ll) ions
in a bridging bidentate fashion. Each copper atom is
coordinated by four oxygen atoms from the carbox-
ylate ligands in the equatorial plane and can further
accommodate a monodentate ligand, such as caf-
feine, in the apical position.

Some geometric parameters in the dinuclear
complexes of the [Cux(RCOO).(caf).] type, with
caffeine as a N- or O-donor are presented in Table 1.
In the Cambridge Structural Database (CSD) [17],
Version 1.2.1 (2018), there are 12 such crystal struc-
tures. There is a relationship between the Cu---Cu
distances and the distance of the copper(ll) atom
from the 40 equatorial basal plane towards the api-
cal caffeine ligand, as the former is elongated the

latter also increases. However, there is no relation-
ship with the Cu-N bond length. The observed dif-
ferences in the geometry of the paddle-wheel unit
can be attributed to the influence of different
RCOO" ligands.

Figure 1. Drawing of a paddle-wheel unit.
RCOO = carboxylate, X and Y are usually N- or O-donor
ligands. Copper atoms are shown as spheres.

Table 1. Summary data of the [Cux(RCOO)4(caf).] complexes

Refcode* /Formula or name d(Cu--Cu)/  d(Cu-Oe) (av)**/ d(Cu-Ngp) / Cu-40¢q plane  Ref.
of RCOO~ A A A /A
KUBJUM
CeH.COO 2.647(1) 1.967(2, 11) 2.222(3) 0.204 [5]
XIRCOQ
-2-(6-methoxy- . . , . . 6
(25)-2-(6-meth 2.649(1) 1.963(5, 16) 2.226(4) 0.216 [6]
naphthalen-2-yl)propionato
QOPHOT
CH3CH(Br)COO~ 2.6735(8) 1.943(4, 2) 2.183(5) 0.222 [7]
(monoclinic form)
KIGMOD
2-[(2-Hydroxy- 2.680(1) 1.968(4, 15) 2.168(5) 0.219 [8]
benzoyl)oxy]benzoato
REPVEO / CH3CH(Br)COO~
(triclinic form) 2.694(1) 1.966(5, 13) 2.231(7) 0.221 [9]
QOXLAQ
> lodobenzoato 2.7041(6) 1.966(2, 8) 2.238(2) 0.236 [10]
DAJVAL/ CH,CICOO™ 2.711(3) 1.98(4, 1) 2.23(4) 0.236 [11]
RERVAL
CeHsC(0)CO0™ 2.745(1) 1.975(4, 5) 2.161(5) 0.259 [12]
FOZKOM / CCI3;COO™ (ben-
zene solvate) 2.852(2) 1.973(4, 17) 2.121(5) 0.315 [13]
KUHFUO / CCl;COO™ 3.062(2) 2.011(2, 16) 2.0458(2) 0.415 [14]
d(Cu-Oqp) / A
KELXEF
3 5-dinitrobenzoato 2.661(3) 1.958(2, 25) 2.180(3) 0.200 [16]
d(Cu-Oqp) / A
d(Cu-Ngp) / A
KUHGUP***/ CCL,CO0 2.7364(9) 1.956(7, 12) gﬂgg; 0.241 [14]

*in CSD

** the first number in parentheses is the e.s.d. and the second is the maximum deviation from the mean value

*** polymeric
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Mechanochemical synthesis by neat grinding
(NG) or liquid-assisted grinding (LAG), either done
by using agate mortar and pestle or by ball-milling,
is now a widely used method for synthesis without
solvent or with just a small amount of a solvent.
This is especially important in "green chemistry" by
avoiding large amounts of organic solvents. In a
the NG or LAG methods resulting in different coor-
dination polymers, metal-organic frameworks
(MOFs) and metallodrugs have been discussed.
They have shown that the reaction of copper(ll) ox-
ide with acetic acid by the LAG (water) method
proceeded via an intermediate solvate of acetic acid
with copper(ll) acetate hydrate, which subsequently
transformed into the final product copper(ll) acetate
hydrate [19]. Copper(ll) acetate hydrate was also
used in the first solvent-free synthesis of a porous
MOF in a ball-milling reaction with isonicotinic
acid. Technologically important porous framework
HKUST-1, [Cus(btc),, btc = 1,3,5-benzenetricar-
boxylate], was obtained by grinding copper(ll) ace-
tate with 1,3,5-benzenetricarboxylic acid. In Cus(btc),
a pair of Cu?* ions is chelated by four carboxylate
bridges forming a paddle-wheel moiety. 1,3,5-
benzenetricarboxylate is a linker molecule to three
neighboring pairs of copper ions forming thus a 3D
network [20, 21].

As a part of our interest in copper(ll) com-
plexes with molecules of biological importance [22,
23] we describe the synthesis and crystal structure
of a new dinuclear copper complex tetrakis(u-
acetato-0:0)-bis(1,3,7-trimethylpurine-2,6-dione)
dicopper(Il), [Cuz(z-Ac)a(caf)2], Ac = CHs;COO .

EXPERIMENTAL
General considerations

Chemicals were obtained from Sigma-Aldrich
and used without previous purification. Elemental
C, H, N analysis: Perkin-Elmer 2400 Series Il
CHNS analyzer in the Analytical Services Laborato-
ries of the Ruder Boskovi¢ Institute, Zagreb, Croa-
tia. FT-IR spectra (KBr pellets): PerkinElmer Spec-
trum Two. TG and DTA curves were obtained by
using Mettler-Toledo TGA/SDTA 851e module.
The samples of about 2 to 5 mg were placed in alu-

minium pans (40 ul). The TGA and DTA curves
were obtained with a heating rate of 10 °C min*
under a oxygen flow of 200 ml min~t. The samples
were heated from room temperature up to 600 °C.
DSC measurements were performed on a Mettler-
Toledo DSC823° module in aluminium pans (40 pl),
heated in oxygen (200 ml min!) at a rate of 10 °C
min~t. The samples were heated from room tem-
perature up to 500 °C. The data collection and anal-
ysis was performed using the program package
STARe Software 9.01 [24]. A Retch MM200 grind-
er operating at 25 Hz frequency and teflon jars (14
ml in volume; using stainless steel grinding ball of 8
mm in diameter) were used for the grinding experi-
ment.

Single-crystal X-ray diffraction

The single crystal X-ray diffraction data were
collected at 293 K on an Oxford Diffraction Xcali-
bur 3 CCD diffractometer with graphite-mono-
chromated MoK, radiation (2 = 0.71073 A). The
data were reduced using CrysAlisPRO software
package [25]. The solution, refinement, and analysis
of the structure was done using the software inte-
grated in the WinGX system [26]. The structure was
solved by the Patterson method using SHELXS [27]
and refined by the full-matrix least-squares method
based on F? against all data (SHELXL) [28]. All
non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were introduced in calculated
positions and refined using the appropriate riding
model. Geometrical calculations were made using
PLATON [29] and molecular graphics were pre-
pared using Mercury [30], ORTEP-3 [31] and POV-
Ray [32]. The main crystallographic data with re-
finement details are summarized in Table 2.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data were
collected on a PANalytical Aeris diffractometer in
the Bragg-Brentano geometry using CuK,, radiation.
The sample was contained on a zero background Si
plate. Patterns were collected in the scan range of 26
= 5-50° with the step size of 0.0027° and at 9 s per
step. The data were visualized using the HighScore
Plus program [33].
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Table 2. Crystal data and details of crystal structure refinement

Compound [Cuz(z-Ac)a(caf)2]
Formula C24H32Cu2NgO12
M; 751.66

Habit and colour

Crystal dimension / mm?3
Crystal system, space group
a/A

b/A

c/A

al®

Bl°

yle
V /A3

Z

Dc./gcm™

w/mm

F (000)

@ range for data collection / ©

h, k, | range

No. of measured reflections

No. independent reflections (Rint)
No. observed reflections, 1 > 2c(1)
R2, WRP [I > 25(1)]

R, wR [all data]

Goodness of fit on F?, S¢

Max., min. electron density / e A~

Maximum A/c
ccDC no.d

prism, dark blue-green

0.18 #0.21* 0.39
triclinic, P -1
7.9252(2)
9.1257(3)
11.2138(3)

103.931(3)
100.629(2)
99.372(3)
755.17(4)

1

1.653

1.483

386

4.147 — 29.497
—10:10; —12:12; —15:15
21467

4187

3889

0.0228

0.0253

1.033
0.312,-0.208

0.001
1873412

@ R = 3||Fo| — |Fe| / Z|Fo|
(b) WR = [Z(Foz - FCZ)Z/ ZW(FOZ)Z]l/Z

© S = Z[W(Fo? — Fc?)? / (Nobs — Nparam)]*?

@ CCDC number contains the supplementary crystallographic data for this paper.
These data are provided free of charge by the Cambridge Crystallographic Data Centre.

Synthesis of [Cuz(u-Ac)a(caf)2]

Mechanochemical synthesis: the liquid-
assisted grinding method was used. Copper(ll) ace-
tate monohydrate (0.199 g, 1 mmol) and caffeine
(0.194 g, 1 mmol) were weighed into a teflon jar, and
2 drops of methanol or ethanol were added. Milling
was performed at room temperature for 1 hour.

Slurry method: neat grinding was performed
by grinding copper(ll) acetate (0.199 g, 1 mmol) and
caffeine (0.194 g, 1 mmol) with a mortar and pestle
for 15 min. A homogenized mixture of copper(ll)
acetate monohydrate and caffeine is obtained in this
way (Fig. 2a, left). If two drops of methanol are ad-

ded while grinding (LAG/MeOH) the powder is still
only the mixture of reactants. The powder was then
mixed with a few drops of methanol or ethanol in an
Eppendorf tube to form a slurry. A change in color
from cyan to dark blue-green occurs very fast. The
reaction is completed in minutes (Figure 2a, right).

Solution—based synthesis: a solution of caf-
feine (0.194 g, 1 mmol) in 15 ml methanol (or etha-
nol) was added to a solution of copper(ll) acetate
monohydrate (0.199 g, 1 mmol) in 12 ml methanol.
The mixture was heated to 60° and refluxed for 1
hour and then left to cool at room temperature.
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& 4=

a

Figure 2. a) Powder on the left (light blue-green; cyan) was
obtained after NG or LAG (mortar and pestle) for 15 min. It
is a mixture of copper(ll) acetate monohydrate and caffeine.
Powder on the right is that of [Cua(z-Ac)a(caf),], obtained
after addition of methanol or ethanol to the NG/LAG powder
to form a slurry. It is of dark blue-green color.
b) Single crystals of [Cuz(z-Ac)4(caf),] obtained
by the solution—based synthesis.

Dark blue-green crystals were isolated by fil-
tration, washed several times with cold ethanol and
dried in air (Figure 2b). Anal. CzH32NsO1.Cu;

()’T( T”‘
N

AN Reflux (MeOH, EtOH)
L/ Cl;
H; (0]

F
S oY
: /IL\ CI OH,
)

(751.66). Calc’'d: C 38.34; H 4.26; N 1491 %.
Found: C 38.20; H 4.22; N 14.85 %.

RESULTS AND DISCUSSION
Synthesis

The complex was obtained by the reaction of
copper(Il) acetate monohydrate, Cu(Ac).H>0O, and
caffeine (CsH1oN4O7) in a 1:1 molar ratio both by
the solution—based method in methanol and mecha-
nochemically by the LAG method with methanol or
ethanol in a ball mill (Scheme 2). Taking into account
the proper formula of the dimeric complex of cop-
per(1l) acetate monohydrate, [Cuz(z~Ac)a(H20)], the
ratio to caffeine is 1:2. It was found that the ex-
change of the two coordinated H.O molecules with
caffeine molecules occurs only by the assistance of
methanol or ethanol.

s o,

LAG (MeOH, EtOH)

»
Nmf N::a(

CHy  “ep,

Scheme 2. Synthesis of [Cuz(u-Ac)a(caf)2]

Several other mechanochemical procedures
were tried and the reaction products were monitored
by PXRD. Neat grinding (NG) and LAG of cop-
per(Il) acetate monohydrate (Figure 3a) and caffeine
(Figure 3b) in the 1:1 ratio with added water ground
with a mortar and pestle were performed for 15 min.
Such short grinding with or without addition of wa-
ter resulted only in the mixture of copper(ll) acetate
and caffeine (Figure 3c). The same procedure was
tried with LAG (methanol) but such short grinding
with no compensation done for evaporation of
methanol resulted in the same mixture. To obtain
the complex with caffeine this mixture had to be
soaked with methanol or ethanol to form a slurry
(Figure 3g). PXRD pattern of the product of LAG
for 1 hour in a ball mill with added water showed
presence of copper(ll) acetate monohydrate, howev-
er the highest caffeine peak almost disappeared and
two new low angle peaks formed that could not be
assigned, but there were no peaks of the caffeine
complex (Figure 3d). On contrary, LAG with meth-

anol or ethanol in a ball mill for 1 hour resulted in
the caffeine complex [Cuz(u-Ac)s(caf)2] (Figure 3h).
The same complex was obtained by the solution-
based method which gave single-crystals suitable
for the crystal structure determination (Figure 3i).
Tella et al. [34] have recently published a
synthesis of [Cu(caf)2(H20)(Ac)]Ac by both mecha-
nochemical and solution-based methods, however
the molar ratio of Cu(Ac)2-H20 and caffeine was 1:2
([Cuz(u-Ac)a(H20).]:caffeine = 1:4). Therefore, dur-
ing this synthesis the dinuclear paddle-wheel unit
would be broken and a mononuclear complex ob-
tained. The authors have characterized this complex
by elemental analysis, FT-IR, UV-Vis and 1H
NMR spectra but not by the single-crystal X-ray
diffraction. The proposed structure consists of cop-
per atom coordinated with two bidentately donating
caffeine ligands through the nitrogen atom of the
imidazole group and the oxygen atom of the pyrimi-
dine group, a water molecule and an acetate ligand.
One acetate is proposed to be a free anion. A caf-
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feine molecule to be bidentately coordinating one
copper atom we consider highly unlikely. In our
opinion only a polymeric structure would be possi-
ble. We followed their synthetic procedure (1 mmol
of copper(ll) acetate and 2 mmol of caffeine were
ground together with a mortar and pestle for 15 min;
a bluish-green powder was washed with methanol)
and collected the PXRD pattern of the product be-
fore washing with methanol and obtained only a
mixture of copper(ll) acetate monohydrate and caf-
feine, with more caffeine than in our 1:1 synthesis
(Figure 3e). Upon washing with a small amount of

methanol the same caffeine complex is formed as in
our synthesis but there is an excess of unreacted caf-
feine (Figure 3f). There are no peaks that correspond
to their powder pattern. It has to be noted that they
have made an error and instead of a powder pattern
of copper(ll) acetate monohydrate they gave a pat-
tern of copper(ll) chloride dihydrate.

