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The antifungal potential of the mononuclear sil)ecomplex with 1,7-phenanthroline ligand,

[Ag(NO3-0,0’)(1,7-phenN7),], is higher than that of the clinically relevant sitid) sulfadiazine

drug, making it good candidate for further develepbtowards antifungal agents.
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Abstract

Mononuclear silver(l) complexes with 1,7-phenantine (1,7-phen), [Ag(N@O,0’)(1,7-
phenN7);] (1) and [Ag(1,7-phemN7),]X, X = ClO4 (2), CRSGs (3), BF, (4) and Sbk
(5) were synthesized and structurally characterizetlidR (*H and**C), IR and UV-Vis
spectroscopy and ESI mass spectrometry. The crgstattures ofl, 3 and 4 were
determined by single-crystal X-ray diffraction aysas$. In all these complexes, 1,7-phen
coordinates to Ag(l) ion in a monodentate fashuba the less sterically hindered N7
nitrogen atom. The investigation of the solutioabgity of 1 — 5in DMSO revealed that
they are sufficiently stable in this solvent atmotemperature. Complexds— 5 showed
selectivity toward€Candidaspp. in comparison to bacteria, effectively intirig growth of
four differentCandidaspecies with minimal inhibitory concentrations @Jlbetween 1.2
and 11.3 uM. Based on the lowest MIC values andaWest cytotoxicity against healthy
human fibroblasts with selectivity index of moreath30, the antifungal potential was
examined in detail for the compldx It had the ability to attenuaté. albicansvirulence
and to reduce epithelial cell damage in the cdiation model. Induction of reactive
oxygen species (ROS) response has been detectzdaibicans with fungal DNA being
one of the possible target biomolecules. Toxiciyfipe of 1 in the zebrafish modeD@nio
rerio) revealed improved safety and activity in comparigo that of clinically utilized

silver(l) sulfadiazine.

Keywords Silver(l) complexes; Antimicrobial activity; Cyimxicity; Candidg Danio rerio



1. Introduction

Candida albicansand emerging noatbicans Candidaspecies, such a€.
parapsilosis C. glabratg C. tropicalisandC. krusej may cause infections ranging from
superficial to life-threatening disseminated bldoesm and deep-tissue infections and
account for> 95% of all candidemifl,2]. Existing therapies for the treatment@dndida
infections rely on the use of several classes ohpmunds including polyenes, azoles,
echinocandins, nucleoside analogs and allylamingswarying efficacy depending on the
type and site of the infection, as well as susbdjtyi of the Candidaspecieg3]. However,
Candida species developed resistance to these convengionsgéd antifungal agents,
leading to the treatment failures in patients ahdnges in the prevalence of species
causing diseas€gl]. The mechanisms of resistance to the antifungafysdinclude an
increased expression of drug efflux pumps whichaemthe drug from the cell before a
toxic concentration can be reached, alteration he# structure or concentration of
antifungal target proteins, and variation in thgasterol biosynthetic pathways,6]. The
problems associated with the developing resistamdbe traditional therapy are a strong
incentive for the search and development of altereantifungal agents.

Metal complexes might represent a novel class tifumgal agents due to their
favorable features compared to the organic compguwuth as enhanced stereochemistry
and reactivity, lipophilicity and redox potentiff] and possibly different modes of
antifungal action. Among all metals of which comyde were found to be active against
Candida species, silver has gained considerable atterdiom to its high toxicity to
microorganisms and lower toxicity to mammalian €gl. The antimicrobial properties of
silver(l) ions have been known from the ancientetiand this metal ion represents an
active agent in many healthcare products suchhas-sioated catheters, wound dressings

and burn-treatment creani8-11]. An attractive class of ligands for the synthesfis
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silver(l) complexes as potential antifungal agerdmprises aromatic nitrogen-containing
heterocyclesN-heterocycles)8,12-22] For instance, 1,10-phenanthroline (1,10-phen) and
its derivative, 1,10-phenanthroline-5,6-dione (3ph@ndio), and the respective silver(l)
complexes of the general formula [Agf]G|O4 have been proven as very potent inhibitors
of C. albicansgrowth [14-19]. The mode of their action has been examined amdhst
found that yeast cells after exposure to 1,10-pdaoh its silver(l) complex had a lower
ability to reduce 2,3,5-triphenyltetrazolium chtbgi and, consequently, a reduced
respiratory function15,23] Moreover, the [Ag(1,10-pheffClO, reduced the levels of
cytochromesaas, b and ¢, and led to a decrease in cellular ergosterol amods a
consequence of all these processes, 1,10-phen tandilver(l) complex damaged
mitochondrial function and uncoupled respiratj@b]. The effect of these compounds on
the structure of fungal and mammalian cell orgaselias been also investigated and the
obtained results showed that they were able toc@@poptosis in both types of cqll$].

On the other hand, 1,10-phendio and [Ag(1,10-ph@idlO, caused extensive and non-
specific DNA cleavage, gross distortions in fungell morphology and disruption of cell
division[17,18]

The remarkable antifungal activity of silver(l) cplaxes with aromaticN-
heterocycles, particularly with 1,10-phenanthrolinrompted us to synthesize and
biologically evaluate silver(l) complexes with Ipfienanthroline (1,7-pheny¢heme 1L
In contrast to 1,10-phen, its structural isomer sdo®t possess chelating properties;
nevertheless 1,7-phen could behave as bridginghdigaetween two silver(l) ions by
providing an acute 6Gridging anglg24]. However, due to the steric hindrance effect of
the N1 nitrogen atom, 1,7-phen can also ackld$ monodentate ligand exclusively
[24,25] A previous study related to the antifungal praipsrof 1,7-phen showed that,

unlike 1,10-phen, this compound and their coppgr(thanganese(ll) and zinc(ll)
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complexes displayed only marginal activity agai@stalbicang14]. This was attributed to
the fact that, although both 1,7- and 1,10-phen @aordinate to the metal center, only
1,10-phen was capable to chelate and form an egtyestable metal ion-phen moiety in
solution[14]. Despite these findings and as a continuatioruofedforts in the synthesis of
biologically active silver(l) complexes with aronta-heterocycle$26-28], in the present
study we have synthesized and structurally chanaetkfive new silver(l) complexes with
1,7-phen, [Ag(N@-O,0’)(1,7-phenN7),] (1) and [Ag(1,7-phem7),]X, X = CIO4 (2),
CRSGs (3), BRy (4) and SbE (5) (Scheme L These complexes were assessedirfor
vitro antimicrobial and antiproliferative activities agst the normal human lung fibroblast
cell line (MRC5) to properly address their therapepotential. Considering the fact that
complexesl — 5 have shown remarkable antifungal activity, the eptth antifungal

potential, including the toxicitin vivo on zebrafish@anio rerio) was also examined.

2. Results and Discussion

2.1.Synthesis and structural characterization of thees{l) complexed — 5

The silver(l) complexes with 1,7-phenanthroline g{NOs-O,0’)(1,7-phenN7)]
(1) and [Ag(1,7-phemN7),]X, X = CIO4 (2), CRSOs (3), BF, (4) and Sbk (5), were
synthesized according to the route presenteSdneme 1The reaction of AgN@with
1,7-phen in a 2 : 1 molar ratio, respectively, ietmanol/acetone (1 : 1, v/v) at room
temperature yielded mononuclear complexHowever, reactions of 1,7-phen with the
other AgX salts (X = CI®, CRSG;, BF, and Sbk), resulting in formation of the
complexes2 — 5 were performed in ethanol by mixing an equimaanount of the
reactants. Despite the use of different silveréliss 1,7-phen reacted with all to form
similar mononuclear species, in which thHisheterocyclic ligand is monodentatedly

coordinated to the Ag(l) ion through the less stly hindered N7 nitrogen atom. The
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characterization of the complexgs- 5was established on the basis of elemental analysis
NMR (*H and*C), IR and UV-Vis spectroscopy and ESI mass spewtoy, while the
crystal structures ofl, 3 and 4 were determined by single-crystal X-ray diffraatio
analysis. Simultaneous attempts to crystallize dergs2 and5 from their amorphous
powders using different solvents (water, methanchcetone, chloroform,

dimethylformamide) were unsuccessful.

1,7-phenanthroline

X = NOj3’; methanol/acetone
AgX | x = clo,’, CF;505", BF4, SbF¢’; ethanol

[Ag(1,7-phen-N7);]X
X =ClOy4 (2), CF3SO;3 (3), BF4 (4), SbFg (5)

[Ag(NO3-0,0')(1,7-phen-N7);] (1)

v

.c..'-_,,_ T s 4
%} Toxicity in zebrafish

embryos

Remarkable
anti-Candida activity

Complex-DNA
interaction

Scheme 1Schematic presentation of the reactions for timhe&gis of silver(l) complexes
1 — 5 Numbering scheme of carbon atoms in 1,7-phem isgreement with IUPAC
recommendations for fused ring systems and doesatith the one applied in the X-ray
study of silver(l) complexe&, 3 and 4. Considering the remarkable activity against all
testedCandidaspecies and lower cytotoxicity, compléxvas selected for further activity

analysis.



