
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 2
:2

3:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
New transition m
aDepartment of Chemistry, Jamia Millia Isl

aah_ch@yahoo.co.in
bClinical Microbiology and Infectious Diseas

Sciences, University of the Witwatersrand, J

aijaz.ahmad@wits.ac.za
cChemistry Department, Faculty of Science,

Jeddah 21589, Kingdom of Saudi Arabia
dInfection Control, Charlotte Maxeke Joha

Health Laboratory Service, Johannesburg, 2

† Electronic supplementary informa
10.1039/c9ra02600b

Cite this: RSC Adv., 2019, 9, 15151

Received 7th April 2019
Accepted 30th April 2019

DOI: 10.1039/c9ra02600b

rsc.li/rsc-advances

This journal is © The Royal Society of C
etal complexes with a pendent
indole ring: insights into the antifungal activity and
mode of action†

Ovas Ahmad Dar,a Shabir Ahmad Lone,b Manzoor Ahmad Malik,a

Mohmmad Younus Wani, c Aijaz Ahmad *bd and Athar Adil Hashmi*a

Development of new chemotherapeutic agents to treat multidrug-resistant fungal infections to augment

the current treatment options is a must. In this direction, a series of mixed ligand complexes was

synthesized from a Schiff base (L) obtained by the condensation of 2-hydroxynapthaldehyde and

tryptamine, and 1,10-phenanthroline (1,10-phen) as a secondary ligand. Based on spectral

characterization and physical measurements an octahedral geometry was assigned to [Co(phen)LClH2O]

(C2), [Ni(phen)LClH2O](C3), and [Zn(phen)LClH2O](C4) complexes while a distorted octahedral geometry

was assigned to the [Cu(phen)LClH2O](C1) complex. All the synthesized compounds were tested for

antifungal activity against 11 Candida albicans isolates, including fluconazole (FLC) resistant isolates, by

determining minimum inhibitory concentrations and studying growth curves. MIC results suggest that all

the newly synthesized compounds have potent antifungal activity at varying levels. The rapid action of

these compounds on fungal cells suggested a membrane-located target for their action.
1. Introduction

The emergence of drug resistance to almost all of the currently
used antifungal medication necessitates the development of
new treatment modalities and strategies.1,2 Fungal diseases kill
more than 1.5 million and affect over a billion people world-
wide.3,4 Among the various modalities that are being pursued,
development of metallodrugs seems to be worthy; owing to the
multiple pathways that a metallodrug could target to curb drug
resistance.5–7 A metal complex usually shows better efficacy
compared to the ligand or the metal ion alone, by sometimes,
the ligands protecting or stabilizing the otherwise reactive
metal ion or the metal undergoing redox events which enhances
the overall efficacy of the complex and sometimes the metal and
the ligand(s) are mutually responsible for the biological activity
of the complex.8 Studies of the coordination chemistry of tran-
sition metal ions with several types of ligands have made big
strides by the recent advancements in the elds of bioinorganic
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chemistry and medicine.9 Due to their astonishing structural
properties and varied denticities, Schiff bases have received
considerable attention for many years and these properties have
resulted in their wide application in the clinical, biological,
analytical and pharmaceutical elds.10–13 The coordination of
transition metals to these scaffolds increases their biological
activities and lowers the cytotoxicity of both metal and the
ligand.14–16 Schiff base metal complexes are gaining consider-
able attention due to their potential antifungal, antitumor and
antibacterial activities.17–20 Use of labile and auxiliary ligands
like 1,10-phenenthroline, 2,2-bipyridyl, imidazole, and pyri-
dine, on the other hand, have been demonstrated to show
interesting biological prole with excellent antibacterial, anti-
tumor, antiviral and antifungal activities already reported.21–25 A
good number of mixed ligand complexes containing 1,10-phe-
nanthroline as a ligand are identied as potential chemother-
apeutic agents and have received much attention in the eld of
medicine.26–29