Contrary to Tella et al., the same complex as
ours was obtained by a solution-based method in
ethanol (reflux for 4 hours) by Hamdani et al. [35].
The ratio of copper(ll) acetate monohydrate and
caffeine was 1:2, and not 1:1 as in our synthesis.

I a [Cuy(Ac)s(H,0)]
JLAMA M
f
b caf
c [Cuy(Ac)4(H,0),):caf =1:2
NG/LAG 15 min mortar
d l [Cuy(Ac)s(H,0),):caf =1:2
”. LAG (water) 1h ball-mill
A J AA A a
e N [Cup(Ac)s(H,0),]:caf = 1:4
NG 15 min mortar
f ]ﬂ Product e washed with MeOH
LT -
o A WA MmAS AL e S R S N
g ' Slurry of ¢ with MeOH/EtOH
h [Cuy(Ac)s(H,0),):caf =1:2
| LAG (MeOH/EtOH) 1h ball-mill
, | [Cuy(Ac)y(H,0),]:caf =1:2
G " { ! Solution-based synthesis
¥ ) A ',_ '__ b PP G S, " U
j [Cuy(Ac)y(caf),]
A calculated
A LA o) proN A
IIIIIITYYITIIIIlTl’TTYIIIIIIITITTII]I
10 20 30 40
2theta/deg

Figure 3. Powder diffractograms of: (a) copper(ll) acetate monohydrate (Cu(Ac),-H20 = [Cuz(u-Ac)s(H20),]);
(b) caffeine; (c) product of NG or LAG (water) for 15 min by hand; (d) product of LAG (water) for 1 hour in a ball-mill;
(e) product of NG for 15 min by hand (procedure by Tella et al.); (f) product (e) washed with MeOH; (g) product
(c) with added MeOH or EtOH to form a slurry; (h) product of LAG (MeOH or EtOH) for 1 hour in a ball mill;
(i) solution-based synthesis; (j) calculated powder pattern from the crystal structure of [Cuz(u-Ac)a(caf),].

FT-IR spectroscopy

Table 3 presents the most important IR spec-
tral bands for caffeine, copper(ll) acetate monohy-
drate and [Cuz(u-Ac)s(caf),] obtained via the solu-
tion—based and mechanochemical methods. The

carboxylate stretching frequencies —COO )asym at
1620 cm™* and —COO )sym at 1426 cm™* are char-
acteristic for copper(ll) carboxylate compounds [15,
36, 37] (Figure 4). The two strong band at 1700
cm? and 1660 cm™ were attributed to 1{CO)asym
and YCO)sym /Y (—C=N) in free caffeine, the latter
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shifted to 1650 cm™ in the copper complex. The
AHCN) + wing(imid) + wiing(pyrim) stretching and
deformation of the heterocyclic imidazol and pyrim-
idine fragments was found at 1550 cm™ [38, 39].
This band shifted to 1541 cm™ in the complex indi-

cating that the (C=N) imidazole fragment of caf-
feine is involved in coordination with the metal ion
through the N9 nitrogen atom. Hamdani et al. ob-
tained the same IR spectrum as ours indicating that
they also prepared [Cuz(z-Ac)s(caf)2].

Table 3. Characteristic IR bands (cm™) in caffeine, copper(l1) acetate monohydrate and [Cuz(z-Ac)4(caf)2]

Copper(ll)acetate

Caffeine monohydrate [Cuz(g-Ac)a(caf)2] Attribution
1700 1700 V(_C:O)asym
1660 1650 W—~C=0)eym/ U—C=N)
1550 1541 S(HCN) + viing(imid) + viing(PYrim)

1610 1620 U—COO") asym
1590
1435 1426 U—COO") sym
1415
84,
801
70]
60
501
s
S 40
304
201
104
4000 3500 3000 2500 2000 1500 1000 500450
cm-1

Figure 4. Infrared spectra of [Cux(u-Ac)s(caf),] obtained via the solution—based or mechanochemical method (LAG, MeOH)

Thermal analysis

Complex [Cuz(u-Ac)s(caf).] was heated from
room temperature to 600 °C (TG) and from room
temperature to 500 °C (DSC) in an oxygen atmos-
phere. The TG curve of the complex shows two deg-
radation steps. The first step between 234 and 272
°C is accompanied by a 32.3 % weight loss (calcu-
lated 31.4 %) corresponding to the elimination of
the acetato ligands. This step is represented by two
exothermic peaks at 255 and 287 °C on the DSC
curve. Three exothermic peaks with maxima at 363,
368 and 375 °C are associated with the elimination
of two caffeine molecules (observed weight loss
45.1 %, calculated 51.6 %). The remaining residue
of 21.5 % at 600 °C is CuO.

X-ray crystal structure

The X-ray structure of [Cu,(u-Ac)as(caf)2] is
depicted in Figure 5. The complex molecule con-
tains the dinuclear paddle-wheel unit with two cop-
per atoms and four bridging acetate ligands. It is
centrosymmetric with the center of inversion located
between the two copper atoms so there is a half of
the molecule in the asymmetric unit. Each of the
copper(Il) atoms is coordinated by four acetato
groups as equatorial ligands and one nitrogen atom
from the caffeine ligand, localised at the apex of a
distorted square pyramid.
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Fig. 5. Molecular structure of [Cuy(u-Ac)a(caf),] with the atom labeling scheme. Symmetry code: i = 1-x, 1-y, -z.
The ellipsoids are at the 40 % probability level. Hydrogen atoms are depicted as spheres of arbitrary radii.

The Cu--Cu distance of 2.6350(3) A is the
shortest one among the known dinuclear
[Cuz(RCOO0)4(caf),] complexes (Table 1). The dis-
placement of the Cu atom from the equatorial plane
(atoms 03—06) toward the apical atom of N(9)
amounts to 0.202(1) A. The apical Cu—N(caf) bond
length is 2.2585(10) A being the longest one in
comparison to other complexes (Table 1). Each
Cu(Il) ion has four oxygen atoms from different
carboxylate groups in the equatorial positions, with
Cu—O distances in the range from 1.9689(10) to
1.9716(10) A, Table 4. These values are comparable
to those found in other Cu(ll) carboxylates.

The geometry of the caffeine ligand linked to
the metal center indicates delocalization of wt- electrons

Table 4. Selected bond distances (A) and valence
angles (°) for [Cua(u-Ac)a(caf)2]

Bond distances

Cu-03 1.9716(10)
Cu-04 1.9554(10)
Cu-05 1.9624(10)
Cu-06 1.9689(10)
Cu—N9 2.2585(10)
Bond angles

03—Cu—04 168.02(4)
03—Cu—05 90.96(5)
03-Cu—06 87.43(5)
05—Cu—06 168.31(4)
03-Cu—-N9 95.24(4)
04-Cu—N9 96.51(4)
05-Cu—N9 99.38(4)
06—Cu—N9 92.30(4)

within the pyrimidine and imidazole ring of caf-
feine. Both rings are planar with a maximum devia-
tion of N9 amounting to 0.025(1) A from the least-
squares plane through the ring atoms. Maximum
ring substituent deviation from this plane is that of
C(3) being 0.066(2) A.

The complex structure is stabilized by weak
C3-H:--O5 intramolecular hydrogen bond. There are
also only weak intermolecular hydrogen bonds of
the C-H---O type interconnecting the complex mol-
ecules in a 3D structure since C-H groups are the
only available hydrogen bond donors. The relevant
characteristics of H-bonds are given in Table 5 and
the packing is shown in Figure 6.

Figure 6. Packing diagram of [Cu,(z-Ac)as(caf),] in the unit
cell. Hydrogen bonds are shown by blue dotted lines.
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Table 5. Hydrogen bonding parameters

Distance /A Angle /°
Symmetry code

D-H--A D-H H--A D---A D-H--A

C3-H---05 0.96 2.49 3.4028(19) 159

C7-H:--01 0.96 2.28 3.232(2) 172 X, ~1+y, z

Cl1-H---02 0.96 253 3.451(2) 161 1-x, 1=y, 1-2

CONCLUSION feinecopper(ll) nitrite monohydrate, Cryst. Struct.
Commun., 1 (1972), pp. 363-365.

By direct reaction of copper(ll) acetate mon-  [4] G. Bandoli, M. B. Cingi, D. A. Rizzardi, Prepara-
ohydrate with caffeine in the 1:1 molar ratio, either tion, crystal and molecular structure of aqua-
by the solution-based method or mechanochemical- dichlorocaffeinecopper(ll), Inorg. Chim. Acta, 20
ly (LAG with methanol or ethanol) the dinuclear (1976), pp.71-76.
complex, [Cux(u-Ac)s(caf),], was prepared. It was [5] T. Kawata, H. Uekusa, S. Ohba, T. Furukawa, T.
found that the addition of methanol or ethanol is Tokii, Y. Muto, M. Kato, Magneto-structural corre-
necessary for the formation of the complex since lation in dimeric copper(1l) benzoates, Acta Cryst.,
NG or LAG with water did not result in the complex B48 (1992), pp. 253-261.
formation. We have found that the replacement of [6] M. Koman, M. Melnik, J. Moncol’, T. Glowiak,
water molecules by caffeine molecules in the pad- Caffeine in copper(ll) complexes: crystal and mo-
dle-wheel copper(ll) acetate complex proceeds also lecular ~ structure  of di(caffeine)tetrakis(na-
in a slurry at room temperature only by the addition proxenato)dicopper(ll), Inorg. Chem. Commun., 3

(2000), pp. 489-492.

of a few drops of methanol or ethanol to the homog-

enized mixture of the reactants (with a mortar and ~ [7] F. Valach, M. Tokarcik, M. Melnik, Distortion

pestle for 15 min). This is the fastest and easiest isomerism and plasticity of the coordination sphere

way to prepare the complex. The obtained complex o|: blnuclearI_C_u(II_) compleﬁes. Crysta;)l structure_of
consists of the paddle-wheel dimeric Cuz(O,CCHs)4 the monaclinic isomer of [Cuz(2-bromopropio-
L . . . nato)s(caffeine).], Journal of Coord. Chem. 62

unit with N-coordinated caffeine molecules in both (2009), pp. 225233

apical positions. Each copper(ll) atom is five coor- T ' .

dinated (distorted square-pyramidal) with four oxy-  [8] 2. Ma, B. Moulton, Supramolecular medicinal

gen atoms from four acetato anions in the equatorial K/tlwemlstry. mixed-ligand coordination complexes,
.. - - . . ol. Pharmaceutics, 4 (2007), pp. 373-385.

positions and the caffeine N atom in the apical posi- i o

tion (Cu-N 2.2585(10) A). The Cu--Cu distance is [°1 F. Valach, M. Melnik, G. Bernardinelli, K. K.

2.6350(3) A. The copper(Il) atoms are displaced Fromr.n, A structural study of copper(ll) carbox-

from the O4 equatorial plane by 0.202(1) A toward y_Iates. crystal structure and_physwal cha_racterlza—
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BP3A MEXAHOXEMUCKA CUHTE3A
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CunTetnsupan ¢ HOB OuHykneapen nponenepcku tum (paddle-wheel) va Gakapen(ll) kommekc co kodenH co
ITOMOIII Ha MEXaHOXEMHCKHA METOJ 3aCHOBaH Ha pacTBOpYyBady, a moarajku ox Oaxap(ll) amerat u kodewH Bo MomapeH
coomaoc 1:1. Hajoeno e meka MexaHOoXeMHCKaTa CHHTE3a € HAjOp3 W HajileceH HAa4YHMH 3a MOATOTBKA HA KOMIUIECKCOT.
PeaknujaTa ce ofBMBa CO IONaBambe Ha MaJI0 KOJMYECTBO METAHON WM eTaHoJ. KOMIUIEKCOT € KapaKkTepH3HupaH co
momotn Ha FT-IR cmekTpockomnuja, aHamM3a Ha XEMHCKHTE elleMeHTH, TepMmoaHamuTiaku Meroqu (TG and DSC) u
METOJ] Ha peHAreHcKa audpaxnuja. MojekyIckaTa 1 KPUCTAIHTa CTPYKTYpa ce ONPEeeNICHU CO IIOMOII Ha PEHIreHCKa
Iudpaxnuja ox MOHOKpHCcTald. KoMIiekcHaTa MOJeKysla ce COCTOHM O] IEHTPOCUMETPHYHA OUMHYKIeapHa eIMHKA O]l
tunot [Cuy(u-Ac)a(caf),], wro ja unnat nsa 6akapuu(ll) aroma npemMocTeHn MpeKy YETHPH AlleTATHU rpynu, kako u N-
KoopanHupanu kodeuncku (caf) Mosekyu BO alMKaIHK TOI0XKOH.
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MEXaHOXEMHCKa CUHTE3a

Ipunosu, O00. dpup. maid. buoiiex. nayku, MAHY, 39 (2), 91-101 (2018)


mailto:mrvos@chem.pmf.hr




ITPUJIO3U, Onjienerue 3a NpupoAHO-MaTeMaTHIKU U OroTexHm4ku Hayku, MAHY, tom 39, 6p. 2, crp. 103-121 (2018)
CONTRIBUTIONS, Section of Natural, Mathematical and Biotechnical Sciences, MASA, Vol. 39, No. 2, pp. 103-121 (2018)

Received: September 30, 2018
Accepted: November 13, 2018

ISSN 1857-9027

e-ISSN 1857-9949

UDC: 543.552

DOI: 10.20903/csnmbs.masa.2018.39.2.123

Review

RECENT ADVANCES AND PROSPECTS OF SQUARE-WAVE VOLTAMMETRY

Valentin Mir¢eski>* , Leon Stojanov!, Stawomira Skrzypek?

nstitute of Chemistry, Faculty of Natural Sciences and Mathematics
Ss. Cyril and Methodius University, Skopje, Republic of Macedonia
2 Department of Inorganic and Analytical Chemistry, Faculty of Chemistry,
University of Lodz, Poland

*e-mail: valentin@pmf.ukim.mk

This review concerns recent methodological advances of square-wave voltammetry as one of the most sophisti-
cated members of the pulse voltammetric techniques. Besides addressing recent theoretical works and representatives of
advanced analytical studies, an emphasis is given to a few novel methodological concepts such as kinetic analysis at
constant scan rate, cyclic square-wave voltammetry, multisampling square-wave voltammetry, and electrochemical far-
adaic spectroscopy. For the purpose of improving analytical performances of the technique two new methods are pro-

posed for the first time.