2.1.1. Spectroscopic characterization

The NMR ¢H and °C), IR and UV-Vis spectroscopic data for the sifi)er
complexesl — 5 are listed in the Experimental sectioride infrg), alongside with the
corresponding data for 1,7-phen. The proton NMRspdor1 — 5 measured in DMFek
were noticeably different from that of the uncooated 1,7-phen. Monodentate
coordination of 1,7-phen to Ag(l) ion changes ilec&onic properties, resulting in
appearance of eight proton signals in the speétifaeocomplexes, instead of five in that of
1,7-phen. All proton signals df — 5are shifted downfield in respect to those of lhém
Which one of the two nitrogen atoms (N1 or N7) ¢f-phhen is coordinated to Ag(l) was
deduced from the larger values of the observed watrshifts (determined in respect to
the free ligand) in théH NMR spectra of the complexes. Thu§'H)coorq Values confirm
that 1,7-phen coordinates to Ag(l) iema the less sterically hindered nitrogen atom N7:
A(*H)coord for H8 is larger than that for its counterpart,. Hbwever, one could observe
only small shifts of the proton signals for com@es — 5with respect to those for 1,7-
phen, what seems to be spectroscopic feature wér@djl complexes in solutiof29].
Although on the whole Ag(l) complexation of 1,7gphproduced an overall deshielding of
ring carbons inl — 5 the signals of several carbon atoms were shiffgceld. From the
13C spectra of these complexes, one could also coedhat 1,7-phen is coordinated to
Ag(l) through the N7 nitrogen, considering the &sgshifts for the N7 adjacent carbons,
C6 and C8, compared to the free ligand. On therdtherd, the signals of the other carbon
atoms are almost unaffected upon Ag(l) complexation

The room temperature UV-Vis spectra of silver@mplexesl — 5 recorded in
DMF/H,0, resemble that of the 1,7-phen. In all complexes,cirresponding absorbance
peak at ~ 269.0 nm, respectively, can be attribtded— =* transitions in phenanthroline

[25,30] and they show slight red shift compared to thattie free ligandA(= 267.0 nm).
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The IR spectra of the complexes measured in thvemanber range of 4000 — 450
cm® show the bands attributable to the vibration & ¢oordinated 1,7-phen, as well as
those due to the corresponding counter-anion inctmplexes2 — 5 [31-36]. This is in
accordance with the crystal structures3@nd 4 determined by X-ray diffraction analysis
(vide infrg). Complex2 exhibits a very strong band with two sub-maximal&08 and
1064 cn* and a strong one at 622 ¢mvhich can be attributed to tvéCIO) ands(OCIO)
modes, respectively, of the uncoordinated perctdd®i]. The presence of the two bands
attributed to the asymmetric stretching vibratiér€tO,4 ion can be the consequence of its
participation in hydrogen bonding interactions, dieg to its “pseudomonodentate”
spectroscopic behavioyB1,32] As far as comple is concerned, the presence of a
strong band at 656 chin its IR spectra, indicates no coordination oFSho the Ag(l)
center[36]. On the other hand, a detailed analysis of theg&ctra ofl [37,38], indicates
that NG is bidentatedly coordinated to the Ag(l) ion imstbomplex.

ESI mass spectrdn the mass spectrometry of silver(l) complexhs, presence of
two isotopes of nearly equal abundant®Ag (51.84%) and®Ag (48.16%), is quite
useful, because their mass spectra show doublés peigh almost equal intensity for a
mononuclear species or triplet peaks with approteigdl : 2 : 1 intensity ratio, indicating
the presence of dinuclear silver(l) species intsmi13,39] The positive ion ESI mass
spectra forl — 5 show two main doublet peaks centeredmét = 468.0 and 361.0,
consistent with theoreticalwvz values calculated for [Ag(1,7-phel) and [Ag(1,7-
phen)(DMF)] cations, respectively. This is in accordance witie presence of

mononuclear silver(l) species also in solution.



2.1.2. Description of the single crystal structures

The molecular structures of the silver(l) complexXesand 4 with the
anisotropic displacement ellipsoids and the atommbering scheme are shown in
Fig. 1, while their selected bond distances (A) and wedeangles® are listed in
Table S1 This table also lists the corresponding strudtpesameters for complex
3, which contains the same complex catioabut a different counter-anion (an
ORTEP drawing oB is given in ESIFig. S1. As can be seen iaig. 1, complexl
iIs a mononuclear species comprising neutral [AgHOQD’)(1,7-phenN7);]
molecules. This complex has a strongly distortadaledral geometry about the
silver(l) ion, which is coordinated by two nitrogatoms from two 1,7-phen ligands
and by two oxygen atoms from the nitrate anion. @istortion can be revealed
from ther, parametef40] of 0.67,74= [360° — (8 + «)]/141° wherep anda are the
largest angles around the metal {Br= N1—Ag—N3 = 154.78(15)anda = N1—
Ag—O2 = 110.83(15). Perfectly square-planar and tetrahedral geogsetdsult in
74 values of 0 and 1, respectivel§0]. The two nitrogen atoms of the 1,7-phen
ligands are at almost equidistance from the Aggh;ithe Ag—N1/N3 distances
adopt values of 2.203(4) and 2.206(4) A, respelti¢eable S) and compare well
with those found in the other pseudo tetrahedhagigi) complexeg27,41,42] The
Ag—O(nitrate) bond distances inare in the range of 2.630(4) — 2.652(4) A, being
much longer than usual silver(l)-oxygen bonds afual®.3 A[43]. This indicates
that the nitrate id is only weakly bound to the silver(l) ion.

Similar to 1, silver(l) complexes3 and 4 contain two monodentatedly
coordinated 1,7-phen ligand$igs. 1 and S1). However, in contrast td, the
corresponding anionsi.e. triflate in 3 and tetrafluoroborate i, are not

coordinating to the metal center. Consequently, Algg¢l) ion adopts a slightly
9



distorted linear geometry, with an N1—Ag1—N3 anglel 74.2(3) and 166.6(3)n
3 and4, respectively(Table S1) As in 1, the nitrogen atoms of the two 1,7-phen
ligands are at almost equidistance from the Agyh)(ifable S1)and are comparable

with the othemN-heterocycle-silver(l) complex¢26,27,41,42]

Fig. 1. Molecular structures of the silver(l) complexésand 4. Non-coordinating

tetrafluoroborate anion id is omitted for clarity. Displacement ellipsoidsairawn at

50% probability level and H atoms are representesiphheres of arbitrary size.

2.2. Stability of complexes

The solution behavior of silver(l) complexds— 5was analyzed byH NMR
spectroscopy. For this purpose, these complexes gissolved in DMSQ@ls, and theirH
NMR spectra were recorded directly after dissolutmd after 48 h standing in the dark at
room temperature. For all complexésl, NMR spectra remained unmodified over 48 h,
implying their substantial stability in solution g that time. More specifically, no
decomposition of the complexes to the free 1,7-@m@hno coordination of DMSO to the
Ag(l) ion were observed. As an illustration, the RMpectra o8 are presented iRig. S2

as a function of time.
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In order to investigate the air/light stability thie silver(l) complexes which might
be of importance for their use as antimicrobialragen the form of ointments, gels and
coating materials of dressing29], sterile cellulose discs impregnated with these
complexes (quL of 50 mg/mL DMSO stock solution) were exposeaioand light for 48
h (Fig. S3) As can be seen froffig. S3 all investigated silver(ltomplexes started to be a
little beige in color after 24 h, and after 48 hakre darker, indicating that slow light

decomposition processes occurred during this time.