In view of the promising biological activities of these scaf-
folds our main intention was to explore whether the incorpo-
ration of these important scaffolds in one complex would result
in potentiation of activities and therefore would give a new
strategy for the development of chemotherapeutic agents.
Finding rare instances of literature about the tryptamine based
Schiff base ligands and their mixed ligand complexes with 1,10-
phenenthroline, bearing an indole ring pendent, we report the
synthesis, characterization and antifungal activity of the ligand
and its metal complexes. Insight studies into the mechanism of
action were done by studying their effect on H+-ATPase pump,
RSC Adv., 2019, 9, 15151–15157 | 15151
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a promising target to develop new antifungal drugs because of
its important role in fungal cell physiology to maintain elec-
trochemical proton gradient which in turn is important for
nutrient uptake. In addition, this enzyme also plays a crucial
role to regulate intracellular pH and maintains cell growth. The
enzyme has also been reported to play role in the pathogenicity
of Candida by regulating the pathogenicity markers such as
morphological transition and secretion of hydrolytic enzymes.
Scheme 1 Synthesis of Schiff base (L) and mixed ligand complexes
(C1–C4).
2. Experimental
2.1 Materials and methods

All the reagents and chemicals used for the synthesis were of
analytical grade and were purchased from commercial sources.
They were used as received without further purication. Trypt-
amine and 2-hydroxynepthaldehyde were purchased from
Sigma Aldrich. 1,10-Phenanthroline and metal chlorides were
purchased from Merck.

Microanalyses (C, H and N) was carried out with FlashEA
1112 elemental analyzer (Thermo Scientic). The molar
conductance at room temperature were measured on a Syn-
tronics type 302 conductivity bridge equilibrated at 25 �
0.01 �C. For conductivity measurements one millimolar solu-
tions in DMSO were prepared. Electrothermal melting point
apparatus was used to determine the melting point of the
synthesized compounds. FT-IR spectra of the synthesized
compounds were recorded using KBr pellets on a Perkin-Elmer
283 spectrophotometer. For 1H NMR and 13C NMR measure-
ments Brucker WH 300 (200 MHz) and Brucker WH 270 (67.93
MHz) were used using CDCl3 or DMSO-d6 as a solvent and tri-
methylsilane as an internal standard. ESI-MS (AB-Sciex 2000,
Applied Biosystem) was used to record mass spectra of the
synthesized ligand and complexes.
2.2 Synthesis

2.2.1 Synthesis of Schiff base ligand (L). The Schiff base
ligand, (E)-1-(((2-(1H-indol-3-yl)ethyl)imino)methyl)naphthalen-
2-ol (L) was synthesized from the condensation reaction of 2-
hydroxynepthaldehyde (0.86 g, 5 mmol) and tryptamine (0.8 g, 5
mmol) in ethanol (15 mL) at room temperature for 3 h. The
reaction was monitored by taking TLC at regular intervals. The
reaction mixture was kept overnight at room temperature and
the bright yellow solid product formed was ltered, washed with
least amount of ethanol and diethyl ether several times and
then dried in vacuo over CaCl2 for further use.

Color (yellow) yield: 82%.mp 192 �C; elemental anal. calc. for
C21H18N2O: C, 80.23; H, 5.77; N; 8.91; found: C, 79.57; H,
5.69; N, 9.46; IR (KBr Pellet, cm�1): 1618 n(–CH]N–), 3152
n(OH), 1264 n(C–O), 3334 n(NH), 1H NMR (CDCl3, d, ppm) 8.25
(s, 1H, NH), 8.42 (s, 1H, CH]N), 14.2 (s, 1H, OH), 3.18 (t, 2H,
CCH2), 3.89 (t, 2H, NCH2), 6.86–7.65 (m, 11H, ArH). 13C NMR
(CDCl3, d, ppm): 171.22 (C–O), 163.44 (C]N), 58.25 (C–N), 27.37
(CH2–C), 111.99–138 (Ar C's), mass spectrum (ESI) [M + H]+ ¼
315.0.

