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ABSTRACT

In this study, we have used aldehyde function ohamaldehyde to synthesize N, N'-Bis
(cinnamaldehyde) ethylenediimine Jf>0N,] and Co(ll) complex of the type
[Co(CsoH40N4)Cly). The structures of the synthesized compounds wetermined on the
basis of physiochemical analysis and spectrosodgia {H NMR, FTIR, UV-visible and
mass spectra) along with molar conductivity measergs. Anticandidal activity of
cinnamaldehyde its ligand [L] and Co(ll) complexsnavestigated by determining Md§;
time-kill kinetics, disc diffusion assay and ergwst extraction and estimation assay.
Ligand [L] and Co(ll) complex are found to be 4.86d 21.0 folds more efficient than
cinnamaldehyde in a liquid medium. MiCof Co(ll) complex correlated well with
ergosterol inhibition suggesting ergosterol biokgsts to be the primary site of action. In
comparison to fluconazole, the test compounds stidiated toxicity against H9c2 rat
cardiac myoblasts. In confocal microscopy propidimaide (Pl) penetrates the yeast cells
when treated with MIC of metal complex, indicatiagdisruption of cell membrane that
results in imbibition of dye. TEM analysis of meta@implex treated cells exhibited notable
alterations or damage to the cell membrane andstevall. The structural disorganization
within the cell cytoplasm was noted. It was coneldidhat fungicidal activity of Co(ll)
complex originated from loss of membrane integaityl a decrease in ergosterol content is

only one consequence of this.

Key words. Cinnamaldehyde, Candida, Co(ll) complex, Ergosterol biosynthesis,

Anticandidal activity.



1. Introduction

Fungi are neglected pathogens as indicated byaittetliat amphotericin B discovered in
1956 is still the gold standard to treat fung&ations. The incidence of infections caused
by Candida species has increased dramatically worldwide doe iricrease in
immunocompromised patients [1-5]. The majority a@ihenonly used antifungals have
serious drawbacks regarding toxicity to the hastues, and their continuous deployment in
treating infections has led to the emergence of-dlesistant fungal strains [6,7].
Cinnamaldehyde either in pure form or a crude extoéa cinnamon has displayed exciting
antifungal properties [8-10]. N&K* ATPase and Cii-ATPase as representatives of P- and
CPx-type of ATPases have been established as pos#acellular targets for the action of
cinnamaldehyde [11]. Importantly, cinnamaldehydeises damage to cell walls, cell
membranes, cytoplasmic contents and other membsastouctures in a fungal cell [12,9].
Its antifungal action has been target specific laasgldemonstrated activities over a diversity
of sensitive and resistant fungal species [8,114]3 Cinnamaldehyde occurs naturally in
the bark of cinnamon trees and in approved quastiti exhibits lower toxicities to host
cells [8,15].

Macrocycles represent a class of cyclic macromddscwith diverse chemistry, a wide
range of molecular topologies and sets of donamatfil6]. Macrocyclic ligands and their
coordination complexes are of significant inter@stantitumor, antibacterial and antifungal
agents [17,18]. The efficacies of such complexes lma easily optimized by complexing
with various metals ions [19]. Organocobalt compkewf octanedioic acid and nonanedioic
acid have shown high anticandidal activities [28kide from the exciting biology of
macrocycles other interesting classes of chemicalpounds are Schiff base ligands and
their complexes. Schiff bases and their complexage hshown significant antifungal

activity towardsCandida albicans and other human pathogenic fungi [21]. Cobalt (ll)



complexes of ligands derived from reduced N, N'hefRylenebis (Salicylideneimine) have
been reported as effective against all teSlatlida species [22].

Earlier we have reported the synthesis and antidahdctivity of a cinnamaldehyde
derived ligand and its Ni(ll) complex [23]. In tharesent study, Cobalt(ll) has been
employed to complex synthesized ligand with an trhave increased antifungal activity.
The initial antifungal screening was performed bgtedmining minimum inhibitory
concentration (Mlg), disc diffusion assay and time-Kkill kinetics. Bsterol biosynthesis is
also an important target pathway of existing angfis like azoles, as also for the
development of novel antifungals. We have investidahe effect of cinnamaldehyde, its
ligand, and metal complex [CoL&lon total ergosterol content of yeast cells. Tanga
insight into the mechanism of antifungal actionQid(ll) complex, we have carried out
confocal scanning laser microscopy (CSLM) and traassion electron microscopy (TEM)
analysis. Co(ll) complex displayed markedly imprenticandidal activity with limited
toxicity against H9c2 rat cardiac myoblast cells.

2. Materialsand Methods

Cinnamaldehyde in oil form with 99% purity was abed from Sigma-Aldrich, USA
(Catalog No. C80687). The solvents were purchasad Merck, Ltd., India and used as
received. The initial stock solution of cinnamalgeé was 1g/ml, which was then dissolved
in 1% dimethyl sulfoxide (DMSO) (control solvend dilute it further for obtaining lower
concentrations as required to carry out differemtifangal assays. Glass apparatus with
standard joints were used throughout experimentakvand stringent precautions were
taken to exclude moisture. All the syntheses anddir@y were carried out under an
atmosphere of dry oxygen-free di-nitrogen, usiragngdard Schlenk techniques. To carry out
microanalysis samples were vacuum dried to achaesenstant weight. Perkin Elmer 2400

CHNSO Elemental Analyser was used for elementalyaisa IR and far-IR spectra were



recorded as KBr pellets and Csl pellets (region-880 cm'), using Perkin Elmer 1620 FT
IR and JASCO FT IR spectrophotometers, respectivBiyuker AVANCE DPX-600
spectrometer was used to recdtd NMR spectra with TMS as internal standard and
DMSO-d/CDCl; was used as a solvent. The splitting patterns wfeogvn as: s, singlet; d,
doublet; dd, doublet of doublets; t, triplet andmmyltiplet. Values for chemical shifts were
reported in ppm. Bruker (esquire3000_00037) inséminwvas used to measure positive and
negative ESI mass spectra. Gouy method was usedrtyg out magnetic susceptibility
measurements. UV-Vis Dual Beam 8 auto cell UVS-2108BOMED, INC, US
spectrophotometer was used to record electronictrspeith DMSO as a solvent. Metrex
melting point apparatus was used to record mefioigts.