2.3.Biological activity of the silver(l) complexes
2.3.1. Antimicrobial activity

Silver(l) complexed — 5and the corresponding 1,7-phen ligand were evediair
their activity against five bacterial strains, mding Gram-negativeEscherichia coli
Pseudomonas aerugings&lebsiella pneumonigeand Gram-positiveStaphylococcus
aureus and Enterococcus faecalias well as fourCandida spp. C. albicans C.
parapsilosis C. glabrataandC. kruse). Their antibacterial activity was compared with
the antibacterial properties of silver(l) sulfadigez (AgSD), a topical antibiotic used in
partial thickness and full thickness burns to préviafection for more than 40 years
[44,45] MIC values against bacterial strains for silvVec@mplexesl — Swere between 25
and 125uM (Table 1) The investigated silver(l) complexes showed atersibly higher
antibacterial potency compared to the startingph&n ligand, however, their MIC values
in comparison to that of AQSD were either comparadn higher, indicating moderate
antibacterial activity(Table 1) These MIC values are comparable with that ofes(ly
complexes of 2,2-bipyridine and 1,10-phenanthmI[22]. On the other sidel — 5
showed considerable antifungal activity againstedtedCandidastrains, withC. krusei

and C. albicansbeing the most sensitive. Antifungal activity wasmparable or better to
11



that of AgSD, with MIC concentrations between 1n2l 41.3uM (Table 1) Especially, in
the case of complek that showed 5-fold lower MIC value agaitistalbicansand 4-fold
lower cytotoxicity, in comparison to AgSOable 1) Generally,1 — 5were moderately
cytotoxic against healthy human fibroblasts, witdestivity index in respect to anti-
Candidaactivity for 1 being> 30 in the case df. parapsilosi{Table 1) Such remarkable
anti-Candida activity has been observed for [Af,10-phenymal)]2H.O, [Ag(1,10-
phen}]CIO; and [Ag(1,10-phendig)ClO, complexes, whereby starting 1,10-
phenanthroline and 1,10-phenanthroline-5,6-dioganidls also exerted strong antifungal
activity [14-19]. On the contrary, 1,7-phen had only marginal antil effect(Table 1).
Moreover, the most an@andida active [Ag(1,10-phendig)CIO4 complex was toxic to
the non-neoplastic cell lines, suggesting its ilighio selectively kill fungal cells, while
leaving the normal cells viab[&9].

In contrast to the complexds— 5 the previously synthesized silver(l) complexes
with aromatic N-heterocycles having two nitrogens within one risgch as diazines
(pyridazine, pyrimidine, pyrazine), benzodiazinphthalazine, quinazoline, quinoxaline)
and tricyclic phenazine, showed considerable act#vel activity, while their efficacy in
inhibiting C. albicansgrowth was moderat6-28]. These complexes were particularly
efficient against pathogeni. aeruginosaand had a marked ability to disrupt clinically
relevant biofilms of strains with high inherentistance to antibioticf27,28] However,
they were more cytotoxic against healthy humanoblasts than most of the presently
reported complexgR6-28].

Considering the improved therapeutic window andrdrmaarkable activity against
all tested Candida species coupled with the fact that structural défifees to other

complexes were in the different counter itiwyas selected for further activity analysis.
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Table 1
Antimicrobial activity of silver(l) complexed — 5, 1,7-phen and silver(l) sulfadiazine

(AgSD), in comparison to their antiproliferativefeft on healthy human fibroblast MRC5

cell line.

Minimal inhibitory concentrations (MIC$iM)

Compound 1 2 3 4 5 1,7-phen AgSD

Test organism

E. coli 75 80 80 100 70 500 50

P. aeruginosa 50 25 80 25 40 500 25

K. pneumoniae 100 88 80 100 80 500 75

S. aureus 125 100 80 90 125 500 75
E. faecalis 80 44 42 45 40 500 100
C. albicans 1.8 55 10.1 5.6 4.4 500 10
C. parapsilosis 1.2 11.0 10.1 11.3 8.9 500 2.5
C. glabrata 10 11 10.1 11.3 8.9 600 5.1
C. krusei 2.5 55 5.1 5.6 8.5 500 2.5
MRCS5 cells 48 15 25 12.5 20 135 10

®Results are given as mean of three independenturegasnts with standard error being between
blc-tga(ﬁﬁlated IGo values correspond to concentrations requiredhibiin50% of cell growth.
2.3.2. Anti-Candida activity df
Effect on C. albicans SC5314 virulence in epithefitection model

In vitro epithelial cell models are well established todgtulifferent stages of
infection, from adhesion to the host cellg hyphal formation finally damage of the hosts
cells by contact-sensing, directed hyphal extensctive penetration and secretion of the
newly discovered toxin candidalysid6,47] For 1 and silver(l) sulfadiazine (AgSD),
MICzone dilution was tested in oral epithelial celbdel with human TR-146 cells where
invasion (hyphal length) and the damage of the ket were assessed (LDH release;
LDH is lactate dehydrogenaséjig. 2). So far, copper(ll) and zinc(ll) complexes with

2,2’-bipyridine were reported to interact and inhltOH protein[48].
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The presence of the MIC concentrationsl@nd AgSD reduced the hyphal length
similarly by 10-15% in comparison to untreated coiht(Fig. 2A and B. At the
concentrations one dilution higher than MIC, botmplexes had similar efficiency in
reducing the damage (24-30% reductidiig. 20Q. However, in MIC and sub-MIC
concentrations, the presence Dbfleads to the higher reduction of epithelial damage
comparing to AgSD Kig. 20. A relatively moderate reduction of damage, imeagal,
could be explained by the fact that the epithel@age is measured 24 h post-infection
and it could be thatC. albicans develops certain adaptations and initiates other

pathogenicity mechanisms which still leads to tleendge despite the presence of the

compounds.
A) B) 60
B MIC O 0.5xMIC
~ 50
?1/ * *
= 40
i=)
c
2 30
T
N
S 20
I
10 4
0 - T T 1
DMSO 1 AgSD
C)
120 = 2xMIC @ MIC O 0.5xMIC
2100 * % % %
® 80
£
= 60
©
3 40
20
0 L
e DMSO 1 AgSD

Fig 2. The effect ofl and AgSD orC. albicansSC5314 virulence in epithelial infection
model. (A) Invasion (100 x magnification), (B) hyHength and (C) % cell damage in

comparison to DMSO treated cells (*P < 0.5, Studdast).
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Reactive oxygen species (ROS) generation in Calbi

The fungicidal activity of antifungal compounds aften attributed to the ROS
production[49]. Generation of ROS i@. albicanstreated with 2-fold MIC concentrations
of silver(l) complexl, 1,7-phen, AgSD and amphotericin B (AmB) was qii@at using
2',7’-dichlorofluorescin diacetate (DCFH-DA) stamg and indicated by 2',7'-
dichlorofluorescein (DCF) fluorescence due to DCPBA- probe oxidation(Fig. 3).
Quantification of cellular ROS generation by flowtametry revealed more pronounced
increase in DCF fluorescence after 1.5 h of indobatith silver(l) complexl compared
to AmB, clinically used antifungal, known for itbity to induce apoptosis and hence
ROS production irC. albicang49] (Fig. 3). Generation of ROS i@. albicanstreated with
1,7-phen was almost the same as the control samglle,treated with DMSO. Notably,
the effect of AQSD on the ROS generatiorCinalbicanswas 30-fold higher in comparison
to both 1 and AmB. This may not be surprising, as AgSD hasnbconnected with
numerous side effects and toxicif$0]. Taken together, these results suggest that
eradication ofCandidainduced by silver(l) complei could be due to ROS production
upon prolonged exposure, being in accordance \wehpteviously published findings for

the mechanism of action of silver(l)-containingaps[51].
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DMSO 1 AgSD

1000 00 1000
Gate: R1 Gate: R1 “lGate: R1
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Compound ROS" (%)

1 1.81
10 AmB 0.85

AgSD 32.66
1,7-phen 0.28
100 1000 DMSO 0.26
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FL1 -
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Fig 3. Reactive oxygen species (ROS) generatio@.imlbicanscells treated with 2-fold
MIC concentrations of silver(l) complex 1,7-phenanthroline (1,7-phen), AgSD and AmB
(amphotericin B) for 1.5 h. ROS were detected ush@'-dichlorofluorescin diacetate

(DCFH-DA) staining with cells treated with DMSO asas a control.

2.3.3. In vitro DNA binding andholecular docking

We have examined the possibility that ROS generatibserved inC. albicans
treated withl (Fig. 3) may be due to the initial interaction with fungaNA. The
prediction of drug binding to DNA at molecular lévprovided by molecular docking, is
the basis of new drug compounds design stratetmiesiost cases, drug binding is non-
covalent, although in the case of reactive drugslemt bonds may be formd82,53]
Four different modes of drug binding to DNA are Wmo intercalation of drug between
adjacent base pairs, drug binding into the minooge, binding into the major groove, and
backbone tracking binding. For small molecules,tta@n binding modes are intercalation
and minor groove binding52-54]. Sequence specificity for these binding modes is
significantly higher for binding into the minor gree binders than for intercalators

[52,54] The majority of intercalating drugs show prefeento GC-rich sequences and
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region with alternating G and C badég,55] The intercalation requires conformational
changes of the DNA owing to formation of a bindoayity [52,53], which is not required
for the minor groove binding. Majority of drugs l@d into the minor groove have a
preference of binding to AT-rich sequendg8,56,57] The major groove offers greater
opportunity for forming hydrogen bonds with the @lf%2], although the proteins often
occupy this groove. The minor groove binding draga effect on biological activity of
these proteinfb4].