2.2.2 Synthesis of mixed ligand complexes (C1–C4). All the
complexes were prepared by the general procedure as shown in
15152 | RSC Adv., 2019, 9, 15151–15157
Scheme 1. To an ethanolic solution of the Schiff base (0.62 g, 2
mmol) was added an ethanolic solution of [M(Cl)2$nH2O] (2
mmol) dropwise and then triethylamine (280 mL) with constant
stirring. A few minutes later an ethanolic solution of 1,10-phen
(0.36 g, 2 mmol) was added dropwise. The reaction mixture was
reuxed for 4–6 h. The resultant product formed was washed
several times with ethanol and diethyl ether, and then dried in
vacuum over fused calcium chloride.

2.2.2.1 [Cu(phen)LClH2O] (C1). Color (yellow green) yield:
68%; mp: 252 �C; elemental anal. calc. for (C33H27ClCuN4O2): C,
64.91; H, 4.46; N, 9.18; found: C, 64.72; H, 4.87; N, 9.28; IR (KBr
pellet, cm�1): 1582 n(CH]N), 1289 n(C–Ophenol), 1178 n(C–N1,10-

phen), 3310 n(N–H), 735 d(C]N1,10-phen), 3505 n(OH), 520 n(Cu–
O), 478 n(Cu–N). Mass spectrum (ESI) [M + H]+ ¼ 609.5.

2.2.2.2 [Co(phen)LClH2O](C2). Color (brown) yield: 65%.
mp: 242 �C; elemental anal. calc. for [C33H27ClCoN4O2]: C,
65.41; H, 4.49; N, 9.25; found: C, 65.20; H, 4.37; N, 9.18; IR (KBr
pellet, cm�1): 1585 n(CH]N), 1289 n(C–Ophenol), 1170 n(C–N1,10-

phen), 3320 n(N–H), 728 d(C]N1,10-phen), 3510 n(OH), 527 n(Co–
O), 476 n(Co–N). Mass spectrum (ESI) [M + H]+ ¼ 605.9.

2.2.2.3 [Ni(phen)LClH2O](C3). Color (reddish brown) yield:
69%; mp: 220 �C; elemental anal. calc. for [C33H27ClN4NiO2]: C,
65.43; H, 4.49; N, 9.25; found: C, 65.39; H, 4.52; N, 9.17; IR (KBr
pellet, cm�1): 1585 n(CH]N), 1286 n(C–Ophenol), 1178 n(C–N1,10-

phen), 3304 n(N–H),3508 n(OH), 730 d(C]N1,10-phen), 524 n(Ni–O),
478 n(Ni–N). Mass spectrum (ESI) [M + H]+ ¼ 605.5.

2.2.2.4 [Zn(phen)LClH2O](C4). Color (beige) yield: 70%; mp:
222 �C; elemental anal. calc. for [C33H27ClN4O2Zn]: C, 64.71; H,
4.43; N, 9.15; found: C, 64.52; H, 4.88; N, 9.10; IR (KBr
pellet, cm�1): 1590 n(CH]N), 1288 n(C–Ophenol), 1176 n(C–N1,10-

phen), 3312 n(N–H), 729 d(C]N1,10-phen), 3507 n(OH), 530 n(Zn–
O), 480 n(Zn–N).1H NMR (DMSO-d6, d, ppm), 10.75 (s, 1H, NH),
8.53 (s, 1H, CH]N), 8.39 (s, 2H, CH]N1,10-phen), 3.30 (t, 2H,
CCH2), 3.92 (t, 2H, NCH2), 3.57 (s, 2H, H2O), 6.51–8.19 (m, 18H,
ArH). 13C NMR (DMSO-d6, d(ppm)): 172.26 (C–O), 164.10 (CH]

N), 149.83 (CH]N1,10-phen), 60.28 (N–CH2), 28.06 (CH2–C),
This journal is © The Royal Society of Chemistry 2019
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146.47 (C–N), 107.93–136.69 (Ar C's), mass spectrum (ESI) [M +
H]+ ¼ 611.4.
2.3 Microbiological analysis