2.1. Synthesis of ligand (L)

For the synthesis of ligand, the same procedurefaolisved as reported by Khalaji and
Weil [24] and the yield obtained was 78%. The sgsib of ligand that involved the
condensation reaction between cinnamaldehyde dmyteae diamine is shown iBcheme

1

2.2. Synthesis of cobalt(l1) complex

The synthesis of the ligand, and its Co(ll) complheas carried out according to the steps
shown in Scheme 1. A [2+1] condensation reaction of cinnamaldehydad a
ethylenediamine formed the ligand (L) in excellgrm@d, which was further cyclised with
cobalt metal chloride by mixing 2:1 ratio of thgdnd and corresponding metal chloride.
The obtained complexes are microcrystalline sdlidg are stable in air, soluble in DMF,
DMSO, sparingly soluble in MeOH, EtOH and DCM basoluble in water. The analytical
data of the complexes corresponded well with theegd formula [M(L)X%] where L =

ligand; M = Co(ll) and X = Cl The molar conductance values in DMSO{20) are too



low to account for any dissociation of the compkex@&herefore, the complexes were
considered to be non-electrolytes.

Yield: 65%; m.p.: > 30%C; UV-Vis (DMSO) nm: 520, 570, 682, 739, 824; IREK cni’):
2977(C-H), 1420(C-N), 1043, 881, 748; Far IR (Csin'): 445(Co-N), 330(Co-CI)*H
NMR (300 MHz,6 ppm from TMS in DMSO-g¢| 300 k):6 7.40-7.58(20H, aromatic C-Hj,
3.41-3.87(8H, C=N-C-b), & 6.92 (4H, C=C-CH)p 7.79 (4H, C-N=CH); ESI-MS (m/z):
707 [M]*, 709 [M+2]; Molar conductancehn, (Qcm™ mol*, 10° DMSO, r.t.): 34; peff
(r.t., BM): 4.82; Elem. anal. calcd.: C 68.02, 6&.N 7.93%; found: C 68.04, H 5.69, N
7.94%.

2.3. Growth conditions and determination of MICg

C. glabrata ATCC 90030,C. tropicalis ATCC 750 andC. kruset ATCC 6258 strains
involved in the present study were obtained frongi®®al Research Laboratory, Jammu
India. Clinical isolates o€. albicans STD number 1128 and. guilliermondii STD number
1685 were obtained from Institute of Pathology, Neelhi, India, respectively. Species
identification was done by examining microscopicrpimlogy on Corn Meal Agar and Hi
Chrome Agar. Germ tube test, nitrogen assimilatigst, and ascospore production on malt-
extract agar was also done. The yesdistins were cultured in Yeast Extract, Peptone and
Dextrose (YEPD) broth as required, maintained ofP®Eagar plates at 4°C and restreaked
after every 4-6 weeks. The culture was initiatathva loop full of cells maintained on
YEPD slants into a 50 ml of appropriate medium (©RAnd grown at 37°C in a rotary
shaker (150-170 rpm). For long term storage cuitwere stored at -20°C with 1:1 glycerol
as glycerol stocks.

Minimum inhibitory concentration (MIC) was definexs the lowest concentration of test
entity that causes 80% decrease in absorbance ggMBOmpared with control. This

sensitivity testing procedure was carried out asN@CLS document M27-A2, 2002 [25],



in microtitre plates. Cultures were grown with/vath test compounds in the media. Stock
solutions of the test compounds and standard derg wrepared in 1% DMSO. The cells
were grown in YEPD medium. The diluted cell susjpmms were added to the wells of
round-bottomed 96 well microtitre plates (100ulNvebntaining equal volumes of media
(100ul/well) and different concentrations of testmpounds. A drug-free control was also
included. The plates were incubated at 35°C foh2Zhe MIC test end point was also
evaluated both visually and by observing 4fin a microplate reader (BIO-RAD, i Mark,
us).

2.4. Disc diffusion assay

Strains were inoculated into liquid YEPD medium ardwn at 37°C. Overnight grown
cells were then centrifuged and washed 2-3 timeh wdistilled water. 1Dcells/ml were
added to molten agar media at 40°C and then amjistiier with media was poured into
100-mm diameter petri plates. 4-mm-diameter stdiiler discs were impregnated with
cinnamaldehyde, its ligand, and Co(ll) complex, #meh 2 mg/ml concentrations of the test
compounds (dissolved in 1% DMSO) were spotted an disc in 10 pl volume. The
diameter of the zone of inhibition was recordednitlimeters after 48 h and was compared
with that of control [26]. Sensitivity Index (Sl)as calculated for all the fiv€andida

isolates and was defined as:

Diameter of ZOIl (mm)/ concentration of drug (mg/mlTlearing (mm/mg).

2.5. Timekill kinetics

Yeast isolates were sub cultured at least twicegaodn for 24 h at 35°C on YEPD plates,
and initial inoculum was adjusted to 4.5%16.f.u/ml as described earlier [8]. Final
concentrations of cinnamaldehyde, its ligand, andITcomplex were MIC, MIC/2, and

MIC/4 for each test sample. 5 ml final volume crds were incubated at 35°C with



agitation at 200 rpm. At pre-determined time po(ts2, 4, 8, 12 and 24 h), 1@0aliquots
were removed and transferred to eppendorf tubegiiftged (3,900g at 4°C for 1 min) and
rinsed twice with 0.9 ml of sterile distilled waterobtain compound free cells. Pellets were
suspended in 100l of sterile distilled water and were serially dédd as required. Diluted
culture (20ul) was spread onto YEPD plates and incubated a 3&°48 h to determine
the numbers of c.f.u/ml.
2.6. Ergosterol extraction and estimation assay
Total intracellular sterols were extracted follogithe method of Brevik and Owades [27].
A single Candida colony from an overnight YEPD agar plate cultureswaed to inoculate
50 ml of YEPD broth for control and various coneatibns of cinnamaldehyde, its ligand,
and Co(ll) complex. The cultures were incubatedlf®h and harvested by centrifugation at
2,700 rpm for 5 min. The wet weight of the cell lpelwas determined. 25% alcoholic
potassium hydroxide solution was added to eachetpalhd vortexed for 1 min. Sterol
extraction was carried out by the addition of atome& of 1 ml of sterile distilled water and
3 ml of n-heptane followed by vigorous vortex mixing for 3nmAfter this, 20 pl aliquots
of the sterol extract was diluted fivefold in 100%thanol and scanned
spectrophotometrically between 240 and 300 nm. ddtailed procedure can be obtained
from the method by Brevik and Owades [27]. Ergadtarontent is calculated as a
percentage of the wet weight of the cell by théfeing equations:

% ergosterol + % 24(28) DHE = [(Azs15/ 290) x F]/pellet weight,

% 24(28) DHE = [(A230/518) x F] /pellet weight,

% ergosterol = [% ergosterol + % 24(28) DHE] - % 24(28) DHE,
Where F is the factor for dilution in ethanol anfl02and 518 are the E values (in
percentages per centimeter) determined for crystallergosterol and 24(28) DHE,

respectively.



2.7. Confocal scanning laser microscopy (CSLM)

This microscopic experiment was used to evaluate dffect of Co(ll) complex on the
architecture of yeast cells as done earlier [28H-Mg phaseCandida cells (16 cells/ml)
were incubated without and with MIC of Co(ll) corapl The samples were then incubated at
37 °C for 30 min in the dark. After this, the susgens were centrifuged, washed and
resuspended in PBS. To determine general cell notwgis, one pg/mbf propidium iodide
(P1) was added to the cell suspensions. In caseeth@gent causes the damage to the cell, PI
present at the surface finds its way inside the shbwing increased red fluorescence [29].
The cells were examined with Olympus Laser Conf&nning Microscope equipped with
green helium neon laser (543 nm) for PI.

2.8. Transmission electron microscopy (TEM)

Co(Il) complex (MIC) treated cells (~1x3)0were incubated for 12 h at 30 °C and then fixed
with 2% glutaraldehyde in 0.1 M phosphate buffer foh at 20 °C [30,31]. Cells were
washed with 0.1 M phosphate buffer (pH 7.2) and-figed by 1% QO,4 in 0.1 M phosphate
buffer for 1 h at 4 °C. For ultrastructure studye tsamples were dehydrated with graded
acetone, cleared with toluene and infiltrated withuene and araldite mixture at room
temperature, and then finally in pure araldite @6 and embedded in eppendoff tubes (1.5
ml) with pure araldite mixture at 60 °C. Sectionmgs done with Ultramicrotome (Lecia EM
UC6) and then observed under TEM. Other details lmarobtained from the method by
Mares and Borger al., [30,32].

2.9. MTT cell viability assay

H9c2 rat cardiac myoblasts were cultured and miaiethas monolayer in Dulbecco’s
modified Eagle’s medium (DMEM), high glucose, sugpknted with 10% foetal bovine
serum (heat inactivated), 100 units/ml penicild®0 pg/ml streptomycin, and 2.pg/ml

amphotericin B, at 37 °C in humidified incubatorthvb% CQ [33]. For treatments, test



compound stock solutions were prepared in dimetbijbxide (DMSO) and added to wells
to give the indicated final concentrations. Findl®0 concentration was 0.2% in all wells
including the untreated cells (control) and flucoola controls. Cells were incubated for 48
h at 37 °C in 5% C@humidified incubator together with the untreatedtcol sample. After
incubation, cells were washed with PBS and incubatiéh MTT solution for 45 min at 37
°C. After discarding the supernatant, MTT crystaése dissolved in acid iso-propanol and
the absorbance was measured at 570 nm. Percenlityiglas defined as the relative
absorbance of treated versus untreated contral. cell
2.10. Satistical analysis
The descriptive statistics have been presented @anM: SD. The mean values were
compared using t test between control and treaetples (MIC & sub-MIC values), and
one-way analysis of variance (ANOVA) was used tst tihe significance among the
different test agents. The two tailed probabilifue (p< 0.001) was considered statistically
significant. The data management and statisticalyars was conducted using Statistical
Package of Social Sciences, IBM SPSS, Version @B2N Corp. in Armonk, NY, USA).
3. Results

The physical properties and analytical data of @wfll) complex supported its
proposed structure. A facile [2+1] condensationctiea of cinnamaldehyde and
ethylenediamine produced ligand in excellent yidld8%). The complex was a
microcrystalline solid and stable in air, solubte DMF, DMSO, sparingly soluble in
MeOH, EtOH and DCM; but insoluble in water The atiahl data of complex
corresponded well with the composition as showBadmeme 1. The molar conductivity of
Co(ll) complex showed low value, which indicatedttthe complex was a non-electrolyte
[34]. The FTIR,*H NMR, UV-Visible and ESI-MS results further comfied the structure

of ligand and its complex. The geometry of the claxpwas well ascertained by the



presence of characteristic UV-Visible absorptiondsin the region of 520-824 nm and a
magnetic moment of 4.82 BM.

3.1. IR spectra of ligand and complex

IR spectrum of ligand did not exhibit any band esponding to the free primary diamine
and carbonyl group [35,36]. A broad absorption bamdhe region of 3300-2800 ¢h
characteristic for hydrogen atom of (H-C=0), and #bsence of absorption band in the
region of 1675-1775 cthcharacteristic for carbonyl group (HC=0) in cinredehyde,
indicated that the oxygen atom of cinnamaldehyds #etached from the HC=0O group to
form a bond between aldehydic carbon atom and aminagen of ethylenediamine. It also
suggested complete condensation of reactants anthalion of water molecule. This was
confirmed by the appearance of a strong signalé® tm' that might be attributed to the
C=N bond [37].