Key words: square-wave voltammetry; electrode mechanisms; electrode kinetics

INTRODUCTION

Square-wave voltammetry (SWV) is a well-
known and versatile voltammetric technique for
analytical application, mechanistic studies and ki-
netic measurements of electrode processes [1-3]. It
is a member of the large family of pulse voltammet-
ric techniques, and it can be considered as a special
form of the popular differential pulse voltammetry
[4]. In a historical perspective the technique origi-
nates from the Kalousek commutator [5] and Barker
square-wave polarography [6—8]. The popularity of
the technique has been permanently increasing since
the seminal work of Osteryoungs [9, 10], remarkable
theoretical work of Lovri¢ [11] and contributions of
others [12-24]. Methodological development and
application of the technique have been reviewed over
the years [25-36] and two specialized monographs
are exclusively dedicated to SWV [1, 37].

Basic features of the potential modulation, to-
gether with the simulated response in the course of
experiment, are depicted in Figure 1. In the contem-
porary SWV, the potential modulation comprises of
a staircase potential combined with square-shaped
potential pulses (Figure 1A), which was first intro-

duced by Ramaley and Krause [38, 39]. The main
parameters of the potential cycle, composed of two
neighbouring pulses (Figure 1B), are the height of
the pulses (referred to as SW amplitude, E,) and the
duration of the single potential cycle 7 (Figure
1B). Commonly, the duration of a potential cycle is
expressed in terms of SW frequency (f), defined as

f=1/7. In terms of the duration of a potential pulse

tp (= 2t,), the frequency could be defined as f =
1/(2t,). The physical meaning of the frequency, as
critical time parameter, can be understood as a num-
ber of potential cycles in a unit of time. Besides, the
scan rate of the overall experiment can be defined as
v = fAE, where AE is the step of the staircase po-

tential (cf. Figure 1B).

Relative to the direction of the staircase mod-
ulation, forward and reverse (backward) potential
pulses can be distinguished. In the course of each
potential cycle the electrode reaction is driven in
both anodic and cathodic directions by the two op-
posite pulses, thus providing an insight into the elec-
trode mechanism. In the course of the experiment,
the current varies with time as theoretically predict-
ed in Figure 1C. However, it is not the real outcome
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of the experiment as the current sampling is done at
the end of each potential pulse only, aiming to dis-
criminate against the charging current [1, 10]. The
forward (/;) and backward (reverse) (/) component of
the SW voltammogram (Figure 1D) correspond to the
currents associated to the forward and backward po-
tential pulses, respectively (cf. Figure 1C). An im-
portant feature of the SW voltammetric response is
that both forward and backward components are plot-
ted versus the potential of the staircase modulation,
i.e. the mid potential of the two adjoining pulses (cf.
Figure 1B). For these reasons two current values are
assigned to each potential value of the staircase mod-
ulation. The net SW component (/) (cf. Figure 1D)
is calculated by subtracting the backward from the
forward currents, which most frequently is a bell-

o

potential

s --->-

time

%

shaped curve, enabling precise determination of the
position (£, — net peak potential) and the height (net
peak current Al,) (Figure 1D).

Besides addressing recent representative ex-
amples from the field of theory and analytical appli-
cation of the technique, the current review focuses
mainly on the methodological development
achieved in the last several years. A few promising
methods in the direction of expanding and facilitat-
ing the application of the technique for mechanistic
and kinetic analysis of electrode processes are ad-
dressed. In the end, for the purpose of improving
analytical performances of the technique two new
methodological concepts are elaborate briefly for
the first time.

sampling period (z,,)

v

e
A

;
-

potential

N

sarmpling Peﬁbd (Trev)

time

Figure 1. (A) Potential modulation in square-wave voltammetry; (B) Single potential cycle in square-wave voltammetry;
(C) Variation of the current in the course of the square-wave voltammetry; (D) Typical square-wave voltammogram
consisting of forward (%), reverse (%) and net component ( het).
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ELECTRODE MECHANISMS
AND ANALYTICAL APPLICATIONS

A variety of electrode mechanisms have been
analyzed applying SWV in the past several years. In
general, the advances in the theory of pulse volt-
ammetric techniques, including SWV, can be found
in the mini review of Molina et al. [40]. Electrode
mechanism including three electrode reactions cou-
pled with two chemical reactions (ECECE mecha-
nism) was developed by Lovri¢ [41], building up on
the previous theoretical study of three-step electrode
reaction [42]. In [41] three reversible electrode reac-
tions that are connected by two reversible chemical
reactions have been considered, with emphasize on
the influence of the basic thermodynamic parame-
ters. Lovri¢ also developed theoretical model of an
electrode process of amalgam forming ions at spher-
ical electrodes [43], as well as the theory of an elec-
trode reaction followed by the dimerization of the
product [44].

Fatouros and Krulic analyzed specific condi-
tions when the responses under conditions of pulse
voltammetry and linear scan voltammetry match
[45]. It has been shown that the forward component
of the SW voltammetric response of a reversible
electrode reaction of a solution resident redox cou-
ple at a macroscopic electrode under certain experi-
mental conditions can match with the response of
simple linear sweep voltammetry.

Molina et al. discussed the effects of unequal
diffusion coefficients and coupled chemical equilib-
ria on the SWV response at disc and hemispherical
microelectrodes [46]. It has been pointed out that
under non-steady-state conditions the case of une-
qual diffusion coefficients gives rise to a complex
behaviour of the SW voltammetric response, being
significantly different from the theoretical predic-
tions established under the assumption of equal dif-
fusion coefficients.

Vettorelo and Garay developed a theory of
complex and important electrode system coupled
with adsorption and regenerative catalytic reaction
[47], proposing diagnostic criteria for characterisa-
tion of the experimental system, while Garcia-Araez
et al. proposed simple and efficient procedure for
measuring the rate of transport of redox species
through membranes by using SWV [48]. SWV has
been applied by Rama Kant to analyze theoretically
the response at rough electrodes [49]. An explicit
mathematical expression is proposed relating the
staircase, cyclic staircase, differential pulse, and
square-wave voltammetric response of finite fractal
electrode to the statistical morphological character-
istics.

There exist numerous analytically oriented
studies including SWV and their full citation is vir-

tually impossible, thus only a few representative
examples will be briefly mentioned. A useful collec-
tion of references on the analytical application of
SWYV can be found in the recent reviews on electro-
chemical sensors for forensic drug analysis [50],
application of bismuth electrodes in contemporary
electroanalysis [51], electrochemical biosensors
[52], and electrochemical methods for determination
of the antioxidant capacity of food [53]. Cao et al.
presented an advanced state-of-the-art strategy for
multi-antibiotics detection using SWV [54]. The
same authors presented dual-signalling electrochem-
ical aptasensor using ferrocene and [Ru(NH3)e]*" as
two signal indicators, quantified with SWV, reach-
ing subpicomolar limit of detection [55]. Sedova et
al. studied complex kinetic and thermodynamic be-
haviour of strand displacement at the electrode sur-
face in detection of single base mismatches [56]. In
the mechanistically oriented study, where SWV was
used as an electroanalytical tool for detection of a
redox label, they have found a complex interplay
between the position of the redox label, variations in
strand displacement kinetics, and alterations in the
melting temperature of DNA duplexes tethered on
the gold surface. D’Eramo et al. reported on the ap-
plication of SWV for simultaneous determination of
eugenol, thymol and carvacrol (CA) in honey sam-
ples at a glassy carbon electrode [57]. Taleb et al.
[58] reported on the preparation of electrochemical
sensor using self-organized gold nanoparticle modi-
fied highly oriented pyrolytic graphite electrode,
which was applied for the analysis of copper and
silver ions with SWV. The sensor exhibited remark-
able performances in terms of preparation, simplici-
ty, and detection limit. Finally, Domenech-Carbo et
al. [59] reported on an important application of
SWYV in the solid-state electrochemistry of organo-
sulfur compounds existing in petroleum and its de-
rived matrices according to the methodology of the
voltammetry of immobilized microparticles.

RECENT METHODOLOGICAL
ADVANCES OF SWV

Kinetic analysis at a constant scan rate

Commonly, kinetic analysis in voltammetry is
performed by changing the scan rate, which affects
the critical time of the voltammetric experiment. As
previously mentioned, the frequency (f) is the criti-
cal time parameter in SWV (cf. Figure 1B). Adjust-
ing the frequency one defines the available time to
drive the electrode reaction in both cathodic and
anodic directions at a given potential. Hence, all
intrinsic kinetic parameters controlling the response
are frequency related; e.g. for a quasireversible elec-
trode reaction of a solution resident redox couple
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Ox/Red the
kS

/ot

and D is the common diffusion coefficient of both
Ox and Red. For an electrode mechanisms coupled
with chemical reactions (e.g. EC, CE, EC’ etc.) ad-
dition chemical kinetic parameter appears, defined

electrode kinetic parameter is

K= [1], where k; is the formal rate constant

Kk .
as A= TC , where k. is the first order rate constant

of the coupled chemical reaction [1]. Thus, variation
of the frequency affects particular kinetic parameter,
which is the basic of the methodology for estimation
of kinetic rate constants. However, the system is
frequently affected by several parameters and the
frequency exhibits a complex influence, making the
estimation of the rate constants tedious.

To circumvent the latter complexity, a simple
methodology has been developed for kinetic analy-
sis at a constant scan rate, i.e. at constant frequency,
taking advantage of the pulse height (amplitude
(Esw)) [60]. Let us first note that during a single po-
tential pulse (cf. Figure 1B) the actual sampling of
the forward (/) and reverse (/) currents is done at
the potentials of the forward and reverse pulse, re-
spectively, which differ between each other for the
absolute potential value of 2F,. Thus, the actual
driving force is the sum of the potential of the step
and the amplitude. This implies the electrode kinet-
ics can be significantly affected by the amplitude
only, while keeping the frequency constant. The
latter provides significant advantage in the kinetic
analysis, as the comparison of the experimental and
theoretical voltammograms is simplified to a large
extend when all frequency related kinetic parame-
ters are kept constant.

This is the basis of the simple methodology
for electrode kinetic measurement by analyzing the
peak potential separation of the forward and reverse
SW voltammetric components as a function of the
amplitude [61]. Indeed, the methodology was intro-
duced for the first time almost two decades ago [62],
by considering only fast surface confined electrode
reactions, which are attributed with net peak split-
ting. The method was recently generalized by con-
sidering electrode processes of a solution resident
redox couple [61], as well as stripping electrode
mechanisms. Experimental conformation was done
for both surface confined electrode processes [63]
and a dissolved redox couple [61]. It is further ex-
pected to challenge this simple approach for mecha-
nisms coupled with chemical reactions.

Figure 2 illustrates the evolution of the for-
ward and backward SW components of a surface
confined electrode reaction by increasing the ampli-
tude. The electrode reaction is attributed with the

o k .
electrode kinetic parameter, @ = % where kg 1s

the formal rate constant of the electrode reaction
expressed in units of s”'. The increasing amplitude
causes an enhancement of both the intensity and
peak potential separation of the response. The inset
of the Figure 2A displays the peak potential separa-
tion (AE,) as a function of the electron-normalized
amplitude (nE,,) for different electrode kinetic pa-
rameters. The data clearly imply that the studied
feature is sensitive to the electrode kinetics enabling
estimation of the formal rate constant. The original
method was further developed by the recent contri-
bution of Bonazzola and Gordillo for the electrode
kinetics of surface confined processes [64].

At this point, it is however useful to note that
besides the electrode kinetics, the peak potential
separation is partly consequence of the conventional
way of presenting the data in SWV, where the for-
ward and reverse voltammetric components are plot-
ted vs. the potential of the staircase modulation,
though they are measured at respective potentials of
potential pulses. To avoid this artefact in the kinetic
analysis we have recently introduced the so called
“potential corrected SW voltammograms” [61]. In-
deed, in the latter variant of SWV only the forward
and reverse components are considered, avoiding
the net SW components, which are plotted vs. the
real potentials of the pulses, instead of being plotted
versus the potentials of the staircase potential modu-
lation. Such simple correction can be easily done to
any SW voltammograms by appropriate shift of the
forward and reverse components for the value of the
SW amplitude along the potential axis, as shown in
Figure 2B. In potential corrected SW voltammo-
grams, the peak potential separation bares infor-
mation on the electrode kinetics only [61].

Besides the peak potential separation, the SW
amplitude can be related to the peak currents of all
three components of the response [65]. As shown in
Figure 3, the morphology of the response depends
dramatically on the SW amplitude, in terms of the
peak current ratio of the forward and backward
components, exemplified with the quasireversible
electrode reaction of a solution resident redox cou-
ple. Whether electrode reaction appears as an irre-
versible process (Figure 3A-(1)), or as a relatively
fast quasireversible process (Figure 3A-(3)), de-
pends markedly on the amplitude. This phenomenon
was studied in detail revealing that the kinetic re-
gions of the electrode reaction depend strongly on
the amplitude. Figure 3B displays typical variation
of the dimensionless net-peak current with the elec-
trode kinetic parameter of the electrode reaction of a
dissolved redox couple. Note the linearly increasing
part of the curves is associated to the typical quasi-
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revesible behaviour of the reaction [1]. Obviously,
the quasireversible kinetic interval depends strongly
on the amplitude, being shifted toward lower values
at higher amplitudes (cf. Figure 3B). In other words,

large amplitude provides sufficient driving force to
make intrinsically slow electrode processes relative-
ly fast. Thus, increasing the amplitude enables ki-
netic estimation of slow electrode processes [65].
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Fig. 2. Quasireversible electrode reaction of a surface confined redox couple. (A) Evolution of the simulated forward and
reverse SW components with increasing amplitude of the potential modulation of nEg, = 25 (1); 50 (2) and 75 mV (3). The
other conditions of simulations are: electrode kinetic parameter @ = 1, electron transfer coefficient o= 0.5, and scan increment
AE =5 mV. The inset shows the dependence of the peak potentials separation on the SW amplitude for electrode kinetic
parameter of @ = 0.05 (1); 0.1 (2); 1 (3) and 2 (4). (B) Conventional and potential corrected SW voltammogram showing the
forward and reverse components for conditions corresponding to curve (3) in panel (A).