2.3.1 Strains, media and chemicals. All the strains used in
this study are detailed in Table 2, which consist of eight uco-
nazole (FLC) susceptible including 1 laboratory strain (C. albi-
cans SC5314 and 7 clinical isolates) and 3 FLC resistant clinical
isolates. All the clinical Candida strains were collected from
Charlotte Maxeke Johannesburg Academic Hospital, Johan-
nesburg, South Africa and were stored in glycerol stocks at
�80 �C in the department of Clinical Microbiology and Infec-
tious Diseases. All the test strains were isolated from patients
under the ethical clearance number M10102 obtained from the
Human Research Ethics Committee, University of the Witwa-
tersrand. Prior to experiments, Candida isolates were revived by
plating on Sabouraud Dextrose (SD) Agar (Sigma Aldrich, USA),
followed by growing single colonies in fresh SD broth. Fluco-
nazole was purchased from Sigma Fluke (USA) and stock solu-
tion of 2 mg mL�1 was prepared in sterile distilled water. All
other chemicals and media were purchased from Sigma Aldrich
and Merck.

2.3.2 Antifungal susceptibility tests
2.3.2.1 Determination of minimum inhibitory concentrations.

To determine the antifungal activity of the newly synthesized
ligand (L) and its four mixed ligand complexes (C1–C4),
Minimum Inhibitory Concentrations (MIC) were determined
against tested FLC susceptible and FLC resistant C. albicans
isolates by serial micro-broth dilution method following Clin-
ical and Laboratory Standards Institute (CLSI) recommended
guidelines M27-A3,30 with modications. Briey, microtiter
plates were prepared by adding 100 mL of SD broth into each of
the wells followed by an addition of the test substance at
a volume of 100 mL in the rst column with an initial concen-
tration of 1000 mg mL�1. The test compounds were serially
diluted to yield a nal concentration of 250, 125, 62.5, 31.25, 16,
8, 4, 2, 1, 0.5, 0.25 and 0.12 mg mL�1. The positive control FLC
(2000 mg mL�1) and the negative vehicle control (1% DMSO)
were also included in every set of experiments. Media and
culture controls were included to conrm the sterility and
viability, respectively. Following serial dilution, test organisms
with an approximate nal inoculum size of 1 � 106 colony
forming units (CFU) per mL, were then added to each well, at
a volume of 100 mL. The microtiter plates were sealed and
incubated under 37 �C for 24 h. Aer incubation, 400 mg mL�1

of p-iodonitrotetrazolium violet solution (INT) was added to
each well (40 mL). Viable micro-organisms interact with INT to
create a colour change from clear to a red-purple colour. Thus,
the lowest dilution with no colour change was considered as the
MIC for that test compound. All the results were calculated as
a mean of the experiments done in duplicate and all the results
were expressed in mg mL�1.

2.3.2.2 Growth studies. To further conrm the antifungal
activity of the test compounds, growth curve studies were per-
formed as described previously.31 Prior to the experiment, all
Candida species were sub-cultured and 50 mL (1 � 106 CFU
This journal is © The Royal Society of Chemistry 2019
mL�1) were added to 50 mL SD broth. To test the effect of the
compounds under study, MIC and 1

2MIC of these compounds
were added to the respective tubes. All the tubes including
control (no test compound) were incubated at 37 �C with
agitation. At a pre-determined time (0, 2, 4, 6, and 24 h), 2 mL
aliquots were taken and growth was followed turbidometrically
at 595 nm using Shimadzu UV-1800 spectrophotometer. Optical
density was recorded for each concentration against time in
hours. The growth rate is equivalent to the slope of log(optical
density) versus time during the exponential phase. Average
growth rate of untreated versus treated C. albicans were repre-
sented as line charts.