This coordination behaviour shows how a ligand withltiple donor sites can
coordinate to obtain a simple but stable geomdtng amide groups that are more close to
the metal ion centre maintaining less metal-ligdswhd distance, participate in the
complexation. On complexation, the shifting in th@nd ofv(C=N) (1420) towards the
lower wave number indicated that the coordinatmoktplace through the nitrogen of the
v(C=N) group. This further implied that the ligansl bidentate. The appearance of new
vibrating signals at 445 and 330 ¢rim the spectrum of metal complex gave clear pfoof
the presence of metal-nitrogen (M-N) and metal+ch& (M-Cl) bonds in Co(ll) complex,
respectively [35,38].

3.2. 'THNMR spectra
A multiplet in the range 7.36-7.54 ppm correspontiedhe phenyl ring protons (10H).
Another multiplet in the range 3.37-3.81 ppm hasrbascribed to methylene protons

(C=N-CH,, 4H). The two sharp signals; one at the pseudmatic region 6.85 ppm (2H,



C=C-CH) and another at 7.71 ppm (2H, C-N=C-H) hlagen ascribed to methine protons.
The signal of C-N=C-H has been shifted downfielet do the deshielding effect of the
nitrogen group attached to it. These aromatic ahphatic proton signals undergo
downfield shifting in Co(ll) complex of the ligardle to the paramagnetic effect of Co(ll)
ion and hence support the coordination of ligadarals Co(ll) ion [39,40].

3.3. Electro spray ionization mass spectra (ES M9

The ESI-MS of the ligand and complex were studieBMSO solution. A negative ion ESI
mass spectrum of ligand confirmed the proposed dtanby showing a peak at m/z 289
corresponding to the moiety [£§6H20N2) of atomic mass m/z 288.21. The series of peaks at
m/z 102.9, 192.9, 244.7, etc may be assigned towsafragments. All these suggested the
2+1 condensation of cinnamaldehyde and ethylened&mespectively. Similarly negative
ion ESI-MS of Co(ll) complex showed a peak at m{¥7 torresponding to the moiety
[(CoCyoH40N4Cly) of atomic mass m/z 706.25Fi@. 1), which is consistent with the
molecular ion fragment, and it supports the progostucture of the complex. [M+2]
fragments were also observed in the metal comfleis may be due to the low quantities
of isotopic chlorine. Molecular ion peak was alssaciated with water molecules, solvent
and some adduct ions from the mobile phase solutisome cases [41-43].

3.4. Electronic spectra and magnetic measurements of Co (I1) complex

The electronic spectrum of Co(ll) complex recordedDMSO supported the geometry
around the respective metal atom. The presencéeofrenic transition bands at 520 and
565 nm; assigned to the transitié;—*T14(P), 682 nm; assigned to the transition
T14-°T1g and 739 and 824 nm; assigned to the transfligp-"T,, (Fig. 2) suggested an
octahedral geometry around the Co(ll) ion in thenptex [44].

The Co(ll) complex has an effective magnetic momehtie (i) of 4.82 BM. This value

is indicative of an octahedral geometry aroundGiogll) ion. The magnetic properties of



octahedral Co(ll) complexes are governed by thetalhp degenerate ground terﬁTlg.
This provides an orbital contribution to the magnetoment so that the room temperature
moments are experimentally found to be in the rah@ges.2 B.M [41,45,46].

3.5. Minimum inhibitory concentration (MICgp) and disc diffusion assay

Table 1 summarizes the minimum inhibitory concentration @) values in microgram/ml
(ug/ml) and micromolar (uM) of cinnamaldehyde, figaand Co(ll) complex against five
different Candida species. On the concentration basis, average MIGnoamaldehyde
was 3022 pM. The average MIC of ligand and Co(bmelex is 664 and 144 uM,
respectively. Compared to cinnamaldehyde, ligarjdq14.55 times more efficient whereas
Co(Il) complex is 21.0 times more efficient. Antichdal MIC of fluconazole varies
between 6.5 um (2 pug/ml) and 104.5 uM (32 ug/mhusrthe synthesized complex is less
effective than fluconazole by a factor ranging fréra to 29.

Disc diffusion is one of the standard methof measuring the antifungal activity of
molecules against differe@andida strains grown in agar culture plate. The test caumpls
used in this study showed varying zones of clearaica particular concentration. Discs
impregnated with the vehicle, 1% DMSO (negativetadh showed no zone of inhibition.
Our results showed that growth was inhibited bynamaldehyde its ligand and Co(ll)
complex. The halo was completely clear, which iathd potential fungicidal activity.
Yeasts were found to be more sensitive to Co(lnglex as compared to ligand and
cinnamaldehyde. Diameter of the inhibition zone (my cinnamaldehyde, again&L
glabrata, C. tropicalis, C. krusei, C. albicans and C. guilliermondii at 2 mg/ml
concentration was 5 (x 0.3), 4 (£ 0.5), 3 (£ 02)x 0.5) and 3 (£ 0.3), respectively. The
average of five species being 4.0 mm. For ligahdsé¢ values increased to 9 (x 0.4), 7 (=
0.4),6 (x0.2), 11 (x 0.3) and 6 (x 0.2), respeally; with an average of 7.8 mm. For Co(ll)

complex the values were 12 (= 0.4), 11 (£ 0.5)x90(5), 14 (= 0.5) and 11 (x 0.4), ),



respectively; with average being 11.4 mm. Sensjtividex (S.l) was calculated as the ratio
of total clearing by test compounds (in mm) andtttal amount of test compound (in mg).
Results were calculated for cinnamaldehyde, i@nitjand Co(ll) complex for five sensitive
isolates used in this study. Sensitivity indexdbifive strains was found to be the highest in
the case of Co(ll) complex with 5.7 mm/mg followley ligand [L] with 3.9 mm/mg and
then cinnamaldehyde with 2.0 mm/mg. On the conaéintr basis, ligand and Co(ll)
complex were more effective compared to cinnamaldehbut the results obtained implied
that diffusion in solid medium restricts effectiwms of Co(ll) complex to an extent.