Ipunosu, 0Q00. tipup. maill. 6uoitiex. nayku, MAHY, 39 (2), 103-121 (2018)



108

V. Mirceski, L. Stojanov, S. Skrzypek

0.8 A
0.4 4
U4
0 -
(1)
Evs.E' IV
0.4 T T T ]
04 02 0O 02 04
0.8 -
0.4 4
b
0 -
(2)
Evs B[V
04 T 1
04 0.1 0.6
08 -
04 4
U4
0 4
(3)
-04 T T T 1
-04 -02 0 02 04
Evs E°/V
(A)

1.2 1

A¥p

9 -
8 4
=z
7 T4
S
5:1
< 81
o
5 4 Q
@)
0po”
4 T r r )
0 50 100 150 200
nE,, /| mv

©

Figure 3. Quasireversible electrode reaction of a dissolved redox couple at a planar electrode. (A) The evolution of the simu-
lated SW voltammograms at different amplitudes of Eq = 60 (1), 120 (2) and 180 mV (3). Conditions of the simulations are:
electrode kinetic parameter x = 0.06, electron transfer coefficient & = 0.5, stoichiometric number of electrons n = 1, and scan
increment AE = 5 mV. (B) The dependence of the dimensionless net peak current on the logarithm of the electrode kinetic
parameter for different amplitudes. The conditions of the simulations are: Eq = 10 (1); 25 (2); 50 (3); 100 (4) and 150 mV (35).
(C) The dependence of the amplitude-based quasireversible maximum on the electrode kinetic parameter. Simulations are
conducted for n =2 and x= 0.01 (Z); 0.03 (2); 0.05 (3) and 0.06 (4).
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Foregoing theoretical considerations provides
a basis for development of a new kinetic method by
means of the analysis of the net-peak current-
amplitude relation. Interestingly, Figure 3C shows
that the ratio of the net peak current and the elec-
tron-normalized amplitude (A ¥,/nEs.) is a parabolic
function of the amplitude, for a single electrode re-
action. This feature was termed as amplitude-based
quasireversible maximum, by analogy to the well-
known gquasireversible maximum of surface con-
fined or adsorption complicated electrode processes
[1, 11]. The position of the amplitude-based quasi-
reversible maximum is sensitive to the electrode
kinetics enabling estimation of the formal rate con-
stant in a simple, fast and efficient procedure. Un-
like the conventional quasireversible maximum, the
amplitude-based quasireversible maximum is not
limited to adsorption complicated electrode process-
es, rather than it is a general feature of a broad class
of electrode mechanisms. The methodology was
experimentally supported with a variety of electrode
mechanisms  including 2-methyl-2-nitropropane
[65], alizarine, vitamin B12 and vitamin K2 [63].

Finally, it is worth mentioning that a possible
drawback of both amplitude-based methodologies is
related to the fact that by using large amplitude values,
ie. Eq > 150 mV) distortions of the experimental
curves are possible due to significant contribution of
the charging current, which has to be considered in the
course of the real experimental analysis.

Approaching slow electrode processes — the role
of the step potential increment in SWV

As previously mentioned, the main time parameter
in SWV is the frequency, with the typical interval
values provided by the modern instrumentation from
5 to 2000 Hz. For the minimal frequency of 5 Hz
one gets the maximal duration of a single potential
cycle, 7 = 200 ms (7 =1/ f ), revealing that one

deals with intrinsically fast technique. The latter
could be considered as a drawback when slow elec-
trode processes are considered (unfortunately the
majority of electrode reactions are relatively slug-
gish). In the previous section, (Kinetic analysis at a
constant scan rate), it was revealed that kinetics of
the electrode reaction, i.e., the electrochemical re-
versibility, can be significantly affected by increas-
ing the amplitude, transforming intrinsically slow
processes in electrochemically quasireversible reac-
tions (cf. Figure 3). However, besides the amplitude,
in a quest to analyze slow electrode processes there
could be another tool in hand; it is the step potential
increment AFE of the staircase potential modulation
(cf. Figures 1A and B). The latter assumption stem
from the expectation that along the frequency the

electrochemical reversibility depends on the overall
scan rate defined as v = AEf. Unfortunately, there
is a gap in the theory of SWV regarding the role of
the step potential increment and the overall scan rate
in the electrochemical reversibility. Jadresko et al.
[66] studied the effect of the scan rate in SWV and
staircase voltammetry for the case of reversible elec-
trode processes of a solution resident redox couple,
however the analysis of quasireversible electrode
mechanisms is still missing. For these reasons, we
illustrate briefly the effect of the step potential in-
crement, in order to emphasize the potential usage in
studying electrode kinetics.

Figure 4A illustrates how the step potential
increment affects profoundly the morphology of the
response for the case of a quasireversible electrode
reaction of a dissolved redox couple. The electrode
reaction attributed with the electrode kinetic param-
eter k¥ = 0.1 appears quasireversible for AE = 0.5
mV (Figure 4A, panel (7)), whereas it is almost
completely irreversible for AE =20 mV (Figure 4A,
panel (2)). On the other hand, the intensity of the
response enhances significantly by increasing the
step increment (compare panels 1 and 2 in Figure
4A). Obviously, the scan increment has a complex
and profound effect to the voltammetric response of
a quasireversible electrode reaction. Figure 4B
summarizes in more detail the effect of the step po-
tential increment to the typical kinetic regions of the
electrode reaction considering the variation of the
net peak current with the logarithm of the electrode
kinetic parameter. The scan increment has a signifi-
cant influence in the lower parts of the curves,
which is associated to relatively slow and irreversi-
ble electrode processes, in agreement with the study
of Jadresko et al. [66]. More specifically, the typical
quasireversible kinetic region is expanded toward
slower processes by decreasing the step increment
(Figure 4B), implying that kinetic analysis of slug-
gish electrode reactions can be assessed by decreas-
ing the step increment for a given frequency of the
potential modulation. For log(x) > 0, the linearly
increasing part of all curves merges into a single
line, regardless of the step potential, indicating that
in this kinetic region the electrochemical reversibil-
ity mainly depends on the frequency (cf. Figure 4B).
Figure 4C also illustrates that the peak potential
separation AE, between the forward and backward
components depends on both amplitude and the step
potential increment. Obviously, lowering the step
potential increment (curve 1 in Figure 4C) enables
application of lower amplitude values (curve 3 in
Figure 4C), which is highly advantageous in terms
of precision and sensitivity of the method based on
the amplitude variation [61].
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Figure 4. Quasireversible electrode reaction of a dissolved redox couple at a planar electrode. (A) The effect of the step
potential increment on the morphology of the SW voltammograms for electrode kinetic parameter of x= 0.1, electron transfer
coefficient @ = 0.5 and stoichiometric number of electrons n = 1. The amplitude of the modulation is Esy = 50 mV and the
step increment is AE = 0.5 (1) and 20 mV (2). (B) The effect of the step potential increment on the quasireversible kinetic
region for AE=0.1 (1); 1(2); 5 (3) and 20 mV (4). (C) Peak potential separation as a function of the SW amplitude for the

step potential increment of AE =1 (1); 5 (2) and 10 mV (3).

To rationalize the effect of the scan increment
let us note that the scan rate of the overall potential
modulation can be significantly changed by altering
the step potential increment for a given frequency (v
= AE(). In turn, the scan rate determines the overall
time of the voltammetric experiment, affecting the
thickness of the diffusion layer and the rate of the

diffusional mass transport for processes of a dis-
solved redox couple. For instance, at f = 5 Hz, the
scan rate changes from v = 0.5 mV/s to 100 mV/s
for AE = 0.1 and 20 mV, respectively. It is three
order of magnitude variation of the overall scan rate
which has marked influence to the electrochemical
reversibility of a given electrode reaction. Though
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the interplay of the frequency and scan rate is very
complex, it is highly advised to inspect in detail the
effect of the step increment and to develop methodol-
ogy for kinetic estimation of slow electrode process-
es. A general recommendation would be to apply as
small as possible step potential increment when slug-
gish electrode mechanisms are subject of the study.

In-depth analysis of chronoamperometric
features of electrode processes — multisampling
procedure in SWV

Understanding SWV as a repetitive double-
step chronoamperometric technique, a novel meth-
odology has been recently proposed for advanced

analysis based on the multisampling current proce-
dure [67]. The basic idea is graphically illustrated in
Figure 5, showing a single potential cycle in SWV
(Figure 5A) where the current is sampled at several
time intervals at the last portion of the pulse. Instead
of single current measurement, the multisampling
current procedure enables construction of a series of
so called multi-sampled SW voltammograms, which
reflect the chronoamperometric behaviour of the
electrode reaction. Proposed procedure is useful
when the experiment is conducted at a low frequen-
cy, i.e. long duration of the potential pulses, allow-
ing to sample the current at the last portion of each
pulse without sacrificing the large ratio of the fara-
daic to the charging current [1, 11].
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Figure 5. (A) Multisampling current procedure in the course of a single potential cycle in SWV and corresponding multisampled
net SW voltammograms. (B) Comparison of net voltammetric components of a reversible electrode reaction of a dissolved redox
couple simulated at = 10 Hz (¢, = 50 ms) by sampling the current at #, = 40 ms (red line) with the conventional voltammogram
(blue dashed line) simulated for f'= 12.5 Hz (¢, = £, = 40 ms). (C) Quasireversible electrode reaction of a surface confined
redox couple. The dependence of the real net peak current of multisampled SW voltammograms on the sampling time for the
formal rate constant of ky,/s' = 10 (I); 15 (2), and 25 (3). Electron transfer coefficient is « = 0.5, stoichiometric number of
electrons n = 1, frequency f= 10 Hz, amplitude E,, = 50 mV, and scan increment is AE = 2 mV. (D) Evolution of the
multisampled theoretical net voltammograms of surface confined electrode reaction for a sampling time of # = 30 (7);40 (2)
and 50 ms (3). The formal rate constant is k.= 35 s7!. The other conditions are identical as for the panel (C).
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Figure 5B illustrates the difference between
multisampled and conventional SW voltammograms
for a reversible electrode reaction of a solution resi-
dent redox couple. The red line corresponds to the
net voltammogram simulated at /= 10 Hz (duration
of a single pulse #, = 50 ms) but sampling the cur-
rent at £, = 40 ms, whereas the blue dashed line re-
fers to the conventional voltammogram simulated at
f=12.5 Hz (¢, = ¢, = 40 ms). Even though in the two
cases the current is sampled at equal time (40 ms),
the outcome of the two assumed experiments is not
identical, revealing the difference in the multisam-
pling and conventional SWV.

The main advantage of multisampling SWV
originates from the fact that in a single experiment
one can construct a series of SW voltammograms,
the analysis of which might enable full characterisa-
tion of the reaction [67]. A theoretical example of
such analysis is presented in Figure 5C showing the
variation of the net peak current of the multi-
sampled net voltammograms as a function of the
sampling time for a surface confined electrode reac-
tion. The net peak current variation with sampling
time is sensitive to the electrode kinetics enabling
estimation of the formal rate constant. Moreover,
the evolution of the net voltammogram from a sin-
gle peak to the split net peak, typical for a surface
confined electrode reaction, can be observed by ana-
lyzing multisampled voltammograms (Figure 5D).
Let us recall that the peak splitting in conventional
SWYV is achievable either by increasing the SW am-
plitude or decreasing the frequency of the potential
modulation [62]. Obviously, in multisampling
SWYV, the phenomenon can be observed conducting
a single votammetric experiment only, which seems
to be a unique feature of the proposed methodology.
The proposed method is promising for an advanced
analysis of electrode processes, as initially experi-
mentally verified with the reactions of Eu** and az-
obenzene [67]. It is however worth mentioning that
the full implementation of the method depends yet
on the modification of current sampling protocol in
the modern digital instrumentation.

Square-wave voltammetry in a cyclic
fashion mode

It is commonly claimed that SWV unifies the
advantages of pulse voltammetric techniques (with
respect to the high ratio of the faradaic to the charg-
ing current, i.e., high analytical sensitivity), and cy-
clic voltammetry (with respect to the ability to study
electrode mechanism). Nevertheless, in convention-
al SWV mechanistic features are accessible only for
relatively fast electrode processes attributed with
high electrochemical reversibility under given ex-

perimental conditions. For slow processes, as dis-
cussed in the previous section, a series of obstacles
need to be overcome. A possible solution could be
found in coupling the conventional SWV with cy-
clic voltammetry to yield the potential modulation
presented in Figure 6A. The theoretical basis of this
highly promising technique are found in the works
of Chen [68], Bottomley [69-71], Molina [72], as
well as in a series of studies in which SWV was ap-
plied in a reverse mode [73-76].

Figure 6B shows a typical theoretical re-
sponse of the cyclic square-wave voltammetry of a
slow, quasireversible electrode reaction of a dis-
solved redox couple. The response is rich with elec-
trochemical data, consisting of six voltammetric
curves, attributed to the direct and reversal SW po-
tential scan. For the sake of simplicity, the cyclic
square-wave voltammogram might feature the net
components of the direct and reversal scan only.
Analyzing the same electrode reaction shown in Fig.
6B with conventional SWV yields an irreversible
voltammetric response with barely developed back-
ward component. On the contrary, under conditions
of cyclic square-wave voltammetry the processes
appears as quasireversible one considering the net
components of the response, providing an insight
into the mechanistic and kinetic aspects of the elec-
trode reaction.

Figure 6C shows a typical response of a ECrey
electrode mechanism, where the quasireversible
electrode reaction of a dissolved redox couple (E) is
coupled with a follow-up reversible homogeneous
chemical reaction (Crev), attributed with a equilibri-
um rate constant log(K) = 10 and different kinetics
of the chemical step [1]. As the kinetics of the
chemical reaction increases, the net component of
the reversal SW voltammetric scan diminishes, in
analogy to the cyclic voltammetric features. Recall
that the dimensionless chemical kinetic parameter is

defined as ¢ = %; k =k; +k, is cumulative rate

constant where ky and k, are rate constants of the
direct and reverse chemical reaction of the chemical
step [1]. The evolution of the response presented on
Figure 6C is similar to the conventional cyclic volt-
ammetry, the difference being in the advanced sensi-
tivity and high quality of the electrochemical data
under conditions of cyclic square-wave voltammetry.