2.3.3 Proton efflux measurements. For insight mechanism
of antifungal action of the tested compounds, activity of plasma
membrane H+-ATPase pump of different C. albicans strains was
determined by monitoring the acidity of external medium by
measuring the pH, as described earlier.32 Briey, one laboratory
strain along with one FLC susceptible and one FLC resistant
isolates were grown in SD media and incubated at 37 �C until
the cells reachmid-log phase (6–8 h). Aer incubation cells were
harvested by centrifugation and washed twice with sterile
distilled water. 100 mg of wet weighed cells were then sus-
pended in 5 mL of buffer containing 0.1 M KCl and 0.1 M CaCl2.
Immediately aer the addition of cells, initial pH of the
suspension was set at pH 7.0 using either 0.01 M NaOH or HCl.
For the next 10 minutes, the pH of the solution was kept at 7.0
using 0.01 M NaOH and the volume of the 0.01 M NaOH
consumed was calculated. To determine the effect of test
compounds, 100 mL of the different stock compounds were
added to achieve desired MIC values in the buffer and pH was
kept constant at 7.0 and the volume of 0.01 M NaOH consumed
was calculated. For glucose stimulation experiments, 100 mL of
glucose was added to achieve a nal concentration of 5 mM to
both treated and untreated sets. The rate of proton efflux will be
calculated using the formula:

Rate of Hþ efflux ¼ volume of NaOH� 10�11 mol

mg cells� time

2.3.4 Measurements of intracellular pH (pHi). To further
conrm the effect of test compounds on H+ ATPase pump, pHi
of C. albicans strains was measured as described previously.32

pHi was quantied to determine whether the cells with
dysfunctional H+-ATPase activity maintains the internal pH of
6.5–6.9 as compared to cells with functional H+ ATPase activity.
0.1 g of mid-log phase grown C. albicans cells were suspended in
5mL solution containing 0.1M KCl and 0.1mMCaCl2. To check
the effect all the test compounds were separately added into the
suspension at their respective MIC values and pH was adjusted
to 7.0 using either 0.01 M NaOH or HCl. The suspensions were
then incubated at 37 �C for 30 minutes with constant shaking at
200 rpm. Aer incubation pH was again set to 7.0 and 20 mM
nystatin was added to all the cell suspensions followed by re-
incubation at 37 �C for 1 h. Aer incubation, the change in
pH level of the cell suspensions were measured and the value of
the external pH at which nystatin permeabilization induced no
further shi was taken as an estimate of pHi. In every set of
RSC Adv., 2019, 9, 15151–15157 | 15153
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experiment untreated cells were included as negative control
and pHi was measured directly from the suspensions in tripli-
cates and the mean of the pH recorded was used as the nal
pHi.
Fig. 1 FT-IR spectra of (a) 1,10-phenanthroline, (b) Schiff base (L) and
(c) Cu(II) complex (C1).
3. Results and discussion
3.1 Chemistry