3.6. Timekill kinetics

Fig. 3 shows the killing activity of Co(ll) complex againC. glabrata ATCC 90030,C.
tropicalis ATCC 750,C. krusei ATCC 6258,C. albicans STD 1128 andC. guilliermondii
STD 1685, respectively. At its respective MIC andCX2 values the Co(ll) complex
showed potential killing activity against all thested Candida isolates. A significant
decrease in the number of cfu per ml was observedath standard and clinical
(susceptibleCandida strains. The complete fungicidal endpoint was lmeddn an average
time of 12-14 h following incubation with MIC of ¢htest agent. No systematic difference
was observed between standard and clinical isolResults obtained demonstrated that the
ability to kill Candida species is concentration as well as time dependéat increase in
compound concentrations leads to a significantedess in cfu/ml. This decrease in cfu/ml
was also obtained for cinnamaldehyde and ligand uséhis study (data not shown). After
24 h incubation and at half MIC of the test compigithe average reduction in c.f.u/ml
with respect to control for all the fiv€andida isolates was 43% in the presence of
cinnamaldehyde, 59% in the presence of ligand,8d8d in the presence of Co(ll) complex
respectively. The aim was to examine the killinghaity in presence of Co(ll) complex

therefore we have also given the decrease in cfaftat 24 h incubation when different



Candida isolates were grown in MIC and sub-MIC concentraiof Co(ll) complexThe p

values were calculated between control and tresaeaples (MIC & sub-MIC values) for each of
the five strains (Table 2).

3.7. Ergosterol extraction and estimation assay

Ergosterol is an important component of cell membsaof yeasts, which differentiates
them from animal and plant cells. A characterigtiar peaked curve is obtained due to
presence of ergosterol and the late sterol inteiate@4 (28) dihydroergosterol (DHE) in
the extracted sample. As the concentration ofrtedecules increases, suppression of four
peaks is observed. Thus, we can clearly distingtish inhibitory effect of various
concentrations of test molecules on the sterol ilprodf Candida strains. Table 3
summarizes the effect of cinnamaldehyde, its ligamttd Co(ll) complex on ergosterol
biosynthesis in fiveCandida isolates. The total ergosterol content was detexthior each
isolate grown in varying concentrations of test poomds. A dose-dependent decrease in
ergosterol production was observed when isolatese wggown in the presence of
cinnamaldehyde, its ligand, and Co(ll) complex.shswn inTable 3, the average decrease
in total cellular ergosterol content for differe@andida isolates after exposure to their
respective MIG@y of cinnamaldehyde was 62%. The average decreagetah cellular
ergosterol after exposure to MiCof ligand and Co(ll) complex was 76 and 88%,
respectively. Respective decrease at §I& fluconazole was 92.73%. From the results, it
is clear that the increase in the concentratiotestf molecules decreases ergosterol content.
Finally, at MIC value, near absence of ergostermuos in the sample. Mig values of
Co(Il) complex co-relates very well with percenhiinition of sterol biosynthesis. It would
thus appear that major mode of action of the comehrough inhibition of ergosterol
biosynthesis.

3.8. Confocal scanning laser microscopy (CSLM)



It is a technique used for obtaining high-resolutaptical images with depth selectivity.
Studies were performed to validate the discrimorawf live and deaandida albicans
STD 1128 cells due to MIC of Co(ll) complex in theesence of Pl. Pl is used as a DNA
stain for both flow cytometry and microscopy to lexaée cell viability, and to visualize the
nucleus and other DNA containing organelles. Imembrane impermeant and generally
excluded from viable cells. Therefore, it is useditlentifying dead cells in a population. It
can be used to differentiate necrotic, apoptotet amormal cells. Cells with severe
membrane lesions leading to the inherent lossadfivy will internalize PI, resulting in an
increase in red fluorescence [29]. The laser calfonages of staine€. albicans STD
1128 cells exposed to MIC value of Co(ll) complae ahown inFig 4. The left panel
shows the laser confocal images of stai@addida cells without any treatment, and both
the images in the right panel show stained cellsosed to MIC of Co(ll) complex,
respectively. The right panel shows disruptionetli membranes of cells treated with Co(ll)
complex, which causes the imbibition of dye. Mdre tlamage to cell population more is
the number of cells which turn red. Our resultsficored that Pl penetrates in Co(ll)
complex treated cells implying that the structureal membrane was disrupted by the test
agent. It was worth noticing that in the case eated cells entire yeast cell appeared red
(maximum entry of the dye inside the cell), whiadnfirmed both cell wall and plasma
membrane damage. These results formed firm basisatny out further microscopic
analysis of the treated cells by employing transimiselectron microscopy.

3.9. Transmission el ectron microscopy (TEM)

Transmission electron microscopy was used to stheyultrastructural changes caused by
Co(Il) complex inC. albicans STD 1128 cells after 12 h exposufag 5. A, at a direct
magnification of 25000 X shows (untreated) cellsCofalbicans STD 1128. Control cells

showed the typical normal morphology 6&ndida with a uniform central density and



endomembrane system enveloped by a regular, in&kctvall and membrandig. 5 B
shows the Co(ll) complex (MIC) treated cells at Q00X magnification. The treated cells
exhibited notable alterations or damage in the m&brane and cell wall. The structural
disorganization within the cell cytoplasm and legkaf intracellular content has also been
noted Fig. 5 B).
3.10. Toxicity profile
To evaluate the toxicity of synthesized compounisytwere tested against H9c2 rat
cardiac myoblasts. Sub-confluent populations of H8ells were treated with increasing
concentrations of these compounds, and the nunibhealde cells was measured after 48 h
by MTT cell viability assay. Table 4 shows that @maldehyde and its ligand showed
almost 100% viability at the concentration range6d5 pg/ml, while as at the same
concentration, Co(ll) complex and reference drugcdhazole showed 98% and 90%
viability, respectively. It was observed that 10§/ml of cinnamaldehyde, its ligand, and
Co(ll) complexoffered a remarkable viability of 94, 90 and 84%spectively. At 200
png/ml concentration, cinnamaldehyde, ligand, andIioomplex showed 8, 11 and 20%
toxicity, respectively. Toxicity of reference drflgconazole at 200 pg/ml was 55%.
4. Discussion