In conclusion, it has to be stressed that there
is a necessity for the analysis of a variety of elec-
trode mechanisms under conditions of cyclic square-
wave voltammetry in order to establish qualitative
diagnostic criteria as well as to develop methods for
determination of thermodynamic and kinetic param-
eters of electrode reactions.
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Figure 6. (A) Potential modulation in cyclic square-wave voltammetry. (B) Typical voltammetric response of a quasireversible
electrode reaction of a solution resident redox couple showing, forward, reverse and net component. Simulations are conducted
for electrode kinetic parameter x =1, electron transfer coefficient & = 0.5, stoichiometric number of electrons # = 1, amplitude
Es, =50 mV, and scan increment AE =10 mV. (C) Typical response of an ECrey mechanism for the chemical kinetic parameter

of: log(e) =-5 (1); -2 (2) and —1 (3). The equilibrium constant of the chemical step is log(K) = 10 and the electrode kinetic

parameter is 0.1. The other conditions are identical as for panel (B).
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Simplified form of square-wave voltammetry —
square-wave chronoamperometry

Square-wave chronoamperometry is a simpli-
fied form of conventional square-wave voltammetry
developed for the purpose of simplification and
broadening the scope of the technique [77]. The the-
oretical base of this renewed idea is found in the
early works of Smit and Wijnen [78—80], in the
methodology known as cyclic potential-step meth-
od. Square-wave chronoamperometry is a pulse-
form chronoamperometric experiment, the excita-
tion signal being obtained by combining a constant
potential (mid-potential, E,s) with a short-duration,
small potential pulses, as depicted in Figure 7A.
Indeed, the proposed experiment is a repetitive dou-
ble-step chronoamperometric experiment conducted
with small potential pulses. The main tool in hand
for electrokinetic purposes is again the frequency
(f), the height of potential pulses (Esw, i.e. SW am-
plitude), as well as the mid potential (). Current
sampling and presentation of chronoamperometric
data is analogous to SWV, consisting of forward,

Emid

potential

(A)

time

net current

(€)

frequency

reverse, and net (differential) chronoamperometric
curve (Figure 7B). Additionally, for electrokinetic
purposes, the typical way of presenting the data is in
the form of a "spectrum" of net currents as a func-
tion of the frequency (Figure 7C), which is the rea-
son to coin an alternative name of the technique —
electrochemical faradaic spectroscopy.

The first, and the most striking feature of the
response is that the net chronoamperometric com-
ponent does not depend on time of the experiment,
as illustrated in Figure 7D, referring to the reversi-
ble electrode reaction of a solution resident redox
couple. Such chronoamperometric behaviour is op-
posite to the conventional chronoamperometry (cf.
Figure 7D), where the current decays with time

(~% ), as typical for diffusion controlled processes
t

at macroscopic electrodes. Thus, the response under
conditions of electrochemical faradaic spectroscopy
at a macroscopic electrode resembles the steady
state response in conventional chronoamperometry
at microelectrodes governed by a spherical diffusion
mass transport.
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Figure 7. Electrochemical faradaic spectroscopy (EFS): (A) A scheme of the excitation signal; (B) typical response of EFS
in a form of square-wave chronoamperogram; (C) typical response of EFS in a form of a spectrum of net currents of different
frequencies. (D) Comparison of the net response in EFS and conventional chronoamperometry.
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Figure 8 illustrates that the frequency spec-
trum is sensitive to both electrode kinetics and
mechanism, exemplified with the quasireversible
electrode reaction of a solution resident redox cou-
ple (curve I), surface confined electrode reaction
(curve 2), and E,vC’ regenerative catalytic mecha-
nism of a reversible electrode reaction of a dissolved
redox couple (curve 3) [1]. The theoretical analysis
is conducted at the mid potential identical to the cor-
responding formal potentials of each electrode
mechanism, with 20 potential cycles (i.e., in total 40
potential pulses at amplitude of E5, = 20 mV). The
parabolic spectrum of the surface confined electrode
reaction is a consequence of the specific chronoam-
perometric features related to the phenomenon
known as quasireversible maximum [1, 11].

Generally, the proposed simple technique uni-
fies the advantages of both conventional square-
wave voltammetry and chronoamperometry. With
respect to the kinetics of the electrode reaction of a
dissolved redox couple the technique appears to be
even more sensitive than SWV and conventional
chronoamperometry [77]. Moreover, in comparison
to SWV even faster electrode reactions can be stud-
ied by adjusting the mid-potential (E.i4) at values
Enia < E”. Finally, it has to be mentioned, similar to
the case of multisampling current procedure (section
In-depth analysis of chronoamperometric fea-
tures...), the application of the new methodology
depends on the implementation of the technique in
the modern instrumentation. Moreover, the com-
plete theoretical development considering a variety
of electrode processes should follow.
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Figure 8. Typical frequency spectrum in electrochemical faradaic spectroscopy for (1) a quasireversible electrode reaction of

a solution resident redox couple with a formal rate constant k&, = 0.01 cm s7'; (2) quasireversible surface confined electrode

reaction with a formal rate constant &, = 100 s'; and (3) reversible catalytic electrode mechanism with the catalytic rate constant

k.= 10 s7!. The other conditions of the simulations are: stoichiometric number of electrons n = 1, electron transfer coefficient

a= 0.5, amplitude E;, = 20 mV, and number of potential cycles p = 20. The dimensionless currents correspond to the 19t
potential cycle measured for different frequencies.

TOWARDS ENHANCED SENSITIVITY
OF SQUARE-WAVE VOLTAMMETRY

Finally, in a quest for improved analytical
performances of SWV two new ideas are presented
here for the first time. The full elaboration will be
given in subsequent separate publications. The first
one is an attempt to increase the sensitivity of SWV
by simple processing of conventional net voltam-
mograms, leading to the methodology provisionally
termed as cumulative square-wave voltammetry. In
cumulative voltammetry the current at a given po-
tential (¥.m) is calculated as a sum of all previous

current values of the conventional SWV (%), i.e.,
Yo = Z?I’j . The result of such operation, which
]

could be regarded as primitive integration, is pre-
sented in Figure 9, comparing conventional (left
ordinate) with the new, cumulative net voltammo-
gram (right ordinate). The cumulative voltammo-
gram is a sigmoid curve with a limiting current
(Wim) that is an order of magnitude higher than the
net peak-current of the conventional SW voltammo-
gram (A ¥,) (compare the range of values of the two
ordinates). For the conditions of Figure 9, the ratio
is Yim/A¥Y, =26.5. In order to illustrate the prom-
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ising potential of the proposed methodology toward
an increased analytical sensitivity, the inset of Fig-
ure 9 compares theoretically constructed calibration
lines of conventional and cumulative SWV. While
the improvement in the sensitivity of the technique
1s obvious, it should be noted that the limit of detec-
tion of two techniques is expected to be identical, as
they rely on the same set of electrochemical data.
The first, preliminary experimental verifica-
tion of the proposed methodology has been done
with the experiments with H,O, measurement at
macroscopic Pt electrode, where the slope of the
calibration line increased from 21.26 to 693.07 A

mmol! 1 for conventional and cumulative SWV,
respectively (data not shown).

From the mechanistic point of view it can be
mentioned that the half-wave of the cumulative
voltammogram is identical to the net peak potential.
It can be also shown that the rising part of the cumu-
lative voltammogram is a linear function of the po-
tential. The slope of the linear part of the cumulative
voltammogram and the half-wave potential are sen-
sitive to the electrochemical reversibility, thus ena-
bling further processing and estimation of the kinet-
ic parameters.
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Figure 9. Cumulative square-wave voltammetry of a quasireversible electrode reaction at a planar electrode of a solution resident

redox couple. Comparison of the cumulative (right ordinate) with the conventional SW voltammogram (left ordinate). Conditions

of the simulations are: electrode kinetic parameter log(x) = 1.8, electron transfer coefficient & = 0.5, stoichiometric number

of electrons n = I, amplitude Es = 50 mV, and scan increment AE = 5 mV. The inset shows the theoretical calibration

curves for the cumulative and conventional SWV. Conditions of the simulations are: formal rate constant &, = 103 cm s/,

electrode surface area 4 = 0.01 cm?; common diffusion coefficient D =1 x 10-° cm? s~! and frequency /= 10 Hz. The other
conditions are identical as for the main graph.

Besides sensitivity, the improvement of the
limit of detection of SWV is a highly challenging
issue in the overall methodological development of
the technique. In the family of pulse voltammetric
techniques SWV and differential pulse voltammetry
(DPV) [4] compete for dominance in electroanalyti-
cal chemistry in general. While SWV seems to be
superior when electrode mechanisms and kinetics
are the subject of the study, analytical performances
of the two techniques are quite comparable. In
SWYV, the frequency is the main time parameter (f' =
1/t = 1/2t,) (Figure 10A), while in DPV both dura-

tion of the step (¢) and the pulse (#,) can be deliber-
ately altered (Figure 10B). In many cases, the right
choice of the ratio #,%, provides superior analytical
performances of DPV. In order to unify the ad-
vantages of the two techniques a hybrid potential
modulation is proposed, as depicted in Figure 10C.
The later can be understood as a modified form of
DPV, where the single pulse is replaced with two,
equal, oppositely oriented pulses. Clearly, the un-
derlying idea is to keep the ability of the hybrid
technique to provide mechanistic information as
SWYV does. On the other hand, the hybrid potential
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form can be commented from the perspective of
SWYV noting that a potential step (¢) is inserted be-
tween potential cycles; commonly # > ¢,. Obviously,
the tendency is to enable longer relaxation of the
system at a given potential step of the staircase po-
tential modulation, in order to increase the ratio be-
tween the faradaic and charging current, as effec-
tively achieved in DPV [4].

The current sampling of the hybrid technique
can be done at three points, i.e., at the end of the
step (k), as well as at the end of each potential pulse
(frand 7,) (cf. Figure 10C). Two differential current
components can be defined as L= I— L, and gy
= [ — [. In addition, the net component can be cal-
culated as s = Liyr— iy~ The same net compo-
nent is obtained through /Jand /7. as e = - 1.
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As depicted in Figure 11 the evolution of the differ-
ential current components ( Ly L, Figure 11A) is
not identical with the forward and reverse current
components (/; /£, Figure 11A), though the net
component is identical in both cases. Interrelation
between differential current components implies a
quasireversible electrode process (cf. Figure 11A),
whereas the forward and reverse currents are typical
for the irreversible electrode reaction (cf. Figure
11B). The overall characteristics of the response are
expected to depend strongly on the ratio #,/%, in both
mechanistic contexts, as well as in terms of the ana-
lytical performances of the technique. An in-depth
theoretical analysis is in progress, which will be the
subject of following communications.
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Figure 10. (A) Potential modulation in differential pulse voltammetry; (B) square-wave voltammetry;
(C) hybrid differential-pulse square-wave voltammetry, showing typical time intervals and current sampling points
in the new hybrid technique
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Figure 11. Quasireversible electrode reaction of a dissolved redox couple at a planar electrode. Typical theoretical response
under conditions of hybrid differential pulse-square voltammetry showing: (A) differential (%airs, %airr) current components
and (B) forward (%) and reverse (%) current components. In both cases, the net component (¥het) is also given. The simula-
tion conditions are: electrode kinetic parameter x = 0.1, electron transfer coefficient « = 0.5 and stoichiometric number of
electrons n = 1. The ratio between critical time parameters is ts/tp = 6, the amplitude of the modulation is Esy = 25 mV and the
scan increment is AE = 10 mV.
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KBAJIPATHO-BPAHOBA BOJITAMMETPUJA: HAJHOBU JOCTUT'AIBA U ITEPCIIEKTUBU

Banentun Mupuecku®?, Jleon Crojanos’, Stawomira Skrzypek?

Uucruryr 3a xemuja, [pupoaHo-MatemaTnuku (axysirer,
VYuusepsureT ,,CB. Kupun u Meroanj“,Ckorje, Penybiauka MakenoHuja
?Department of Inorganic and Analytical Chemistry, Faculty of Chemistry,
University of Lodz, Poland

Bo 0B0j peBmjaneH Tpyn € NaJeH Mperiel Ha HajHOBUTE HOCTHrama Ha KBaJlpaTHO-OpaHOBaTa BONTAMMETPH)a,
KaKo eJHa OJ] HajCOQUCTUIIUPAHNUTE ITyJICHN BOITAMMETPUCKH TEXHUKHU. Pasriienanu ce HajHOBUTE TCOPUCKU TPYIOBH,
JeNl O]l HallpeJHHUTE CTYAWH 32 aHAIWTHYKA MPHMEHA Ha TEXHUKATa, a OCOOCH aKIEHT € CTaBeH Ha HEKOIKY HOBHU
METOJIOJIOIKM KOHIIENTH KaKo INTO CE€ METOoJaTa 3a MEpeHe Ha eJIEKTPOJHAa KUHETHKAa IPH KOHCTaHTHa Op3WHa Ha
MPOMEHA Ha MOTEHIIMjaJIOT, IUKJIMYHA KBaJpaTHO-OpaHOBa BOJTAMMETpPHja, KBaJpaTHO-OpaHOBaTa BOJITAMMETPHja CO
MOBEKEKPAaTHO MEPEhE Ha CTpyjaTa U ellekTpoxemuckara dapajeeBa CEKTPOCKONHja. 3a HOHATAMOIIIHO YCOBPIIYBambhe
Ha TeXHHUKAaTa MPE/JI0KEHH Ce JIBE HOBU METO/IH, 0CEra HeMO3HaTH BO HayYHaTa JIMTepaTypa.
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CLINOPODIUM ALBANICUM (GRISEB. ex K. MALY) MELNIKOV
NEW SPECIES FOR THE FLORA OF THE REPUBLIC OF MACEDONIA

Vlado Matevski

Macedonian Academy of Sciences and Arts, Skopje, Republic of Macedonia
“e-mail: vlado.matevski@yahoo.com

During floristical investigation in western parts of the Republic of Macedonia one new species of vascular plants
was found which was not previously reported for the country — Clinopodium albanicum (Griseb. ex K. Maly) Melnikov.

Key words: flora; Macedonia; distribution; Clinopodium albanicum (Griseb. ex K. Maly) Melnikov

INTRODUCTION

The latest revision of the genera Satureja L.,
Clinopodium L., Micromeria Bentham, Calamintha
Mill. and Acinos Mill, based on modern molecular-
phylogenetic studies, have led to many new
taxonomic solutions, to new taxonomic and
nomenclature combinations [1-9]. An attempt was
made to clarify the boundaries between the different
genera, as well as to determine the real taxonomic
status and position of certain species and lower taxa
within these genera. The taxonomic solutions based
on the specific morphological characteristics at the
level of the genera, sections, subsections or species,
especially within the genera Micromeria and
Clinopodium, in many cases were not very clear and
precisely defined, followed by a very complex
synonymy, as well as with the inevitable author
subjectivism.