Although nucleic acids are more flexible than pirttg58-61], the treatment of
DNA as a rigid molecule during docking study doeg# necessarily lead to worthless
results if the sequence DNA base and structurewgj thke it into consideration. Namely,
the binding of 1,7-phen in AT-rich region of DNA mair groove(Fig. 4A) indicates that
the intercalation probably is not an appropriatedisig mode to DNA. Also, in accordance
with the tendency of complekto bind into the minor groove in the AT-rich regi¢Fig.
4A), it may be expected that the intercalation of tasplex is not an appropriate binding
mode to DNA. However, by visual analysis of crysalictures from Protein Data Bank,
we found that metal complexes with aromatic ligaimdercalate between adjacent base
pairs. On the other hand, Monte Carlo simulatiohswsed that there is a possible
migration from AT-rich region into the minor groowe site between adjacent base pairs,
and achieved that van der Waals interactions aaltiving force for this migratiof62].
In accordance with the results of visual analysid KIC simulations, we can presume that
the intercalation probably is an appropriate bigdimode to DNA for comples. Despite
stronger binding of complek into the minor groove of DNA (-7.06 kcal/mol) thary7-
phen (-3.83 kcal/maol), the nature of its interagsiavith DNA is in favor of the previous
presumption. Namely, both examined compounds fornly oweak non-covalent

interactions with a DNA (weak hydrogen bonds, van\Waals interaction and interactions
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of n-system). CompleXx has only two rotatable bonds (Ag—N coordinatiomd®) as
internal degrees of freedom, that allow the confirom of the complex in which the one
1,7-phen ligand is intercalated between the bass, @ad the other one is bonded into the
minor groove in the AT-rich region. The intercatetiof the second 1,7-phen ligand is
conformationally restricted, because of the coatiom (N—Ag—N) angle strainin vitro
DNA interaction evaluation by gel electrophoresisyvealed that under the tested
conditions neithed nor 1,7-phen were able to interact with albicansdouble stranded
genomic DNA in a way to prevent ethidium bromideding and they were not causing
DNA degradation (Fig. 4B) This is in contrast to 1,10-phendio and [Ag(1,10-
phendio)]CIO, that caused extensive and non-specific DNA cleavqg7,18].
Furthermore, circular dichroism (CD) spectroscoms halso been used as a useful
technique for analyzing interactions between théahwmplexes and DNA, and it is also
very sensitive to the mode of DNA interaction wismall molecules[63]. The CD
spectrum of double-stranded template DNA (dsDNA)ated from herring sperm exhibits
a positive band at 277 nm due to base stackingactiens and a negative band at 245 nm
due to helicity and is characteristic of DNA inhtghanded B fornj64]. It is well known
that intercalation tends to enhance the intensitidsoth bands due to strong base stacking
interactions and stable DNA conformations. On ttleoside, simple groove binding and
electrostatic interactions with small moleculesvghess or no perturbation on the base-
stacking and helicity bands. In the presence of ¢benplex 1 at relatively high
concentration of 400 uM, an increase in intensityh@ positive band and decrease in
intensity of the negative band of DNA have beeneoled (Fig. 4C) In addition, this
complex showed a red-shift in the positive and tiegdands, suggesting conformational

change of a B-form DNA to A-form DNA caused by irs#tetion between DNA molecule
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and the complex. Similar result was observed for g(RA9-dimethyl-1,10-

phenanthroling]NO3-H,O complex bound to DNA6G5].
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Fig. 4. In vitro interaction of silver(l) complet with DNA. (A) The structures of DNA
(pdb code-1BNA), complek and 1,7-phen and the most stable binding of thestigated
compounds to DNA, as assessed by molecular dockiB)gln vitro interaction withC.

albicanschromosomal DNA assessed by gel electrophores® ri@ijuL. DNA treated with
25 pM compounds for 2 h in 10 mM Tris-Cl, pH 8.5)da(C) CD spectra of DNA (1

mg/mL) treated with complex (400 uM).

Most of ‘DNA drugs’ are generally positively chatgaromatic compound$2].
Thus, [Ag(1,10-pher)NO3; complex has both properties and binds into theomgnoove
in the GC-rich regiorfFig. S4) This complex has a lower binding energy (-4.8alknol)
than complex. (-7.06 kcal/mol), and weak non-covalent interatgibetween complex and

DNA are responsible for its binding into the mingnoove. However, it is known that
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[Ag(1,10-phen)]NO3; complex interacts with DNA by intercalating one dafe
phenanthroline ligands into a DNA hel[86]. Although the compleXxl has a slightly
higher affinity for binding to the DNA, these twmroplexes bind to different regions,
therefore, their binding into the minor groove mpeded.

Overall, DNA may not be the primary targetloWithin Candidacells, however it

may be one of the biomolecules that this silvar@bnplex interacts with.

2.4. Toxicity and therapeutic safety assessmehirokzebrafish embryos

Zebrafish has been suggested as suitable animadlnfmdn vivo drug discovery
and developmerj67], and has been successfully utilized for the safstessment of metal
complexes with biomedical applicati¢85,28]. Therefore, the toxicity of the compléx
was investigated using the 6 hpf zebrafifarfio rerio) embryos in a 114 h exposure
study and compared with the toxicity of the 1,7+phend AgSD as a clinically used
antimicrobial agent. The results obtained in thigdg showed that bothh and 1,7-phen
were less toxic (lethal and teratogenic) than AgBIQ. 5A). These results of the toxicity
in vivo are in agreement with the results obtained orhtimaan fibroblast (MRC5) cells

(Table 1)
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Fig 5. Toxicity assessment of silver(l) compldx 1,7-phen and silver(l) sulfadiazine
(AgSD) in zebrafish embryos exposed to differenncamtrations (1-50 pM) (A).
Morphology of zebrafish embryos at 114 hpf uporfeddnt treatments (B). Embryos
exposed to 1M of 1 (slightly affected), and AgSD (severely malformea® shown.
Malformed head (bracket), reduced eyes (asterisid atoliths (boxed) size, large

pericardial edema (arrow).

Based on the determined §fLvalues,1 was slightly (1.2-fold) less toxic to
zebrafish embryos than AgSD and 7.8-fold more téixén 1,7-phen. All embryos exposed

to 10 uM of1 showed possible small pericardial edemas and aofetvem had slightly
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reduced headFig. 5B) Complex1 elicited no toxic response (lethal nor teratogemc
zebrafish embryos upon treatment with doses closati-C. albicansandC. parapsilosis
MIC values Table 1) indicating favourable therapeutic profile of tlkiemplex. The L&
values of 1,7-phen are in line with our recentlplBhed result$25].

With the aim to compare the therapeutic potentiallato that of AgSD, we
determined their therapeutic index (Ti) and therdpeutic safety index (TY)lrable 2)
AgSD appeared more toxic (teratogenic) thaand exerted side effects at the doses bellow
its anti-<CandidaMIC values, such as developmental abnormalitiesadly at 1 uM and the
cardiotoxicity at> 2.5 uM demonstrating low therapeutic safefgble 2) To the best of
our knowledge this is the first study exploring @sé-dependent toxicity of AgSD in the

zebrafish model.

Table 2
Evaluation of the therapeutic index (Ti) and therépeutic safety index (Ts) df in

comparison to silver(l) sulfadiazine (AgSD).

M|C LC50 ECSO H
Compound Ti Ts
P (UM) BM) (M)
1 1.8 5.89 4.13 3.27 2.29
AgSD 10 5.02 2.23 0.50 0.22

MIC — the minimal inhibitory concentration determthagainsC. albicans

LCso — the concentration causing lethal effect at 5@%rafish embryos.

ECs, — the concentration inducing side effects (letiia@ind teratogenicity) at 50% embryos.
Ti — the therapeutic index determined as the taiwveen LG, value and MIC value.

Ts — the therapeutic safety index determined asatie between Efg value and MIC value.

It is also important to note thdt did not affected cardiovascular functions of
zebrafish embryos in constrast to Ag8Elg. S5) Numerous studies highlighted cardiac
toxicity (cardiomyopathy, arrhythmias, cardiac egément and failure) in patients

receiving some antifungal drugs, such as azoléstkeole, itraconazole and fluconazole),
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echinocandins, and especially amphotericin B asddgrivatives[68-70]. Therefore,
development of novel antifungals without inherearidéotoxic implications is critical.
Based on therapeutic index, it can be concluded ¢benplex 1 present novel
antifungal compound with much higher therapeutidepbal and safety profile than
silver(l) sulfadiazine, what together with a speoirof its antifungal activities makes this

complex as an excellent candidate for further apfibn to combat candidal infections.