Schiff base ligands and their transition metal clexgs with macrocyclic
architectures are being preferred for the develoyprnoé drugs and drug candidates with
exciting biological properties [47]. The ligand cefed in the present study was prepared by
a facile condensation involving the two primary aenigroups of one ethylenediamine
molecule and two aldehydic functional groups of taianamaldehyde molecules. The
potentially bidentate ligand coordinated with Cp{tins and formed a 1:2 metal to ligand
complex with octahedral geometry. The structurthefcomplex was fully ascertained from

the microanalysis, UV-Vis, FTIR'H NMR, and ESI-MS spectral date. The low molar



conductance value of the complex in DMSO indicattedon-electrolytic nature, and thus it
might be inferred that the chlorido ligands do distsociate in the solution phase. The two
chlorido ligands, therefore, satisfy both primangl@econdary valencies of the Co(ll) ion in
this complex [48]. The absence of bands due togreeary amine and carbonyl groups in
the FTIR spectrum of ligand, and the presence afibalue to C=N bond confirmed the
condensation of cinnamaldehyde and ethylenediamoiferm ligand. The coordination of
ligand with Co(ll) ion was ascertained by the shgtof v(C=N) band towards the lower
wave number. Besides, the appearance of vibrateguéncies of Co-N and Co-Cl further
confirmed the complex formatiotd NMR spectral data was highly useful for the stne
determination. The characteristic signals for pheimg, methylene, pseudo-aromatic and
methine protons established the formation of ligaftie metal coordination of the ligand
was ensured due to the downfield shifting of tlymals of aromatic and aliphatic protons in
the'H NMR spectrum of Co(ll) complex. ESI-MS data fiethevealed the composition of
the ligand and complex. The ESI-MS spectrum ofGb@él) complex Fig. 1) confirmed the
molecular composition of the complex as, [(GeioN4Cl,) with molecular mass m/z
706.25. Finally, the geometry of the complex waseasined from the results of electronic
spectral and the magnetic moment data of the Co@ifiplex. The presence of electronic
transitions such a8T;q—*T14(P), “T1g—°T1g and *T14—"T2y (Fig. 2) in the electronic
spectrum of complex suggested an octahedral gepraedund the cobalt(ll) ion in the
complex, which was further confirmed from the magnenoment value of the complex
(4.82 BM).

Drug resistance has become an impon@oblem in a variety of infectious
diseases, including human immunodeficiency viru$/jHnfection, tuberculosis, and the
majority of fungal infections [49]. The rise in thacidence of fungal infections has

exacerbated the need for the next generation afuagal agents since many of the



currently available antifungal drugs like polyeraasl azoles have undesirable side effects,
are ineffective against new or re-emerging fungi,lead to the rapid development of
resistance [49-52]. Alternative forms of treatmerdy also address the growing problems
of drug resistance in microbes. In this study, tiflbahas been employed to complex
cinnamaldehyde based ligand with an aim to haveeased antifungal activity. On the basis
of spectroscopic analysis, it appears that ligadormed through condensation of two
molecules of cinnamaldehyde and one molecule glestle diamine. Cobalt(ll) coordinated
with four nitrogen atoms of two ligands as showisecheme 1.

Cinnamic aldehyde has antifungal properties agdunsgi involved in respiratory
tract mycoses [53]. The precise mechanism by whithnamaldehyde exerts its
antimicrobial action is not clear. Being lipophjlit permeates the membrane and hence,
becomes accessible to various intracellular sBd$. [Antifungal effect of cinnamaldehyde
may also originate from inhibition of fungal cellal synthesizing enzymes, beta-(1,3)-
glucan synthase and chitin synthase [55]. Structtgaponent of cinnamaldehyde, which
may contribute to its antimicrobial effects areraatic ring, hydrocarbon chain outside the
ring and aldehyde function. Most of the irritanfeets of cinnamaldehyde especially at
higher concentrations are attributed to aldehydectfan [56]. Skin sensitization of
cinnamaldehyde is probably initiated by the rearctad cinnamaldehyde witlz-amino
groups on protein side chains. We used aldehydetiam of cinnamaldehyde to form a
ligand employing ethylenediaminé&dheme 1). The ligand formation led to increase in
lipophilicity and extension of the hydrocarbon chaiutside the ring. The ligand with
structure twice that of cinnamaldehyde was furttenplexed employing cobalt as a central
metal ion with no aldehyde function, and thus camrpktructure four times that of
cinnamaldehyde was obtained. Chelation reducepdlaity of the metal ion because of

partial sharing of its positive charge with the dogroup within the whole chelate ring



system [57]. This process of chelation thus, ireesahe lipophilic nature of central metal
ion, which in turn, favours its permeation througk lipid layer of membrane thus, causing
the metal complex to cross the membrane more efébgt

Initial screening for antifungal activity of cinnahdehyde, its ligand, and Co(ll)
complex was carried out by evaluating MjCagainst five Candida species of the
fluconazole-sensitive category. MyCresults obtained in this study showed that thé tes
compounds exhibited varying degrees of antifung#vidy. The use of total mean MICs
obtained gave a good indication of the overall raittiobial effectiveness of each test
compound. MIC values as determined by NCCLS methdecreased almost
stoichiometrically with the multiplication of struze for all five species ofCandida.
Average MIC of five species for cinnamaldehyde(23 uM. Anticandidal MIC decreased
tremendously for ligand as 664 uM, and complex 4% (1M, representing an increase in
effectivity by 4.55 times and 21 times compareditomamaldehyde. Anticandidal MIC of
fluconazole varies between 6.5 pm (2 pg/ml) and.204M (32 pg/ml), thus the
synthesized complex could be less effective as epeapto fluconazole by a factor ranging
from 4.5 to 29. Results obtained in time-kill ass@agmonstrated that the increase in the
concentration of test compounds leads to significafiing activity. Full fungicidal
endpoint was reached in an average time of 12-Idllbwing incubation with MIC of
cinnamaldehyde, its ligand and Co(ll) compldxg( 3). No systematic difference was
observed between standard and clinical isolates. &erage reduction in c.f.u/ml with
respect to control was maximum in the presence afllCcomplex (84%) followed by
ligand (59%) and cinnamaldehyde (43%). Effectivengfstest molecules was evaluated on
solid media to check whether the different statenetlia alters their antifungal approach.
This was evaluated by disc diffusion assay in wHitter paper disc impregnated with

various concentrations of test molecules were putagar plates. In the case of disc



diffusion, sensitivity index was calculated on thasis of zone of inhibition. Like MIC
studies in liquid media, no systematic or significdifference was seen between various
strains for all the three tested molecules. Acewly, sensitivity index was calculated for
all five tested isolate€Cinnamaldehyde showed the mean sensitivity indeX.@fmm/mg;
ligand showed 3.9 mm/mg and Co(ll) complex show&dndm/mg of clearance. Therefore,
Co(ll) complex showed 2.85 folds and ligand showlefl5 folds sensitivity index as
compared to cinnamaldehyde. In comparison to tipgdi medium, the anticandidal effect
of synthesized compounds on solid medium showeddiffasion could be a constraint for
the complex.