On the one hand, some species, depending on
author’s taxonomic concept, have often changed
their taxonomic and nomenclature status within the
different genera [e.g. Calamintha grandiflora (L.)
Moench, Satureja grandiflora (L.) Scheele,
Clinopodium grandiflorum (L.) Kuntze], while on
the other hand, some species described from the
some parts of the Balkan Peninsula were neglected,
such as Clinopodium albanicum (Griseb. ex K.
Maly) Melnikov [Micromeria albanica (K. Maly)

Sili¢, Satureja albanica Griseb. ex K. Maly] and
they were associated with related species from the
other areas (Micromeria serpyllifolia).

Aim of the elaboration is to establish the ade-
guate classification of the species of the genus
Clinopodium found between Kichevo and Demir
Hisar. As these species was often treated within dif-
ferent taxa (Clinopodium albanicum, Clinopodium
dalmaticum subsp. bulgaricum, Clinopodium serpyl-
lifolium) we tried to highlight also development of
classification history of this species.

EXPERIMENTAL SECTION

Floristic researches were carried out in the
western parts of the territory of the Republic of
Macedonia (Demir Hisar, between the villages of
Velmevci and Zeleznec). Herbarium material is de-
posed in the Herbarium of the Institute of Biology,
Faculty of Natural Sciences and Mathematics in
Skopje (MKNH). When determining the herbarium
material, appropriate literature was consulted — Pro-
dromus Florae peninsulae Balcanicae, Il [10]; Flora
Europaea, 111 [11] and other regional floras [12], as
well as some special papers [1-9] and databases —
Euro+Med Plant Base [13] dealing with taxonomy,
nomenclature and chorology of the taxa studied.
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RESULTS AND DISCUSSION

During the our work on Lamiaceae family for
the edition "The Flora of the Republic of Macedo-
nia", special attention was paid to the species Clino-
podium albanicum, which was discovered in the
southwest parts of the territory of the Republic of
Macedonia (between Kichevo and Demir Hisar) as
well as his relationship with the species Clinopodi-
um serpyllifolium (Micromeria serpyllifolia) and
Micromeria bulgarica.

The western Balkan endemic species Clino-
podium albanicum (Micromeria albanica, Satureja
albanica) was discovered in the vicinity of Prizren,
Kosovo, (sub. Micromeria albanica Griseb., Locus
classicus: Resnathal = Rekathal bei Prizren, be-
sonders hfg. auf Kalkfelsen bei d. Ruinen d.
Schlosses Demanitze, 1839; by A. Grisebach) [14].

From the chronological overview of the data
cited in the botanical literature for the taxonomy,
nomenclature and distribution of this species can be
found the following:

Hayek [10] considers this species (as Satureja
albanica) a synonym of the species Micromeria
serpyllifolia (MB) Brig, citing it only for the
territory of Albania. But, it should be noted that
Hayek's territorial boundaries in Prodromus Florae
peninsulae Balcanicae do not correspond with
today's state borders of the Balkan Peninsula
countries.

Maly [15] points this species under the name
Satureja albanica Griseb. ex K. Maly.

Chater & Guinea [11] in the Flora Europaea
edition do not mention the species Satureja albanica
Griseb. ex K. Maly [= Micromeria albanica (K.
Maly) Sili¢] et al. They cite the taxon Micromeria
fruticosa (L.) Druce subsp. serpyllifolia (Bieb.) P.
H. Davis for Crimea, Southwestern Asia and
Southwestern Yugoslavia, so according to this we
can lead to the conclusion that the data for South-
western Yugoslavia actually refers to Micromeria
albanica.

Dikli¢ [12] in the Flora of SR Serbia edition
accepts the decision that Satureja albanica is a syn-
onym of Micromeria serpyllifolia MB, so cites it for
Serbia: Kosovo — Prizrenska Bistrica.

Sili¢ [16] in his monograph dedicated to the
genera Satureja L., Clinopodium L., Micromeria
Bentham, Calamintha Mill. and Acinos Mill. in the
flora of Yugoslavia, the status of the species
Satureja albanica Griseb ex K. Maly was actualized
and he confirm the indepenadent status of the taxon
and proposes the following nomenclature commbi-
nation — Micromeria albanica (Griseb. ex K. Maly)
Silié stat. et comb. new. Close to the classical locali-

ty (Resnathal = Rekathal bei Prizren), this species
was confirmed later of the several botanists in the
canyon of the Prizren Bistrica (Maly [15], Sili¢
[16]). In the chapter on distribution of this species,
besides Kosovo, it is also cited for Albania (In the
valley Crni Drim ad pagum Suhodol pr. Peskopija,
27.VIIL.1917, Dr. J. Andrasovszky — Herb., Dr An-
tal Pénzes, Budapest) (Sili¢ [16]).

Sili¢ [16] in the same monograh on the territo-
ry of the Republic of Macedonia cites the speciec
Micromeria bulgarica (Velen.) Vandas, based on the
data of Vandas [17, 18], for the presence of this spe-
cies in the area of Demir Hisar, Usunza river and
Krivska river. According to Chater et Guinea [11],
Micromeria bulgarica as a subspecies is attached to
Micromeria dalmatica subsp. bulgarica (Velen.)
Guinea, while Brauchler et al. [3] think that the real
position of this species is in the synonymy of Clino-
podium dalmaticum (Benth.) Brauchler & Heubl. The
same solution is present in Euro+Med Plantbase also
(http://wwz2.bgbm.org/EuroPlusMed/query.asp).

Greuter et al. [19] in the Med-Checklist
accept the old nomenclature solution — Satureja
albanica K. Maly, so this species is referring to
Yugoslavia (Kosovo) and Albania. In the synonymy
of this species they include the previous taxonomi-
cal and nomenclature solutions for "Micromeria
serpyllifolia" (sensu Hayek [10], Dikli¢ [12]) and
Micromeria albanica (K. Maly) Silié. Greuter et al.
[19], make a distinction between the species
Satureja albanica (Micromeria albanica) and
Micromeria serpyllifolia, both in terms of their
particular taxonomic status and their distribution.
Thus, according to Greuter et al. [19] the area of
distribution of the species Satureja serpyllifolia
covers the territory of Crimea, the Asian part of
Turkey, Lebanon, Syria, Israel and Jordan, while the
area of Satureja albanica K. Maly [= Micromeria
albanica (K. Maly) Sili¢] is located in the western
parts of the Balkan Peninsula.

In the Euro + Med Plantbase [13] the old
nomenclature combination is returned — Micromeria
albanica (K. Maly) Sili¢.

Bréuchler et al. [3] in the updated monograph
on the genus Micromeria, they disputed the
taxonomic value of Micromeria albanica (Satureja
albanica) and this species is listed in the synonymy
of the species Clinopodium serpyllifolium (M.
Bieb.) Kuntze.

Finally, Melnikov [7] actualize again the tax-
onomic status of the species Micromeria albanica
(Satureja albanica) and offers the following combi-
nation - Clinopodium albanicum (Griseb. ex K.
Maly) Melnikov, comb. new. [Satureja albanica
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Griseb. ex K. Maly = Micromeria albanica (K.
Maly) Sili¢].

Of all the above, the question is whether the
taxonomic status of the Clinopodium albanicum
(Griseb. ex K. Maly) Melnikov (Satureja albanica,
Micromeria albanica) is justified, or it is a synonym
of Clinopodium serpyllifolium (M. Bieb.) Kuntze.

In clarifying this problem, we had extensive
literature on these two species as well as a rich
herbarium material from the Clinopodium albanicum,
collected from the territory of the Republic of
Macedonia, in the area of Demir Hisar (between the
villages of Zeleznec and Velmevci). In this respect,
the monograph of Sili¢ [16], which provides an
extensive diagnostic description of the species
Micromeria albanica (based on the herbarium
material from the canyon of the Bistrica river above
Prizren), is particularly significant, with detailed
morphological characteristics, ecology, inventory of
the accompanying plant species registered on his
habitat, drawings of the inflorescence, calyx, corol-
la, bracts, leaves, a photograph of the habitat of this
species from its Locus classicus as well as its
synonymy.

The analysis of the herbarium material from
the area of Demir Hisar showed that the registered
populations can not be linked to the species
Micromeria bulgarica (Velen.) Vandas (according
to modern concepts Clinopodium dalmaticum or
Clinopodium dalmaticum subsp. bulgaricum), cited
by Sili¢ [16], for the territory of the Republic of
Macedonia (Demir Hisar, Usunja river and Krivska
river) based on the data of Vandas [17, 18]. Namely,
it should be noted that Sili¢ [16], in the absence of
authentic  herbarium material of Micromeria
bulgarica from the territory of Macedonia, uses
drawings of the most important morphological
characteristics of this taxon using herbarium
material from the territory of Bulgaria (Rodopi).
There is a noticeable difference between these two
taxa in the shape and the hairy of the leaves, as well
as the size of the calyx and shape of the calyx-teeth.
In the herbarium material of Clinopodium
albanicum, originating from the territory of the
Republic of Macedonia (calyx is regular, 2-2.5 mm
long, the calyx-teeth are triangular, about as long as
wide)(Figures 1, 3, 4) while in the Micromeria
bulgarica (i.e. Clinopodium dalmaticum) originating
from the territory of Bulgaria (calyx is longer than 3
mm, the calyx-teeth are elongated, lanceolate to su-
bulate, much longer than wide, acute) (Figure 2).

As for the species Clinopodium serpyllifolium,
with whom Clinopodium albanicum (= Micromeria
albanica, Satureja albanica) was often linked, its
range extends to the territory of Crimea, the Asian

part of Turkey, Lebanon, Syria, Israel and Jordan, so
the presence of this species on the territory of the
Balkan Peninsula is excluded [19].
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Figure 1. Clinopodium albanicum - calyx
(MK: Demir Hisar:Zeleznec-Velmevci)

Figure 2. Clinopodium dalmaticum
subsp. bulgaricum - calyx (BG: Rodopi)

Melnikov [7] published a very important
study devoted to the new sections of the genus
Clinopodium, so that within the boundaries of this
genus he described several new sections and
subsections, which at the same time represent a
solid basis for the solution of taxonomic and
nomenclature problems at the supraspecies and spe-
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cies level. Namely, Melnikov [7] distinguishes two
separate sections that include the above-mentioned
closely related species, which are however clearly
morphologically and horologically differentiated. In
the newly published Sect. Pseudomelissa (Benth.)
Melnikov, whose representatives are characterized
by a more or less irregular calyx with elongated ca-
lyx-teeth, he includes the species Clinopodium
dalmaticum (Micromeria bulgarica is usually at-
tached to this species as a subspecies or synonyms).
Melnikov [7], in the newly described Sect.

Brachyodontia Melnikov, which differs from the
Sect. Pseudomelissa with the almost regular calyx
and equal triangular or wide-triangular calyx-teeth,
about as long as wide, with short soft hairs on the
stems, leaves, calyx and pedicels, separates two
subsections — subsect. Brachyodontia and subsect.
Inkermenia Melnikov. In subsect. Brachyodontia,
stem hairs are retrorse (here the Clinopodium
albanicum species is attached), while in the Subsect.
Inkermenia stem hairs are directed upwards
(includes the Crimean species C. serpyllifolium).

Figure 4. Clinopodium albanicum — habitus of the species (MK: Demir Hisar:Zeleznec-Velmevci
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From the above, it could be concluded that
the taxonomic status of the species Clinopodium
albanicum is not questionable. The discovered
populations from the area of Demir Hisar (between
the villages Velmevci and Zeleznec) (Figure 5) no
doubt belong to this species. In this way, the data of
Vandas [17, 18] and Sili¢ [16] for the presence of
the Micromeria bulgarica (Velen.) Vandas (Clino-
podium dalmaticum or Clinopodium dalmaticum
subsp. bulgaricum) in the listed localities on the
territory of the Republic of Macedonia are revised.

In addition, we provide a diagnostic
description of the population of the Clinopodium
albanicum from the following locality: Republic of
Macedonia: Demir Hisar: between the villages
Velmevci and Zeleznec, along the road Kicevo-
Demir Hisar, on limestone, 41° 21'06.14 "N; 21° 02
'29.80 "E, 853 m; 10/22/2017 (leg. et det. V.
Matevski (MKNH).

Perennial plant. Stems up to 40-50 cm, erect
or ascending from the base, in the upper part

branched, obtuse 4-angled, with very dense, short
deflexed hairs, often with a glandular hairs. Leaves
ovate to ovate-elongated, (10) 13-25 (38) mm long,
(5) 7-10 (17) mm wide, obtuse, gradually cuneate at
base, petiole 4-9 mm long, entire or shallow dentate
with 14 teeth on each side, with 3—4 lateral veins,
both sides with short puberulent hairs, short stalked
glands and glandular-punctate. Flowers shortly pedi-
cellate, cymes many-flowered grouped in terminal
inflorescences that are initially compressed, later are
fragmented and branched. Bracts linear-subulate. Ca-
lyx (2) 2.2-2.8 mm long, obconical with 13 clearly
distinctive veins, along the veins of the calyx there
are simple retrorse hairs, between the veins with the
short stalked glands and glandular-punctate, densely
villosus in throat, calyx teeth 0.3-0.7 mm long, trian-
gular, about as long as wide. Corolla 6-6.5 mm long,
whitish or whitish-violet, outside hairy, 2-lipped, the
upper lip entire or shallow bifid, lower lip 3-lobed.
Stamens and style excerted out corolla. Nutles ob-
tuse, 1.1-1.2 mm long, yellowish-brown.

Serbia

Figure 5. Clinopodium albanicum — Map of distribution in the Republic of Macedonia
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CLINOPODIUM ALBANICUM (GRISEB. ex K. MALY) MELNIKOV
HOB BU/I 3A ®JIOPATA HA PEITYBJIMKA MAKEJOHHNJA

Biaano MarteBcku

MakenoHncka akazeMuja Ha Haykute u ymeTHoctute, Ckonje, PemyOnuka Makenonuja

Bo TekoT Ha (IIOPHCTHYKUTE UCTPaXKyBama BO 3allaJIHUTE JEJIOBH OJ TepuTopHjata Ha Peny0Oiuka MakenoHuja
(Bo oxonuHata Ha Jlemup Xwmcap, momery cenata BenmeBnu u JKemnesHel) € OTKpHEH €I€H HOB BUJ 3a ¢uiopara Ha
Peny6nuka Makenonuja — Clinopodium albanicum (Griseb. ex K. Maly) Melnikov [Micromeria albanica (K. Maly)
Silic, Satureja albanica Griseb. ex K. Maly], nocera Hemo3HaT 3a Hej3uHaTa TepUTOpHja. Bo TpyaoT ce pasriemysa
MpoOJIEeMOT OKONy OINpaBJaHOCTAa HAa TAKCOHOMCKHMOT CTaTyC Ha OBOj BHJ M HETOBaTa MOBP3aHOCT CO TAaKCOHHTE
Clinopodium dalmaticum (ogrocro Clinopodium dalmaticum subsp. bulgaricum = Micromeria bulgarica u Clinopodi-
um serpyllifolium).