2.4.1. Oxidative stress in zebrafish embryos upgosure tal

It is well known that the long-term application bme commercial antifungals,
like amphotericin B, is limited due to the toxicitywards human kidney cells associated
with generation of oxidative stre$%1,72], as well as towards normal human dermal
fibroblasts[73]. Therefore, an evaluation of novel antifungal dgeor the potential to
provoke oxidative stresim vivo and inflict the oxidative stress-mediated damagesf
great importance for their further medical applimat

Assessment of ROS production performed in thisysuging the zebrafish model
revealed significant differences in the oxidativess response between embryos exposed
to 1 and AgSD (Fig. 6) These differences became visible already at tbsedsd
corresponding to the MIC values, at whicgenerated markedly less ROS than AgSD (P <
0.05, Student t-tesfig. 6A). Moreover, the ROS level measured in embryos upen
MIC doses ofl did not differ significantly from the basal leveétected in the control
group (P> 0.05; Student t-test), while AgSD treatmeignificantly increased embryos’
ROS at the MIC dose, accounting for 127% compacethé control group (B 0.05,

Student t-test-ig. 6B).

23



Control

1, 1.8 uM (1xMIC) " AgSD,2.7 uM (1xMIC)

1, 11 uM (6xMIC) AgSD,11 UM (4xMIC)
B) 180 -
160 -
__140 4
=
.g.gmo
Q
S5 1 1xMIC
H :100 B 4xMIC
< 80 - . 6xMIC
8% 60 -
xR
= 40 -
20 4
0

Ctrl 1 AgsD

Fig. 6. Reactive oxygen species (ROS) production in Ziehraembryos exposed to
different doses (1xMIC, 4xMIC and 6xMIC) df and AgSD. A) ROS levels were
determined by measuring the fluorescence of indafidebrafish embryos. B) Statistically
significant differences between data of untreatmutrol and treatments were denoted with

asterisk (*P < 0.5, *P < 0.01; **P < 0.001; Studd’ test).

It is noteworthy that complek, exhibiting the best antifungal activitygble ) and
therapeutic potentialT@ble 3, did not elevate the ROS production in zebraéstibryos
even at the 5xMIC dose (data not shown) neithesadudevelopmental abnormalities,
demonstrating thus very good overall toxicity piefOnly at a dose of the 6xMIC value,
weakly increased the oxidative stress in exposeldrgrs (up to 111 + 4%fFig. 6B),
mostly manifested as a visible fluorescence of gaedial sac(Fig. 6A), while not

disturbing normal heartbeat rate. On the other, skigSD-treated embryos displayed
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intensive fluorescence over whole body and cardiotside effects (pericardial sac
fluorescence accompanied with pericardial edentagdly upon a dose corresponding to
the MIC value, additionally confirming their low dhapeutic safetyn vivo. Such side
effects were particularly pronounced at a 4xMIC ed@Big. 6B) Previous studies
performed in the zebrafish model evidenced oxidasiress as one of mechanisms of
silver-based compounds toxicity, whereas cardiaitxihas been frequently reported the
toxic effect caused by Agons[74,75] Absence of cardiotoxicity and detectable oxidativ
stress in the zebrafish model during the treatmuiitis 1 at antifungal doses>(MIC)
demonstrates better pharmacological propertieshe phenanthroline-based silver(l)

complex in comparison to the clinically used anmtdals.

3. Conclusion

In the present research study, five novel silver@dmplexes with 1,7-
phenanthroline as ligandl (- 5 were synthesized, structurally characterized and
biologically evaluated. The spectroscopic and eliagraphic results revealed that all
synthesized silver(l) complexes are mononuclearcispewith the metal ion being
monodentatedlycoordinated by two ligand moleculasa less sterically hindered N7
nitrogen. These complexes showed selectivity tosv&dndida spp. in comparison to
bacteria, being moderately cytotoxic against hgatiliman fibroblasts. Complel which
showed the best therapeutic potential, attenu&edalbicans virulence and reduced
epithelial cell damage in the cell infection modkloreover, this complex induced the
ROS response irC. albicans with fungal DNA being one of the possible target
biomolecules. Besides thaitp vivo assessment performed on the zebrafish embryos
showed that this complex was less toxic than ilveulfadiazine, which is the clinically

used antimicrobial, without affecting cardiovascufanctions and elevating the ROS
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production in the zebrafish embryos. Taken all ¢haggether, silver(l) complex may
present novel potent antifungal compound with fabte pharmacological properties,

being more effective and safe than the clinicafigdisilver(l) sulfadiazine.

4. Experimental section
4.1. Materials

Distilled water was demineralized and purified toeaistance of greater than 10
MQ cm. The starting silver(l) salts (AgNOAQCIO,, AgCRSGs;, AgBF, and AgSDbE),
1,7-phenanthroline (1,7-phen), methanol, etharegdtane, acetonitrile, dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), deuterated dimdtbgmamide (DMFd;) and
dimethyl sulfoxide (DMSQds) were purchased from Sigma-Aldrich. All the em@dy

chemicals were of analytical reagent grade and w#bdut further purification.

4.2. Measurements

Elemental microanalyses of the synthesized silyecdmplexes for carbon,
hydrogen and nitrogen were performed by the Micabdital Laboratory, Faculty of
Chemistry, University of Belgrade and Adolphe Merkhstitute, University of Fribourg.
All NMR spectra were recorded at 26 on a Bruker Avance Il 400 MHz spectrometer
(*H at 400 MHz,®*C at 101 MHz). 5 mg of each compound was dissolae@.6 mL of
DMF-d; and transferred into a 5 mm NMR tube. Chemicaltstafe reported in ppndy
and scalar couplings are reported in Hertz. In otdenvestigate the solution behavior of
silver(l) complexes, th&H NMR spectra were recorded immediately after tHiisolution
in DMSO-ds (DMSO is a solvent used for biological evaluatadrthe complexes), as well

as after 48 h standing in the dark at room tempezaflhe IR spectra were recorded as
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KBr pellets on a Perkin Elmer Spectrum 100 specttemover the wavenumber range of
4000 — 450 cm. The ESI-MS spectra in positive mode were recofest dissolving the
silver(l) complexed —5in DMF/H,0 (1 : 9, v/v) mixture with a Bruker Esquire lonapr
mass spectrometer. The UV-Vis spectra were recavdedthe wavelength range of 900 —
200 nm on a Shimadzu double-beam spectrophotonadter dissolving the silver(l)
complexesl —5in DMF/H,0O (1 : 9, v/v). The concentration of the silvedtmplexes was

1.310° M.

4.3. Synthesis of silver(l) complexes
4.3.1. Synthesis af

Silver(l) complex [Ag(NQ-O,0")(1,7-phenN7),] (1) was synthesized according to
the modified procedure for the preparation of s{(lyecomplexes with phthalazine and
quinazoling[26]. The solution of 1.0 mmol of AgN§X169.9 mg of AgN®) in 15 mL of
warm methanol was added slowly under stirring ®ghblution containing 0.5 mmol (90.1
mg) of 1,7-phen, dissolved in 15 mL of warm acetdrtee reaction mixture was stirred in
the dark at room temperature for 3 h. A white [piate, which was formed after
evaporation of the mother solution at room tempeeatwas filtered off and dissolved in
acetonitrile. The obtained solution was left tovdipevaporate at room temperature to a
volume of 5.0 mL, and then stored in a refrigeratbr4 °C. After two days colorless
crystals of 1, suitable for single crystal X-ray crystallographyere formed. Yield
(calculated on the basis Nfheterocyclic ligand): 100.8 mg (76%).

Anal. calcd. forl = CyH16AgNsO3 (MW = 530.29): C, 54.36; H, 3.04; N, 13.21.
Found: C, 53.95; H, 2.92; N, 13.37% NMR (400 MHz, DMFd,): 6 = 8.02 ¢id, J = 8.1,
4.4 Hz, H4), 8.13dd, J = 8.3, 4.6 Hz, H10), 8.421(J = 9.1 Hz, H3), 8.46d{ J = 9.1 Hz,

H9), 8.79 (d, J = 8.1, 1.7 Hz, H5), 9.34d¢, J = 4.4, 1.7 Hz, H2), 9.44¢, J = 4.5, 1.7
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Hz, H8), 9.88 ppmdd, J = 8.3, 1.7 Hz, H6)"*C NMR (101 MHz, DMFd,): 6 = 122.85
(C10), 123.47 (C4), 126.54 (C4a), 127.32 (C10a$.82 (C3), 130.33 (C9), 133.31 (C6),
136.68 (C5), 145.53 (Cla), 149.16 (C6a), 150.48),(@32.72 ppm (C8). IR (KBry,
cm®): ~ 3040w, 2921w WCa—H)), 1617w, 1599m, 1573w, 1496mv(C.=Ca.) and
v(Ca=N)), 1384vs and 1297s.4NOx)), 836s, 773sy(Ca—H)), 726w and 700wi(NOs)).
UV-Vis (DMF/H,0, Amax NM): 268.0 § = 4.110* M*cm?). (+)ESI-MS (DMF/HO) m/z

(relative intensity): 468.0 [Ag(1,7-pheih) (100), 361.0 [Ag(1,7-phen)(DMF))10).