Ergosterol is important constituent of yeast ceinmbrane that distinguishes them
from host cell membranes. Ergosterol biosynthesithus an important target pathway of
existing antifungals like azoles, as also for tegedopment of new antifungals. Conditions
that affect membrane also play a role in regulagmngosterol biosynthesis. Decreased
biosynthesis of ergosterol leads to decreased IMjamf yeasts. Effect of promising
antifungals can, therefore, be explained by esingatrgosterol content in their presence.
Present study, therefore, explored the possibigetasites for the antifungal actions of
cinnamaldehyde, its ligand, and Co(ll) complex.liéarstudies have shown that a major
site of action of cinnamaldehyde is cell membrand argosterol biosynthesis [9]. One
membrane parametenz. ergosterol content was measured in this studyibilidn of
ergosterol biosynthesis correlates well with i®@alues. Ergosterol reduction of 62, 76
and 88% was estimated in the presence of gMisE cinnamaldehyde, ligand, and Co(ll)
complex. This co-relation suggests that ergostésolthe primary site of action of
cinnamaldehyde, its ligand, and Co(ll) complex. haligh cinnamaldehyde acts by
disrupting the microbial cell membranes, howeve@ec#ic mechanisms involved in its

mode of antifungal action remain poorly characetizErgosterol is unique to fungi, and



the potential fungicidal effect of the compoundgdisn this study hints affinity for this
specific target, and hence its biosynthesis pathivathis study, an attempt has been made
to compare the antifungal potential of cinnamaldkshyits ligand, and Co(ll) complex by
performing some initial screening experiments ahdnt studying the effect on the
morphological aspects of membrane integrity andokteiosynthesis. In case of Co (II)
complex, ergosterol content co-related well with Oyl suggesting that inhibition of
ergosterol biosynthesis could be a leading/prinayse of antifungal action. With these
studies, it was not possible to figure out whetBiefll) complex causes direct inhibition of
ergosterol biosynthesis or decrease in ergosteyoh iconsequence of disruption of
membrane integrity. Co-relation of Mdgwith ergosterol decrease was found in case of
Co(Il) complex but was far off in case of cinnangdgide. If the mechanism of action of
cinnamaldehyde, its ligand, and Co(ll) complexakein as same, it would indicate that
killing originates from loss of membrane integrignd decrease in ergosterol content is
only one consequence of this. Other factors appeanave an equal contribution in
cinnamaldehyde promoted killing.

To demonstrate the effect of Co@idmplex on yeast cells, microscopy studies
were carried out against cells exposed to MIC cotmagon of Co(ll) complex. It was
observed that treated cells showed less viabiktyingicated by increased absorption of
propidium iodide visualized by confocal scanningotion microscopy. The effect on
membrane integrity, thus, appears to originate frolnibition of ergosterol biosynthesis as
visible from confocal microscopy resul(&ig. 4). TEM studies with Co(ll) complex
showed disruption of outer morphology and intercelular structure to a greater extent.
Cell wall breakage and leakage of intracellular teah could be seen from TEM

micrographskig. 5). Hence, it can be concluded that fungicidal atstiof Co(ll) originates



from loss of membrane integrity, and a decreaseerigosterol content is only one
consequence of this.
5. Conclusion

In summary, Schiff base ligand was synthesizech cinnamaldehyde in a good
yield via facile condensation reaction. The synthesizechtigeoordinated with Co(ll) ions
in a bidentate fashion. The basic approach belhadsynthesis of ligand and its complex
was to increase their size and so the lipophilicitigand and Co(ll) complex attained
structures two times and four times, respectivély size of cinnamaldehyde. Both the
compounds were markedly active against diffe@artdida strains in liquid as well as solid
media. Interestingly, the compounds also showednifcant toxicity at MIGo. The
mechanistic studies revealed ergosterol biosyrghesithe primary site of action of Co(ll)
complex. Overall, the excellence of the anticandigeoperties in addition to the
insignificant toxicity of Co(ll) complex; demandsone insightful studies into all its
possible mechanisms of action.
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Fig. 3. Time kill curve for a fluconazole-sensitive strah(A) C. glabrata ATCC 90030
(B) C. tropicalis ATCC 750 (C)C. krusel ATCC 6258 (D)C. albicans STD 1128 and (E)
C. guilliermondii STD 1685 treated with MIC and sub-MIC values of(@pcomplex.



(A) Control cédls (B) Cdls+ Pl + Co(ll) complex (MIC)

Fig. 4. Typical CSLM image of Propidium lodide stain€d albicans STD 1128 cells to
show differential staining patterns of live and diegasts. (A) Control cells. (B) Cells

treated with MIGo value of Co (Il) complex. Pl uptake was observeaetis treated with

Co(ll) complex (MIGy).



(A) Control céls (B) Céells+ Co(ll) complex (MIC)

Fig. 5. Typical TEM micrographs o€. albicans STD 1128 (A) Control (B) Cells treated
with Co(ll) complex at MIC of 90 pg/ml. Treated keidicating damage of the cell wall
and cell membrane. The structural disorganizatihimthe cell cytoplasm has been noted.



Tables

Table 1. Minimum Inhibitory concentration (MlI§g) values, in both (ug/ml) and (uM) of
cinnamaldehyde, ligand [L] and Co (II) complex aidifferentCandida species.