Amnanuzata Ha XepOapHyMCKHOT Marepujayi oj okosimHata Ha Jlemup Xwucap nokaxa Jieka perMCTpUpaHUTE
TIONyJIAlMK HE MOJKAT Jia ce nosp3at co Bujaot Micromeria bulgarica (Velen.) Vandas (criopen coBpeMeHuTe KOHLENTH
Clinopodium dalmaticum wmu Clinopodium dalmaticum subsp. bulgaricum), xoro Sili¢ (1979), ro HaBeaysa 3a
TepuTopujata Ha Penybnuka Makenouuja — Jlemup Xucap, Ycymxka Peka u Kpuscka Peka (Bp3 0CHOBa Ha TIOIATOIHTE
Ha Vandas, 1905, 1909). 3abenexiiBa e roiemMaTa pa3idka MOMery OBUE JBa TAKCOHH BO OOJIMKOT M BIAKHETOCTa Ha
JIMCTOBUTE, KAKO W BO TOJIEMHUHATA Ha 4Yallkata M OOJIMKOT Ha 3amiure Ha vamkara. Kaj Clinopodium albanicum on
TepuTopHjata Ha Permybnnka MakenoHuja JanikaTta € mpaBuiHa, 2-2,5 MM JI0Ta, 3alliTe Ha Yallkara ce TPHArJieCTH,
CO enHaKBa JOJDKMHA M IIUpUHA Jojeka kaj Micromeria bulgarica (ognocuo Clinopodium dalmaticum) on
Teputopujata Ha byrapmja wamkara moBeke WIM NOMalKy € JBOYCHA, IOAOJTa OX 3 MM, YAalIKWHHUTE 3aIll Cce
M3J0JDKEHO TPUATJIeCTH U THE C€ CO JIOJT 3allIujICH BPB.

Kuiryunn 360poBu: ¢uiopa; Pery6ka Makenonuja; xoponorrja; Clinopodium albanicum (Griseb. ex K. Maly) Melnikov
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HISTOCHEMICAL EVALUATION OF IRON CONTENT IN THE LIVER OF WILD
FEMALE OHRID TROUT (SALMO LETNICA KAR.) ALONG THE BREEDING CYCLE
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Iron is an essential micronutrient for the normal metabolism of all cells. Intracellular iron varies within normality
ranges, and depletion or overload of brings serious consequences. As such, iron can also be deleterious when appearing
as an environmental toxicant. The aim of this study was to estimate semi-quantitatively the liver iron content in female
Ohrid trout, from the Lake Ohrid, during the breeding cycle. Seasonal variations in hepatocytic iron were observed. The
maximum content occurred at post-spawning, which was significantly higher than loads detected at pre- and early-
vitellogenesis. Positive correlations existed between iron amounts and stages of ovary maturation. By the contrary, there
were no correlations between iron contents and plasma oestradiol levels. The new uncovered "iron-breeding associa-
tion" strongly endorses that normal seasonal variations in hepatocytic iron content should be taken into consideration in

field studies investigating and monitoring the metal burden and toxicological effects of metals on wild fish.

Key words: iron; liver; Ohrid trout; oestradiol; seasonal

INTRODUCTION

Taking into account that large number of tox-
ic chemicals were present in the environment, eu-
trophication, and, potentially, global climate chang-
es, wildlife population in aquatic ecosystems
throughout the world is faced with a wide variety of
stressors. In such ecosystems, among other species,
fish do bioaccumulate multiple environmental con-
taminants, and their presence/overload may well be
taken as an indicator of environmental contamina-
tion [1-4]. Besides, in the assessment of heavy met-
al pollution of lake ecosystems, fish have proved to
be the appropriate indicator organism [5].

Information regarding either the natural back-
ground of heavy metals in Lake Ohrid — one of Eu-
rope's deepest and oldest — or the loading by human

activity is rather limited. There is only one available
report on heavy metal concentrations in organic
samples (of liver and muscle) in fishes from Lake
Ohrid [6]. Results of this study imply a possible
metal contamination problem in the Lake, at least at
the time. Metal pollution in aquatic ecosystems has
deleterious effects on different organs. The liver is
one of them and it may increase the concentration of
metals in the tissue [5, 7-8]. However, the body,
organs (muscle, gill and liver), tissue burden of met-
als seems to be influenced by the fish age, body
size, condition and nutrition [5, 7]. In addition, cer-
tain authors exposed seasonal variations in the oc-
currence of metals in fish living in metal-
contaminated lakes [8].

In view of the afore mentioned context, we
aim here to investigate hystochemically iron content
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in the hepatocytes of Ohrid trout (Salmo letnica
Kar.), and to explore if eventual correlation be-
tween, on the one hand, iron load and, on the other
hand, ovary maturation stages and oestradiol levels
exsist. This trout is endemic of Lake Ohrid, having
an invaluable biological role as the local natural
predator, besides being of considerable economic
value and of potential use as a bioindicator species.
As there is a need to know seasonal patterns of liver
iron in bioindicator, and because of the risks associ-
ated with using "metal-loaded" fish in human con-
sumption, our study is of substantial interest.

MATERIAL AND METHODS

Ohrid trout female (n = 30, range 420-1300
g) were collected from the Lake Ohrid (41°05'N,
20°45'E) from October 2001 until September 2002.
The use of archive in this 1% study is justified be-
cause there are ongoing restrictions for trout fishing
in Ohrid. After the capture, the animals were rapidly
sacrificed by severing the spinal cord. Blood sam-
ples were taken from the caudal vein, for measuring
plasma levels of oestradiol (E2). The liver and gon-
ads were dissected and weighted. The gonado-
somatic index (GSI), used here in correlation analy-
sis, was calculated as: ovary mass x 100 / body
mass. The liver and gonads were sliced and system-
atically sampled so that at least 5 slabs of each or-
gan per animal were fixed in Bouin’s fixative for 48
hours.

The fixed fragments were routinely processed
to paraffin and sectioned at 5 um. Liver sections
were stained with Perls' stain, for detection of iron,
and ovary sections with hematoxylin and eosin. The
iron content in the cytoplasm of hepatocytes was
evaluated semi-quantitatively, based on the amount
of histochemical staining, using the flowing scores:
0 = absent; 1 = rare; 2 = common; and 3 = abundant.
For such analysis, one section was selected from
each block. Twenty fields per section were quanti-
fied, at a final magnification of 400 x.

To characterize the maturation stage, sections
from ovaries were qualitatively analysed. The gon-
adal maturation cycle was divided in six stages: Pre-
vitellogenesis, Early-vitellogenesis, Mid-vitellogen-
esis, Late-vitellogenesis, Spawning and Post-
spawning stage [9].

Plasma levels of E, were measured with an
enzyme immunoassay performed in 96-well plates,
following the manufacturer’s instructions (ACE™
EIA, Ref 582251, Cayman Chemical, USA). Each
fish was assayed using two dilutions and running
every sample in two technical replicates. Absorb-
ance measurements (at 414 nm) were made in a mi-

croplate reader (Multiskan EX). The values for E,
(and GSI) were used here only for making statistical
correlation analyses, as detailed data for the same
set of fish were previously published [9, 11].

Iron content per group is presented as medi-
an, accompanied by the respective minimum and
maximum values. For statistical inferential analyses,
the software Statistica 7.0 for Windows was applied.
Differences between groups were first evaluated by
using Kruskal-Wallis ANOVA, followed by Mann-
Whitney U-test (with Bonferroni correction) when-
ever the ANOVA was statistically significant. E;
plasma levels and GSI data were used for correla-
tion analyses only. The Spearman correlation analy-
sis was used to investigate the associations between
the liver iron load and either the GSI or the E; lev-
els. Differences were considered significant when p
< 0.05.

RESULTS

With the Perls’ staining, the iron in hepato-
cytes were revealed as blue granules (Figure 1). The
semi-quantitative data on the iron load are presented
in Figure 1, with animals grouped per gonadal matu-
ration stage. Iron was not found in most fish in Pre
vitellogenesis, Vitellogenesis and Spawning. How-
ever, its content was higher in Post spawning, par-
ticularly when compared to Pre and Early vitello-
genesis (Figure 2). Both Late vitellogenesis and
Spawning had "transition scores"”, unveiling a rising
trend for the liver iron that culminates and Post
spawning. Overall, the median rose from 0 at
Pre/Early vitellogenesis to 3 (maximum) at Post
spawning.

Figure 1. Micrograph of the Ohrid trout liver, displaying
the iron content as blue granules within hepatocytes.
Note the aggregates of pigmented macrophages laden with
hemosiderin pigment. Paraffin section. Perls’ stain.
Bar =20 pm.
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Eventual correlations between the GSI or E;
levels and iron content was also considered. Curi-
ously, there was a significant positive correlation

between the GSI and iron load (rs = 0.54; p < 0.001),
but no correlation at all between the latter content
and E; levels (rs=—0.07; p =0.71).
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Figure 2. Iron load in the hepatocytes of Ohrid trout, during the breeding cycle, given as semi-quantitative Grades.
Data sets with different superimposed letters differ significantly (p < 0.05).

DISCUSSION

Typically, fish are top consumers in the
aquatic food chain. If living under heavy metal con-
tamination, they often bioaccumulate many metals.
In this study, histochemistry and semi-quantification
at light microscopy were applied to investigate the
seasonality of liver iron load in Ohrid trout, possibly
in connection with the stage of ovary maturation and
the E, plasma levels. The data showed almost an
iron absence at Pre/Early vitellogenesis and a peak
at Post spawning.

It is generally accepted that the concentration
of heavy metals in the organs of fish is primarily
determined by the level of pollution of water and
food [5]. Thus, on a first analysis, at least the high-
est iron content in the Ohrid trout liver could be
caused by metal overloading in the lake, therefore
indicating a potential metal stress for the biota. This
scenario is in line with earlier biochemical results
for some fishes (including Ohrid trout) from Lake
Ohrid [6].

However, the significant peak of iron during
only one period of the reproductive cycle, preceded
by a rising trend, along with a linear positive correla-

tion with the GSI, can be related primarily to seasonal
changes in physiological processes. In fact, rather
than translating pollution trends only, changes in iron
hepatic levels seem to be primarily governed by fac-
tors such as growth and metabolism, metal binding or
changes in the feeding behaviour [5, 7], age structure,
body size, and condition of the fish [5].

The differences within the Ohrid trout popula-
tion — from near absence to high levels in Post
spawning — could also be related, respectively, to a
higher or to a lower lipid content during the breed-
ing cycle. The higher tissue lipid content in fish
samples was shown to cause a relative dilution of
organ-accumulated micropollutants [5, 7]. In addi-
tion, in the liver of the platy fish, Xiphophorus mac-
ulatus, whose hepatocytes usually contain iron
granules, those rich in lipid droplets lacked iron
granules [10]. This fact perfectly agrees with our
results, since Ohrid trout in the final stage of matu-
ration in Post spawning contained a large amount of
iron, but no lipid droplets in the hepatocytes [11].
Moreover, it was suggested that hepatic iron over-
load might be associated with hepatocytes apoptosis
[12], and a cascade of death of hepatocytes by apop-
tosis was proposed to occur following spawning, at
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least in brown trout Salmo trutta [13]. Finally, it
was proposed that the variability of iron content and
distribution in the liver of female lamprey,
Petromyzon marinus, might be due to changes in the
rate at which iron is used in vitellogenesis [14]. Ac-
cordingly, in fish ovary, as shown in swordfish,
Xiphophorus gladius, that iron (as Fe**, detected by
Perls’ staining) accumulates in oocytes yolk gran-
ules and intergranular cytoplasm [15]. Here, the cor-
relation of iron load with GSI but not with plasma
E> levels suggests that there is no direct control of
the latter on hepatocytic iron storage, but it supports
an E, independent iron uptake of hepatocytes to
support increasingly iron-dependent needs with ova-
ry maturation.

Our results indicate the importance of making
a distinction between the accumulation of exoge-
nous iron sources and the possible normal changes
in tissue iron content due to endogenous factors.
Therefore, in iron/metal contamination research in
fish - in addition to the information about the effect
of other endogenous factors, such as age, body size,
condition, and nutrition on the concentrations of
metals in fish organs, information regarding the nat-
ural variations that may occur during the reproduc-
tion cycle of the species must also to be considered.
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XKemezoro e eceHmUWjaiecH MHUKPOHYTPHUTYEHT IOTpeOCH 3a HOpMalieH MeTa0oim3aM Ha CHTE KIIETKH.
WuTpanenynapHO coapKAHATA Ha JKEJe30 Bapupa BO PaMKHUTE HA HOPMAJHHUTE TPAHWIM TaKa IITO ACTJICHHjaTa WU
HETOBOTO TPEKYMEPHO MPHUCYCTBO MOXKE Ja JOBEAE IO Cepro3HM mocienui. Co Oorjien Ha OBa, JKEJIEe30TO MOXKE Ja
Oune mTeTHO U 1a Onje TOKCHYHO BO )KMBOTHATa cpenuHa. Llenm Ha oBaa cTyamja € 1a ce ompeeNii CeMUKBAaHTUTATUBHO
COIp>KUHATa Ha JKeJe30 BO IPHUOT Apo0 Kaj >KEHKH OJf oxpuiacka mactpmka ox Oxpuackoto Ezepo Bo TekoT Ha
PETPONYKTUBHUOT HHKIyC. 3abelexaHW ce Ce30HCKH BapHupama BO COIOpXKHHATA Ha JKElIe30 BO XCMaTOIUTHTE.
MakcuManaHi BPEIHOCTH CE €BUACHTHUPaHH BO NOCTMPECTHTENHHOT IEPUOA, 3HAUUTEIHO MOBHCOKH CHOPEAEHO CO
MIPEBUTEIOTCHETCKMOT M PAaHOBUTEJIOTEHETCKHOT Iepuoj. Ilo3uTHBHA Kopenaluja IMOCTOM MOMery KOJIMYeCTBOTO
KeJae3o M CTaJiuyMHTe Ha co3peBame Ha oBapuymuTe. CIPOTHBHO, KOpEJallMd HE CE EBUICHTUPaHH IOMery
COAp)KMHATA Ha JKeJe30 M HHMBOTO Ha €CTpaauoi BO Iuta3MaTa. HOBOOTKpHEHaTa jKelle30 PEenpoIyKTHBEH LHMKIYC
acolyjalyja jacHO yKakyBa JieKa HOPMAaJHUTE CE30HCKHM BapHpama BO COAp)KMHATA Ha HKEJIE30TO BO XEMAaTOLMUTUTE
Tpeba na OumaTr 3eMEHU NpPEeABHJ BO CTYIUHTE BO KOM CE UCIUTYBa WJIM C€ NMPAaBM MOHUTOPHHI Ha 3aCHUTEHOCT CO
METalI ¥ TOKCUKOJIOIITKY e(PEeKT Ha METAINTE BP3 AUBUTE PHOH.
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OCCURRENCE OF THE NEW INVASIVE INSECT CYDALIMA PERSPECTALIS
WALKER ON BOX TREE IN THE REPUBLIC OF MACEDONIA
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The box tree pyralid Cydalima perspectalis (Walker 1859) is a new invasive moth species in Europe. Box tree
moth was recorded for the first time in the Republic of Macedonia on box seedlings in parks, gardens and other urban
green spaces in the city of Skopje in 2014. The aim of this study was to investigate the distribution and spread, the biol-
ogy and lifecycle, as well as the damage caused by the different generations of the box tree moth in natural box tree
stands, as well as in urban areas in R. Macedonia. In natural populations of Buxus, it was firstly recorded on the Vodno
mountain in 2015. Since then, its population has a trend of progradation. Based on the results obtained,
recommendations are given with measures for gradual regulation of the box tree moth populations. Standard entomo-

logical methods (monitoring of the phenomenon, population density and percentage of defoliation) were used.