4.3.2. Synthesis @f— 5

Silver(l) complexes [Ag(1,7-pheN7),]X, X = ClO4 (2), CRSO; (3), BF, (4)
and Sbk (5) were synthesized according to the modified pracedor the preparation of
silver(l) complexes with phthalazine, quinazolineda2,3-diphenylquinoxaling27,76].
The solution of 1.0 mmol of the corresponding sillesalt (207.3 mg of AgCl@for 2,
256.9 mg of AgCESG; for 3, 194.7 mg of AgBEfor 4 and343.6 mg of AgSbéfor 5) in
5.0 mL of ethanol was added slowly under stirrindghte solution containing an equimolar
amount of 1,7-phen (180.2 mg) in 20.0 mL of warmaebl. The reaction mixture was
stirred in the dark at room temperature for 3 he Bblid products of complex&and5
precipitated during this time or after evaporatioh the mother solution at room
temperature, respectively, were filtered off anekdinin the dark at ambient temperature.
Our attempts to obtain the crystals suitable fora)(-analysis for these complexes from
their amorphous powders using different solventeevumsuccessful. However, complexes
3 and 4 were crystallized from mother ethanol solutionegfits standing at room
temperature for several days. Yield (calculatedhenbasis of thé-heterocyclic ligand):
193.0 mg (68%) foR, 222.2 mg (72%) foB, 177.6 mg (64%) fod and 183.4 mg (52%)

for 5.
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Anal. calcd. for2 = CoH16AgCIN4O4 (MW = 567.73): C, 50.77; H, 2.84; N, 9.87.
Found: C, 51.17; H, 2.70; N, 9.319%1 NMR (400 MHz, DMFd;): 5 = 8.01 (id, J = 8.1,
4.4 Hz, H4), 8.10dd, J = 8.3, 4.5 Hz, H10), 8.4@(J = 9.1 Hz, H3), 8.47d, J = 9.1 Hz,
H9), 8.78 (Id, J = 8.1, 1.7 Hz, H5), 9.33¢, J = 4.4, 1.7 Hz, H2), 9.3%(¢, J = 4.5, 1.7
Hz, H8), 9.85 ppmddd J = 8.3, 1.7, 0.7 Hz, H6)*C NMR (101 MHz, DMFd;): ¢ =
122.85 (C10), 123.47 (C4), 126.54 (C4a), 127.3104},1128.89 (C3), 130.31 (C9),
133.29 (C6), 136.68 (C5), 145.49 (Cla), 149.20 JCB20.48 (C2), 152.69 ppm (C8). IR
(KBr, v, cmi®): ~ 3048w, 2923w(Ca—H)), 1617w, 1600m, 1575w, 1497m(Ca=Ca)
andv(C,=N)), 1108vs and 1064s(ClO,)), 833s, 775sy(Car—H)), 622s §(OCIO)). UV-
Vis (DMF/H.0, Amax NmM): 269.0 € = 5.110° M*cm?). (+)ESI-MS (DMF/HO) m'z
(relative intensity): 468.0 [Ag(1,7-pheih) (100), 361.0 [Ag(1,7-phen)(DMF)]3).

Anal. calcd. for3 = CsH16AgFsN4OsS (MW = 617.35): C, 48.64; H, 2.61; N, 9.08.
Found: C, 48.92; H, 2.54; N, 8.899% NMR (400 MHz, DMFé): § = 8.02 ¢d, J = 8.3,
4.5 Hz, H4), 8.11dd, J = 8.3, 4.5 Hz, H10), 8.41(J = 9.1 Hz, H3), 8.48d J = 9.1 Hz,
H9), 8.79 @d, J = 8.1, 1.7 Hz, H5), 9.34d¢, J = 4.4, 1.7 Hz, H2), 9.40d¢, J = 4.5, 1.8
Hz, H8), 9.86 ppmddd, J = 8.3, 1.7, 0.7 Hz, H6}:°C NMR (101 MHz, DMFe): & =
122.88 (C10), 123.50 (C4), 126.55 (C4a), 127.3504),1128.88 (C3), 130.38 (C9),
133.39 (C6), 136.69 (C5), 145.53 (C1la), 149.15 JCB30.51 (C2), 152.79 ppm (C8). IR
(KBr, v, cmi): ~ 3047w, 2923w (Ca—H)), 1616w, 1602m, 1575w, 1499m(Ca=Ca)
and v(Ca=N)), 1286vs(va{SOs)), 1247vs ((CFs)), 11555 {.d{CFs)), 1027s {(SOy)),
835s, 771s(Ca—H)), 754m(5s(CF3)), 637m 65(SOs)), 594m §.{CF)), 516m a{SOy)).
UV-Vis (DMF/H20, Amax nm): 269.0 § = 4.110" M'cmi?). (+)ESI-MS (DMF/HO) m/z
(relative intensity): 468.0 [Ag(1,7-pheih) (100), 361.0 [Ag(1,7-phen)(DMF))17).

Anal. calcd. ford = CyH16AgBF4N, (MW = 555.09): C, 51.93; H, 2.91; N, 10.09.

Found: C, 51.87; H, 2.79; N, 10.10%{ NMR (400 MHz, DMFek): 6 = 8.01 ¢d, J = 8.0,
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4.3 Hz, H4), 8.09dd, J = 8.2, 4.5 Hz, H10), 8.381(J = 9.0 Hz, H3), 8.46d J = 9.1 Hz,
H9), 8.78 ¢, J = 8.1 Hz, H5), 9.33d, J = 4.3 Hz, H2), 9.37d J = 4.3 Hz, H8), 9.84 ppm
(d, J = 8.3 Hz, H6)*C NMR (101 MHz, DMFdy): 6 = 122.79 (C10), 123.42 (C4), 126.53
(C4a), 127.20 (C10a), 128.91 (C3), 130.15 (C9),IBICE), 136.66 (C5), 145.56 (Cla),
149.26 (C6a), 150.43 (C2), 152.53 ppm (C8). IR (KBrcri'): ~ 3078w, 2963w (Car—
H)), 1617w, 1600m, 1575w, 1498m(Ca=Ca) andv(C,=N)), 1059vs {.{BFa)), 832s,
774s  §(CamH)), 793m {«BFs)). UV-Vis (DMF/H;O, Amax hm): 269.0
(e = 5.310" M'em™). (+)ESI-MS (DMF/HO) m/z (relative intensity): 468.0 [Ag(1,7-
phen)]” (100), 361.0 [Ag(1,7-phen)(DMF)]5).

Anal. calcd. for5 = C4sH16AgFsN4sSh (MW = 704.03): C, 40.94; H, 2.29; N, 7.96.
Found: C, 40.78; H, 2.15; N, 7.68%4 NMR (400 MHz, DMFd;): 5 = 8.02 (id, J = 8.1,
4.4 Hz, H4), 8.13dd, J = 8.3, 4.6 Hz, H10), 8.4 H3 and H9, isochronous), 8.7&d(
J=8.1, 1.7 Hz, H5), 9.34d¢, J = 4.4, 1.7 Hz, H2), 9.44d¢, J = 4.6, 1.7 Hz, H8), 9.88
ppm @dd, J = 8.3, 1.6 Hz, H6)'*C NMR (101 MHz, DMFd,): 6 = 122.97 (C10), 123.58
(C4), 126.56 (C4a), 127.48 (C10a), 128.85 (C3),.ABECY), 133.73 (C6), 136.72 (C5),
145.42 (Cla), 148.92 (C6a), 150.59 (C2), 153.13 (PB). IR (KBr,v, cm): ~ 3082w,
2949w ((Ca—H)), 1619w, 1600m, 1575w, 1497m(C,=Ca) andv(C,=N)), 836s, 778s
(y(Car—H)), 656vs ¢(SbF)). UV-Vis (DMF/H20, Amax nm): 269.0 § = 5.410* Mcm®).
(+)ESI-MS (DMF/HO) mvz (relative intensity): 468.0 [Ag(1,7-phel) (100), 361.0
[Ag(1,7-phen)(DMF)] (14).