Mean Migy
Cinnamaldehyde ligand [L] Co(ll) complex

Fungi pa/mi pM pd/ pM pg/ml UM
C. glabrata ATCC 90030 300 2325 140 484.4 90 126.9
C. tropicalisATCC 750 500 3875 200 692 100 141
C. krusei ATCC 6258 500 3875 250 865 120 169.2
C. albicansSTD number 1128 250 1937.5 170 588.2 90 126.9
C. guilliermondii STD number 1685 400 3100 200 692 110 155.1

Anticandidal MIC of fluconazole varies between frh (2 pg/ml) and 104.5 uM (32 pg/ml) for the
five Candida species used in this study. MIC values were exadiby performing serial
microdilution in broth. In the first well, we fixe8-4 times the highest concentration to be tested,
whichever is greater. Different concentration aheaest agent were kept in the first well in calse o
different strains to calculate the exact valuegeithisserial dilution was made and the wells
were then inoculated with a standardized numbaretié. The MIC end points were read
visually after 48 h; repeated experiments showeavthr inhibitionin the same wells.



Table 2. Decrease in cfu/ml after 24 h incubation whenedéht Candida isolates were
grown in MIC and sub MIC concentrations of Co(lbneplex .

Cells x 50 (cfu/ml)

C. glabrata C. tropicalis C. krusei C. albicans C. guilliermondii
ATCC 90030 ATCC 750 ATCC 6258 STp8 STD 1685
Control 2008 164.31 1902+ 166.11 1808+ 95.03 1800+ 61.69 1679+ 96.00
MIC/4 1321+ 55.53 1208+ 168.01 1263+ 14541 1179+ 177.83 1209+ 94.55
p value .002 .007 .006 .005 .004
MIC/2 288+ 55.13 190+ 36.49 327+56.75 177+ 37.75 487+ 97.50
p value <0.001 <0.001 <0.001 <0.001 <0.001
MIC 29+6.42 21+450 19+ 3.05 15+2.64 2% 8.38
p value .002 .003 .001 <0.001 <0.001

The data represents (Mean + S.D) of three expetsndihe p values were calculated between
control and treated samples (MIC & sub-MIC values)each of the five strains.



Table 3. Percent ergosterol content in three standard#ensind two clinical-sensitive
Candida isolates grown in different concentrations of cimaddehyde, its ligand [L] and
Co (Il) complex.

Cinnamaldehyde

C. glabrata C. tropicalis C. krusei C. albicans C. guilliermondii
ATCC 90030 ATCC 750 ATCC 6258 STD 1128 STD 1685
png/ml %Ergosterol pg/ml %Ergosterol pg/ml %Ergosterol pg/ml %Ergosterqlg/ml %Ergosterol
content content content content content
100 88.29+2.02 100 94.26 #31.6 100 93.15+2.35 100 8at11.75 100 90.11+1.73
200 51.22+1.62 250 65.25 #50.6 250 60.24 +0.79 200 88t4.51 200 51.23+2.02
300 43.46+2.38 500 41.17 431.9 500 36.42 +2.47 250 32t2.13 400 33.47+1.42
Ligand [L]
50 70.21 +2.63 50 73.25608 50 78.11+262 50 65.25+190 50 69.30 + 1.97
100 41.10+1.53 100 49.50 $51.4150 47.23+1.68 100 736t1.67 100 31.10+2.04
140 21.25+3.87 200 26.11 #60.7250 28.25+1.46 170 180+1.43 200 23.29 +2.56
Co (1) comple
30 60.08 +1.78 30 65.93511 40 63.70 £ 1.64 30 58.19+1.71 30 59.02 +2.41
60 21.88+1.36 60 30.19.62 80 29.46 +3.00 60 25.32+1.76 60 28.05+1.61
90 12.42 +1.06 100 13.03801. 120 14.00 £1.15 90 0.11+1.32 110 9.23+1.16
* p <0.001 0001 p <0.001 p <0.001 0601

L- [CyHzoNz]. The data represents (Mean + S.D) of three ewpis. *represents p values.
ANOVA — was used to compare among three test agbti values) for each of five strains and a
significant difference was found (p < 0.001).
% Decrease in ergosterol content at respectiveghN@lues of fluconazoleC. glabrata ATCC

90030; 96.23 + 0.719C. tropicalis ATCC 750; 93.12 * 1.423,C. krues ATCC 6258; 95.08 *
1.170, C. albicans STD 1128; 89.13 + 0.876C. guilliermondii STD 1685; 90.12 + 1.167.



Table 4. Percent viability of H9c2 rat cardiac myoblastl€ethen treated with different
concentrations of cinnamaldehyde, ligand [L], Cd) (omplex and reference drug
fluconazole after 48 h pre-treatment.

Test agent (ug.ml) Cinnamaldehyde Lébpd Co (Il) complex  Fluconazole p- value
6.25 99.670.27 99.68 0.18 98.30+0.78 90.49+1.70 <0.001
125 99.600.42 99.58 0.33 96.45¢: 1.75 86.18t2.10 <0.001
25 98.931.50 98.1%1.08 90.21+2.39 79.56¢ 2.47 <0.001
50 96.221.01 87.8%1.40 85.82+ 1.58 69.35t 1.94 <0.001
100 94.472.60 90.54 1.11 84.90 1.31 63.42: 2.30 <0.001
200 92.081.43 89.3@ 1.69 80.05t 1.60 45.31+ 2.05 <0.001

L- [CoH2oN2]. The data represents (Mean + S.D) of three empmrts. ANOVA — was used to
compare among four test agents for each of theerdrations used and a significant difference was
found (p < 0.001).



Resear ch Highlights:

>

In liquid medium ligand [L] and Co(ll) complex were 4.55 and 21.0 fold more effective
than cinnamal dehyde.

MICgo of Co(Il) complex correlated well with ergosterol inhibition.

Microscopic analysis of treated cells indicated disruptions of cell wall and membrane.
Fungicidal activity of Co(ll) complex originates from loss of membrane integrity and
decrease in ergosterol content.

In comparison to fluconazole Co(11) complex exhibited limited toxicity.