Key words: Box tree moth; Cydalima perspectalis; box tree (Buxus); defoliator; abundance

INTRODUCTION

The box tree moth, Cydalima perspectalis [1]
(Lepioptera: Pyraloidea: Crambidae: Spilomelinae)
is native to East Asia, India [2]; China [1, 3]; Japan
[4], Taiwan, Korea [5] and Eastern Russia [6].

In Europe it was introduced most probably
with box seedlings [7]. It was first registered in Eu-
rope in southwestern Germany in 2006 [8], while in
2007 it was found in Switzerland [9, 10] and Nether-
lands [11]. In 2008, box tree moth was found in Great
Britain [12], France [13] and Austria [14]. In 2011 it
appeared in Hungary [15], Romania and Turkey [16].
It was registered in Belgium [17] and Slovakia [18].
This invasive insect was found in Slovenia [19] and
later in Denmark [20], while bioecological research
on the development of C. perspectalis is provided by
the authors: Maruyama [21], Maruyama & Shinaji

[22-24], Székely et al [25], Tang et al. [26],
Tominaga [27], Zhoo et al. [28].

In the Republic of Macedonia, C. perspectalis
was recorded for the first time on box seedlings in
parks, gardens and other urban green spaces in the
city of Skopje, in 2014 (Novoselski Pat, 42°01'09",
21°21'11", K-265 m [29].

The highest population of C. perspectalis was
observed in urban environments, in Skopje (2014,
2015, 2016 and 2017) [30].

Buxus sempervirens L. is mostly present in
the western parts of Republic of Macedonia, mainly
Polog Valley along rivers of Treska and Pchinja, as
well as in the Ohrid region. The easternmost part of
the Buxus areal in the Republic of Macedonia is in
the region of Demir Kapija at the foot of the moun-
tain Serta, at altitudes from 100 t01000 m a.s.l, and
along the edges of Boropole on the massif of
Jakupica on 1600 m n.v. [31, 32].
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In the newly invaded regions, C. perspectalis
larvae feed on leaves of box trees, Buxus spp., re-
sulting in defoliation, which can kill the trees [3, 5].
The most significant damage, however, can be from
the larvae attacking the bark of box trees causing the
trees to dry out and die [3, 5]. Besides cultural and
economic effects, the most serious threat from C.
perspectalis is on the natural Buxus populations.

The species can be easily introduced acci-
dentally with its host plant, which is extensively
traded throughout Europe and therefore presents a
serious threat [33]. Climate models predict further
spread of the species in Europe, invading most areas
except for Northern Fenno-Scandinavia, Northern
Scotland and high mountains [33].

Recently, this species has been found in the
Balkan region (Croatia, Serbia, Bosnia and
Herzegovina, Republic of Macedonia, Greece) [34—
37] and then in Bulgaria [38], Montenegro [36].

The significance of this research is in studying
the invasiveness of the species, which from urban
areas extends into the natural environment of the box
populations. The aim of this study was to investigate
the distribution and spread, the biology and lifecycle,
as well as the damage caused by the different genera-
tions of the box tree moth in natural box tree stands,
as well as in urban areas in R. Macedonia.

MATERIALS AND RESEARCH
METHODS

For the realization of this research we have
used standard and adapted methods for determining
the abundance of Cydalima perspectalis, as well as
the intensity of the attack and the degree of damage
to leaves. These investigations were performed on
stationary experimental plots, as well as at the en-
tomological laboratory of the Faculty of Forestry in
Skopje. The research was carried out from 2015 to
August 2018. The methods consist of the following:

— The appearance and abundance of the box
tree moth (Cydalima perspectalis) was monitored on
experimental plots.

— Abundance is determined by the number of
larvae found on 1000 leaves of box trees.

— The dynamics of emergence of butterflies and
the dynamics of the number of its populations, as
well as the development of the caterpillars, are ob-
served on the experimental plots in Przino, Sredno
Vodno and peak of Vodno.

—First and second-degree larvae were ob-
served in the entomological laboratory at the Facul-
ty of Forestry in Skopje. We followed the overall

development of the box moth (Cydalima per-
spectalis): dynamics of emergence of butterflies;
laying of eggs by females; larval development; the
beginning of pupal stadium, i.e. the development of
a whole generation [15].

— The intensity of the attack and the percentage
of defoliation (damaged leaves) caused by feeding
caterpillars were determined using a standard ento-
mological method [15].

RESEARCH RESULTS AND DISCUSSION

C. perspectalis was recorded on natural Buxus
populations for the first time on mountain Vodno in
2015. Since then, its population has a trend of pro-
gradation on Vodno. It has expanded almost

everywhere, with incidents of defoliation observed
in 2016 and 2017.

Figure 1. Natural sites of Buxus sempervirens
in the Republic of Macedonia

Figure 2. Defoliation caused by the caterpillars
of the box tree moth near Skopje (Novoselski Pat).
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In the spring of 2017, we registered total
defoliation on the site Sredno Vodno. The same year it
was also registered in the natural Buxus populations on
Matka. Box tree moth is not registered only on the top
of Mt. Vodno, but due to its rapid spread it is expected
that it will soon be present in this part of the mountain,
where it appeared late in 2017.

Strong defoliations were recorded in July and
August of 2018 at the base and the middle of Mt.
Vodno. Particularly numerous were the second and
third generation of box tree moth populations.

During its development the distinctly
patterned larvae can reach several centimeters in
length, and it is able to defoliate box tree shoots and

totally destroy the whole bush or even hedges in
public gardens, parks, cemeteries or home gardens.
Due to the characteristic appearance of the pest and
the damage caused (peeling and chewing of leaves,
web and visible pieces of excrement on box tree
shoots), the insect and the damage are not likely to
be misinterpreted as other insect species or damage
caused by diseases of box tree.

As the box tree moth may have several
generations per year in Europe, and as the species is
spreading not only by natural means but also with
infested planting material via trade, its area of dis-
tribution and the levels of caused damage will prob-
ably grow rapidly in the coming years.

Table 1. Representation of C. perspectalis in Skopje areas

No. Site Year Area Intrensity Defoliation
of appearance under attack of attack
per ha %
1. Skopje — urban area 2014 +(of all area) Very high 75-100
2. Skopje — urban area 2015 +(of all area) Very high 85-100
Skopje — Vodno-natural area of box 2015 100 Moderate high 30-85
Skopje — Vodno -natural area of box 2016 500 Moderate
Skopje — Matka-natural area of box - - very high 55-90
4. Skopje — Vodno-natural area of box 2017 1000 Very high 75-100
Skopje — Matka-natural area of box 2017 150 Moderate very high 25-80

Figure 3. Adults of Cydalima perspectalis Walker
(collected at the site of Sredno Vodno, 15.VI1I 2015)

Table 2. Abundance of the Cydalima perspectalis populations in Skopje region

Year 2015 2016 2017 2018
Generation I I i | " Il | 1 1l | 1l
Locality Number of caterpillars per 1000 leaves

Skopje-Przino 223 74 89 381 894 1053 327 492 1005 176 56.8
Sredno Vodno 0 48 128 143 354 923 276 553 983 454 1225
Vrv Vodno 0 0 0 0 0 0 0 1.2 24 125 41.7
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at the site of Vodno, Skopje in 2017
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During this research, three generations of
Cydalima perspectalis were identified.

We are presenting the results of the dynamics
of the abundance of C. perspectalis in Figure 4 and
Table 2. It is most abundant at the site Przino — in
2015 we registered 89 caterpillars on 1000 leaves of
box; 105.3 in 2016 and 100.5 in 2017.

For the site of Sredno Vodno we registered
gradation ranging from 12.8 in 2015, 92.3 in 2016,
98.3 in 2017, to 122.5 in 2018. At the site near the
peak of Vodno, its abundance is the least of all, with
an average of 2,4 caterpillars on 1000 leaves in
2017.

High populations of C. perspectalis are regis-
tered at the site of Matka and in the urban areas of
Kavadarci, Ohrid, Prilep and other cities in the Re-
public of Macedonia in 2018.

CONCLUSION

Based on the field analysis and laboratory re-
search we can give the following conclusions:

— Cydalima perspectalis, box tree moth was
recorded for the first time in the Republic of Mace-
donia on box seedlings in parks, gardens and other
urban green spaces in the city of Skopje in 2014.

— The most numerous populations of C. per-
spectalis were observed in urban environments, in
Skopje (2014, 2015, 2016 and 2017), Kavadarci
(2015, 2016, 2017) and Ohrid (2017).

— In the natural Buxus populations it was rec-
orded for the first time on mountain Vodno in 2015.
Since then, this population started to have a trend of
progradation on Vodno. It has expanded almost eve-
rywhere, with evident defoliations in 2016 and in
2017. In the spring of 2017, total defoliation was
detected on box trees at site Sredno Vodno.

— Box tree moth was registered at the peak of
mountain VVodno at the end of 2017.

— It was also registered in the natural Buxus
populations on Matka in 2017.

— It’s most abundant at the site Przino - 89 cat-
erpillars per 1000 leaves of box in 2015, 105,3 in
2016 and 100,5 in 2017; SrednoVodno- 12,8 in
2015, 92,3 in 2016, 98,3 in 2017 and 122,5 in 2018;

— At the site on the peak of Vodno, its abun-
dance is the lowest of all, and is 2,4 caterpillars in
1000 leaves in 2017.

— The number of the first generation is the low-
est in contrast to the second and third, when the
number is multiplied.

— Strong defoliations were recorded at the base
and the middle of the mountain Vodno, in July and
August. Particularly numerous were the second and
third generation of box tree moth populations.

— Accordingly, the population of the box tree
moth varies from generation to generation over the
years when the research was carried out.

— The number of the first generation is the low-
est in contrast to the second and third, when the
number is multiplied. The most numerous genera-
tion is the one that appears in the middle of the
summer, i.e. August - September.

— Based on the results obtained, and especially
due to the high population of C. perspectalis, rec-
ommendations should be given for the control of its
populations for the regions of Vodno and Matka
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MMOJABA HA HOB NHBA3UBEH UHCEKT CYDALIMA PERSPECTALIS WALKER
HA IIMMIOIUPOT BO PEIIYBJIMKA MAKETOHHAJA

Crepja Haueckn'", Upena Ianazosa—Anakuesa’, Baaroj Usanos?,
Cranuciasa Jlazapescka?, Baaroj Illlypoescku’

llymapcku dakynrer, Yuusepsurer ,,Cs. Kupun u Meroauj*, Ckomje, PenyGnuka Makeonuja
2 axyJsITeT 3a 3€MjOJIENICKH HayKH M XpaHa, Y ausepsurer ,,C. Kupun u Metomuj*,
Ckorje, PenyOonnka Makenonuja

HIummmposuot moser; Cydalima perspectalis (Walker 1859) e HoB unBa3uBen Bua moien Bo Espoma. C. per-
spectalis, Gemre 3a mpe mat 3abenexxan Bo P. MakenoHuja Ha CagHUIM OJ] IIMMIIHP BO MAPKOBH, IPAJMHHU U IPYTU
ypbanu 3eneHu noBpmiuHE BO rpaaoT Ckomje Bo 2014 roauna. Ilenta Ha oBa HCTpaxkyBame Oele Ja Ce ONMpeaeiin
pacipocTpaHyBambeTo, OHOJIOTHjaTa W JKMBOTHHUOT LHUKIYC, KaKO M OLITETYBamaTa IMPEAM3BUKAHU O]l Pa3IMYHUTE
reHepallMd Ha LIMMIIMPOBHOT MOJIELl BO TPHUPOJHUTE HAcagd OJ LIMMIIUD, KaKko M BO ypOaHWTE mojpadja BO
Pemry6nnka Maxkenonnja. Bo mpupomaute Hacagu ox Buxus, 3a mpB maT oBoj moster Oemre 3a0erekaH Ha TUIaHHHATA
Bogno Bo 2015 roauna. Op Toranm ma HaBaMy HeroBaTa IIOITyJNAIlija TaMy UMa TPEH/ Ha Imporpananuja. Bp3 ocHoBa Ha
JIOOUEeHNUTE pe3ysiTaTi, U 0cobeHo mopaau OpojHara momynanuja Ha Cydalima perspectalis, ce namenu npemnopaku co
MEpKH 3a IIOCTENEHO HaMallyBam€ Ha HeroBaTa mHomynanuja Ha BoxHo. 3a oBa ucTpaxyBame Oea KOPHCTEHH
CTaHAApJHU EHTOMOJIOIIKM MeTonu (HaOsbylnyBame Ha II0jaBaTa, TyCTHHAaTa Ha IOINyJanujata M TPOLEHTOT Ha
nedonujanuja).

Kayunu 300posu: IlIumimupos moster;; Cydalima perspectalis; Ilumuup (Buxus); nedonujatop; abyHaanna
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