1,7-phen data given for comparative purposes. M#8:21."H NMR (400 MHz,
DMF-d;): § = 7.98 (n, H4 and H10), 8.33d¢, J = 53.8, 9.1 Hz, H3 and H9), 8.7dd( J =
8.1, 1.7 Hz, H5), 9.29d@, J = 4.3, 1.6 Hz, H2 and H8), 9.75 ppuid¢, J = 8.3, 1.8, 0.7
Hz, H6).*C NMR (101 MHz, DMFd;): § = 122.51 (C10), 123.17 (C4), 126.47 (C4a),

126.87 (C10a), 129.02 (C3), 129.65 (C9), 132.27)(C86.55 (C5), 145.81 (Cla), 149.74
30



(C6a), 150.16 (C2), 151.78 ppm (C8). IR (KBr, cm?): 3032w, 2928w (CarH)),
1614m, 1584m, 1568m, 1490s, 1426$C{~=C,) andv(C,=N)), 846vs, 774vsy(Ca—H)).

UV-Vis (DMF/H20, Amax, NM): 267.0¢ = 2.710° Mcm?).

4.4. Air/light stability

The air/light stability ofL — 5was studied in direct light in air atmospherecatm
temperature in order to mimic their exposure tdtlignder real life conditions. Sterile
cellulose discs were impregnated with the silvez@inpounds (oL of 50 mg/mL DMSO
stock solution) and exposed to air and light. Tiabisty was monitored visually within 48

h.

4.5. Crystallographic data collection and refinerhehthe structures
Single crystals ofl, 3 and4 were selected and mounted on a loop with inert

oil on a Stoe IPDS2 diffractometer. The crystalseneept at 298(2) K1(and3) or
250(2) K @) during data collection. Using Ole%27], the structure was solved with
the ShelXT[78] structure solution program using Intrinsic Phasang refined with
the ShelXL[79] refinement package using Least Squares minimizatigdrogen
atom positions were calculated geometrically arfthed using the riding model.
Crystal data and details of the structure detertiuna are listed ifable S2ZMERCURY

computer graphics prograf®0] was used to prepare drawings.

4.6. Antimicrobial activity
4.6.1. Antibacterial activity
The minimal inhibitory concentrations (MICs) of thidver(l) complexed -5, 1,7-

phenanthroline and silver(l) sulfadiazine (AgSDgr8a, Munich, Germany) against a
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panel of five microorganisms that includedcherichia coliNCTC 9001,Staphylococcus
aureusATCC 25923 Enterococcus faecallBTCC 29212 Klebsiella pneumoniadTCC
13883 andPseudomonas aeruginosalfCC 27853, were determined according to the
standard broth microdilution assay, recommendedhbyAmerican National Committee
for Clinical Laboratory Standards (M07-A8). The tesk compounds were dissolved in
DMSO. The highest concentration tested was pGOnL and the inoculums were 10
colony-forming units (cfu/mL). The MIC value corpends to the lowest concentration

that inhibited the growth after 24 h at 3.

4.6.2. Anti-Candida activity

The minimal inhibitory concentrations (MICs) of thidver(l) complexed -5, 1,7-
phenanthroline and AgSD agairSt albicansATCC 10231,C. parapsilosisATCC
22019,C. glabrataATCC 2001 andC. kruseiATCC 6258were determined in RPMI
1640 medium (Gibco) according to Standards of EemopCommittee on Antimicrobial
Susceptibility Testing (v 7.3.1: Method for the @l@ination of broth dilution minimum
inhibitory concentrations of antifungal agents ferasts). The tested compounds were
dissolved in DMSO. The highest concentration testad 500ug/mL and the inoculums
were 10 cfu/mL. The MIC value corresponds to the lowestaamtration that inhibited the

growth after 24 h at 37C.

4.6.3. Epithelial cells infection model

The ability of C. albicans SC5314 cells to infect epithelial cellBR146
(obtained from Cancer Research Technology, Lond@s) tested in the presenceloénd
silver(l) sulfadiazine (AgSD) in the concentrati@mge of 2- 16 ug/mL (3.77—30.17uM

for 1 and 5.60— 44.80 uM for AgSD). C. albicanscells were co-incubated with oral
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epithelial cells for 3 h (hyphal length, invasiossay) and 24 h (damage assay) in serum-
free Dulbecco’s modified Eagle’s medium (DMEM; Gahcat 37 °C and 5% Cfas
described in previous publicatiof®1,82] In the invasion assay;. albicanscells were
first stained with the Alexa Fluor 488 conjugatesofccinylated concanavalin A (ConA;
Invitrogen). Afterwards, epithelial cells were perabilized using 0.5% Triton X-100 and
fungal cells stained with calcofluor-white (CFWg8ia), which allowed differentiation of
invading (stained by CFW only) and non-invadingaifs¢d by both CFW and ConA)
hyphae. Using fluorescence microscopy, the pergent invading cells and hyphal
length were determined by counting at least 50 dm@Candida cells. Epithelial cell
damage was determined after 24 h by measuring élease of lactate dehydrogenase
(LDH) using the LDH cytotoxicity detection kit (Rbe Applied Science) according to
manufacturer instructionéll experiments were performed in triplicates fach condition

and repeated three times.

4.6.4. Measurement of ROS production in Candida

Intracellular reactive oxygen species (ROS) wera@sueed using the fluorescent
dye 2',7’-dichlorofluorescin diacetate (DCFH-DA,g81a) as previously describgd3].
Briefly, the C. albicanscells were adjusted to i€ells per mLin Sabouraud dextrose broth
and incubated for 1.5 h at 3@ and 200 rpm with 4xMIC concentrations of silvir(l
complex 1, 1,7-phen and silver(l) sulfadiazine. The positoantrol was treated with 4
pug/mL of amphotericin B. After staining with M DCFH-DA at 30°C for 30 min, the
cells were collected and washed two times with PBBe fluorescence intensities
(excitation and emission of 488 and 540 nm, respag) of cells were tested with
CyFlow Space Partec flow cytometer with Partec FdaMsoftware (Partec GmbH,

Munster, Germany). This experiment was carriedtlogte times independently.
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4.7. Cytotoxicity

Cytotoxicity in terms of the antiproliferative etfe was tested by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode (MTT) assa)84]. The assay was
carried out using human lung fibroblasts (MRC5) trek after 48 h of cell incubation in
the medium, containing compounds at concentratianging from 5 to 20@M. Briefly,
MRC5 cells were maintained in RPMI-1640 medium sepented with 100ug/mL
streptomycin, 100 U/mL penicillin and 10% (v/v)debovine serum (FBS) (Gibco) as a
monolayer (1 x 1Dcells per well). All cell lines were grown in hudified atmosphere of
95% air and 5% Cgat 37 °C. The MTT assay was performed two timesum replicates.
The extent of MTT reduction was measured spectrimphetrically at 540 nm using a
Tecan Infinite 200 Pro multiplate reader (Tecanupratd., Mannedorf, Switzerland), and
the cell survival was expressed as percentageeofdhtrol (untreated cells). Cytotoxicity
was expressed as the concentration of the compotitating cell growth by 50% (16)

in comparison to untreated control.

4.8. DNA interaction
4.8.1 Molecular docking

The structures of the tested silver(l) compliexAg(1,10-phen)]” complex and
1,7-phenanthroline were optimized by B3LYP metheith 6-31g** basis set for non-
metal atoms and LanL2DZ basis set for silver. ME@binan atomic charges were
calculated at same level, according to the sche@méhe restrained electrostatic potential
(RESP) mode]85]. Crystal structure of DNA was extracted from Pioteata Bank (pdb
code: 1BNA)[86] and used for docking study as target for testechpomnds. The
structure represents synthetic double stranded caoakey

d(CpGpCpGpApApTpTpCpGpCpG) with more than one catepturn of right-handed B
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helix and without DNA intercalation gap. The preggaon of DNA structure has been
carried out using AutoDock 4.2 software progrg&Y] and includes the adding of
hydrogen atoms and removing water molecules froystal structure. In order to generate
grid and docking parameter files in AutoDockTootegram[87], the optimized structures
of the tested compounds and DNA were used. Thetatel of DNA, [Ag(1,10-phen)*
complex and 1,7-phenanthroline ligand were consileas rigid, while Ag—N
coordination bonds of the silver(l) complek were allowed to rotate freely. To
accommodate the tested compounds during dockindy st grid box, containing the
whole protein, was used. The virtual screening usadarckian genetic algorithm as the
search method and 100 runs for each docking sciesoovery Studio (BIOVIA Software

product)[88] was used to analyze and visualize the resulteciidg studies.

4.8.2. In vitro DNA interaction

For DNA interaction assay high molecular weight (Wyigenomic DNA isolated
from C. albicansATCC 10231 was used. DNA was isolated accordingn&thod of
Nikodinovic et al [89]. DNA (100 ng/{L final concentration) was incubated with 25 pM
final concentration of silver(l) complek 1,7-phen and AgSD in 10 mM Tris-Cl, pH 8.5 in
50 uL reaction volume. After 2 h incubation at 30 °@, (dL aliquots were taken, mixed
with loading dye and loaded on agarose gel. Comvotained an appropriate volume of
DMSO. DNA samples were run, 500 ng per lane, o%0&arose gel with ethidium
bromide against a O’'GeneRuler™ 1 kb Plus DNA Ladbtand sizes in bp: 75, 200, 350,
400, 500, 700, 1000, 1500, 2000, 3000, 4000, 5@000, 10 000, 20 000) (Thermo
Scientific™) at 50 V for 3 h. Gels were visualizadd analyzed using the Gel Doc EZ
system (Bio-Rad, Life Sciences, Hercules, USA), igoed with the Image Lab™

Software.
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4.8.3. CD spectral analysis
CD spectra of double-stranded template DNA (dsDNw&am herring sperm (1

mg/mL; Boehringer Mannheim GmbH, Germany) and asiplexes with various amounts
of 1 (0- 500 uM) were recorded on a Jasco J-815 ciralithroism spectropolarimeter
(JASCO, UK) calibrated with ammonium (+)-10-camphdfonate. Spectra were recorded
over a wavelength range 320 — 220 nm in 0.1 nmssaginstrument scanning rate of 200
nm/min using a quartz cell of 0.1 mm optical pahdth and with data integration time of
2 s. The obtained values were normalized by suirtgache baseline recorded for the
buffer (10 mM sodium bicarbonate buffer, pH 8.0heTresults are expressed as ellipticity,

measured in mdeg.

4.9. Embryotoxicity using the zebrafish (Danio og¢rinodel

Evaluation of toxicity ofl, 1,7-phen and AgSD on zebrafish embryos model was
carried out according to general rules of the OEGDidelines for the Testing of
Chemicals[90]. All experiments involving zebrafish were perfoai@ compliance with
the European directive 2010/63/EU and the ethicadadines of the Guide for Care and
Use of Laboratory Animals of the Institute of Maléar Genetics and Genetic
Engineering, University of Belgrade.

Adult zebrafish Danio rerio, wild type) were obtained from a commercial sugpli
(Pet Center, Belgrade, Serbia), housed in a teryeraand light-controlled facility with
28 °C and standard 14:10-hour light-dark photogkri@nd regularly fed with
commercially dry flake food (TetraMilf flakes; Tetra Melle, Germany) twice a day and
Artemia nauplii once daily. Zebrafish embryos were produced by-pwee mating,
collected and distributed into 24-well plates camntay 10 embryos per well and 1 mL

embryos water (0.2 g/L of Instant Oc&aBalt in distilled water), and raised at 28 °C. For
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assessing lethal and developmental toxicity, ens@6 hours post fertilization (hpf)
stage were treated with six concentrations of cemp| 1,7-phen and AgSD (1, 2.5, 5, 10,
25 and 50uM). DMSO (0.2%) was used as a negative control. eirpents were
performed three times using 20 embryos per conaionr.

Apical endpoints for the toxicity evaluatiomable S3 were recorded at 24, 48, 72,
96 and 114 hpf using an inverted microscope (CKX@lympus, Tokyo, Japan). Dead
embryos were counted and discarded every 24 h1Athpf, embryos were inspected for
heartbeat rate, anesthetized by addition of 0.1%¢)(isicaine solution (Sigma-Aldrich, St.

Louis, MO), photographed and killed by freezing24 °C for> 24 h.

4.9.1. Intracellular ROS production in the zebrhfis

Generation of intracellular ROS in zebrafish emBryopon 1 and AgSD
treatments was detected using an oxidation-seasifiuvorescent probe dye 2',7'-
dichlorofluorescin diacetate (DCFH-DA). Briefly,taf 48 h treatment with complek
respective ligand and AgSD, the zebrafish embryeseviransferred into 96-well plates,
treated with DCFH-DA solution (20 pg/mL) and inctéazafor 1 h in the dark at 28.5 °C.
Following incubation, the zebrafish embryos weresed in the fresh embryo water and
anesthetized i10.1% (w/v) tricaine solution (Sigma-Aldrich, St. lis, MO) before imaging.
The images of stained embryos were observed usihgreescent microscope (Olympus
BX51, Applied Imaging Corp., San Jose, CA, USAJ)luWorescence intensity of individual
zebrafish larvae was measured at an excitation leagth of 485 nm and an emission
wavelength of 535 nm using a spectrofluorometercéhelnfinite 2000 Pro multiplate

reader; Tecan Group Ltd., M&nnedorf, Switzerland).
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4.9.2. Statistical analysis

The results were expressed as mean values * sthdeaiation (SD) and analyzed
using Student’s t-test at a threshold level of B.5 This analysis was carried out using

SPSS 20 (SPSS Inc., Chicago, IL) software.
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Appendix A. Supplementary data

Supplementary Material associated with this artictdudes NMR spectraii and
13C) for 1 — 5 Figs. S1-S5 and Tables S1-S3. Crystallographia fta 1, 3 and4 have
been deposited with the Cambridge Crystallograjdata Centre (CCDC-1829501)(
1829502 8) and 18295034)). Copies may be obtained free of charge on agiobio to the
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,K U(e-mail:

deposit@chemcrys.cam.ac)uk
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Table and Figure Captions

Table 1

Antimicrobial activity of silver(l) complexed — 5, 1,7-phen and silver(l) sulfadiazine
(AgSD), in comparison to their antiproliferativefexft on healthy human fibroblast MRC5
cell line.

Table 2

Evaluation of the therapeutic index (Ti) and therépeutic safety index (Ts) df in

comparison to silver(l) sulfadiazine (AgSD).

Scheme 1Schematic presentation of the reactions for tmehe&gis of silver(l) complexes
1 — 5 Numbering scheme of carbon atoms in 1,7-phem isgreement with IUPAC
recommendations for fused ring systems and doesnatith the one applied in the X-ray
study of silver(l) complexeg, 3 and4. Considering the remarkable activity against all
testedCandidaspecies and lower cytotoxicity, compléxvas selected for further activity
analysis.

Fig. 1. Molecular structures of the silver(l) complexésand 4. Non-coordinating
tetrafluoroborate anion id is omitted for clarity. Displacement ellipsoidseairawn at
50% probability level and H atoms are representesipheres of arbitrary size.

Fig 2. The effect ofl and AgSD orC. albicansSC5314 virulence in epithelial infection
model. (A) Invasion (100 x magnification), (B) hyHength and (C) % cell damage in
comparison to DMSO treated cells (*P < 0.5, Studdast).

Fig 3. Reactive oxygen species (ROS) generatio@.iralbicanscells treated with 2-fold
MIC concentrations of silver(l) compleix 1,7-phenanthroline (1,7-phen), AGSD and AmB
(amphotericin B) for 1.5 h. ROS were detected ugh@’-dichlorofluorescin diacetate

(DCFH-DA) staining with cells treated with DMSO wlsas a control.
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Fig. 4. In vitro interaction of silver(l) compleg with DNA. (A) The structures of DNA
(pdb code-1BNA), complek and 1,7-phen and the most stable binding of thesiigated
compounds to DNA, as assessed by molecular dockiB)gln vitro interaction withC.
albicanschromosomal DNA assessed by gel electrophores® rigijuL. DNA treated with
25 pM compounds for 2 h in 10 mM Tris-Cl, pH 8.5)da(C) CD spectra of DNA (1
mg/mL) treated with complex (400 uM).

Fig 5. Toxicity assessment of silver(l) compldx 1,7-phen and silver(l) sulfadiazine
(AgSD) in zebrafish embryos exposed to differenncamtrations (1-50 uM) (A).
Morphology of zebrafish embryos at 114 hpf uporfedént treatments (B). Embryos
exposed to 1QuM of 1 (slightly affected), and AgSD (severely malformea shown.
Malformed head (bracket), reduced eyes (asterisij atoliths (boxed) size, large
pericardial edema (arrow).

Fig. 6. Reactive oxygen species (ROS) production in Ziefhraembryos exposed to
different doses (1xMIC, 4xMIC and 6xMIC) df and AgSD. A) ROS levels were
determined by measuring the fluorescence of indalidebrafish embryos. B) Statistically
significant differences between data of untreatmutrol and treatments were denoted with

asterisk (*P < 0.5, *P < 0.01; **P < 0.001; Studd’ test).
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Resear ch Highlights

* New silver(l) complexes with 1,7-phenanthroline were synthesized and characterized

Silver(l) complexes show selective anti-Candida activity

Complex 1 attenuates C. albicans virulence and reduces epithelia cell damage

The fungal DNA is one of the possible target biomolecul es for the complex 1

» Complexesarelesstoxic both in vitro and in vivo than silver(l) sulfadiazine