The mixed ligand complexes with an indole pendent were
prepared by reacting equimolar amounts of the ligand, ob-
tained by condensation of tryptamine with 2-hydrox-
ynapthaldehyde and the corresponding metal salts, and 1,10-
phenanthroline in presence of triethylamine. All the resulting
metal complexes were neutral, colored, air stable and remark-
ably soluble in DMF and DMSO. The ligand and metal
complexes were analyzed using various physico-chemical
properties like melting point, yield, color, elemental analysis
and conductivity measurements as reported in Table 1. The
molar conductivity of the complexes was carried out using
DMSO (10�3M) at room temperature. The results obtained were
in the range of 18–27 U�1 cm2 m�1 which indicated their non-
electrolytic nature. All the compounds were thoroughly char-
acterized using various spectral techniques like FT-IR, NMR and
mass spectrometry. The analytical data of the ligand and metal
complexes were in good agreement with their proposed
formula. The ESI MS of the Schiff base ligand (L) and complexes
(C1–C4) in MeOH were recorded and found in good agreement
with the calculatedm/z values (Fig. S1–S5†). The FT-IR spectrum
of the Schiff base ligand (L) displayed a strong band at
1618 cm�1 corresponding to n(CH]N) of azomethine group. In
complexes the azomethine (–CH]N–) band got shied to lower
frequencies due to the withdrawal of electron density from the
nitrogen atom indicating the coordination of CH]N group to
metal ions (Fig. 1).33 The band present in Schiff base (L) at
3152 cm�1 attributed to –OH stretching vibrations was absent in
complexes due to deprotonation upon complexation.34 In
complexes (C1–C4) the broad band at 3505–3510 cm�1 was
attributed to n(OH) of the coordinated water present in these
complexes.18 In 1,10-phenanthroline the band at
1633 cm�1corresponds to pyridyl nitrogen stretching vibration
and in complexes this band was shied to lower frequencies
which clearly indicate the coordination of two nitrogen atoms to
metal ions upon complexation. The low frequency region of the
spectra in complexes showed the presence of new bands in the
region of 476–480 cm�1and 520–530 cm�1assigned to n(M–N)
Table 1 Physico-chemical properties of ligand (L) and complexes (C1–C

Compound Color Mol. formula Mol. wt

L Yellow C21H17N2O 313
C1 Yellow green [C33H27ClCuN4O2] 609.1
C2 Brown [C33H27ClCoN4O2] 605.1
C3 Reddish brown [C33H27ClN4NiO2] 604.1
C4 Beige [C33H27ClN4O2Zn] 610.1

15154 | RSC Adv., 2019, 9, 15151–15157
and n(M–O) stretching vibrations respectively (Fig. S6–S8†).35 In
addition, further evidence for the formation of Schiff base (L)
and C4 complex was obtained from the NMR spectra. The
attained 1H and 13C NMR values of C4 complex were compared
with the corresponding ligand and were in good agreement with
the proposed structure of the C4 complex. The 1H and 13C NMR
spectra of the ligand and C4 complex have been given in ESI.†
Complexes C1, C2 and C3 did not furnish good and presentable
NMR spectra due to the paramagnetic nature of the complexes.
3.2 Biological studies

3.2.1 Minimum inhibitory concentration. The antifungal
activity of the ligand (L) and its metal complexes (C1–C4), C4
was evaluated by determining their MIC values. All the MIC
results are summarized in Table 2. Evaluation of MIC depicts
that among the ligand (L) and its four complexes (C1–C4), C3
showed highest inhibitory activity while as L showed the least
inhibitory activity against all the tested strains. The MIC values
for C3 ranges from 1–0.25 mg mL�1 while as for L these values
range from 125–500 mg mL�1. Based on the MIC values, order of
potency of the test compounds was C3 > C2 > C1 $ C4 > L.
Isolates having an MIC values < 8 mg mL�1 for FLC were
considered FLC susceptible while as the isolates having MIC $

8 mg mL�1 were categorized as FLC resistant, following the CLSI
Interpretive Guidelines for In vitro Susceptibility Testing of
4)

(m/z) ratio Yield (%) Lm (U �1 cm2 mol�1) Mp (�C)

315 82 — 192
609.5 68 27 252
605.9 65 19 242
605.5 69 18 220
611.4 70 20 222

This journal is © The Royal Society of Chemistry 2019
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Table 2 Minimum inhibitory concentrations (mg mL�1) of the ligand (L)
and its complexes (C1–C4) against FLC susceptible and resistant C.
albicans isolates

Strains

Minimum inhibitory concentrations
(mg mL�1)

L C1 C2 C3 C4 FLC

C. albicans SC5314 250 62.5 1 0.25 62.5 0.25
FLC susceptible strains 4175 500 250 0.50 0.50 250 0.12

4179 500 250 2 0.50 250 0.25
4180 250 62.5 2 0.50 125 0.25
4251 125 125 1 0.25 125 0.25
4554 500 250 2 0.50 250 0.25
4563 125 62.5 0.50 0.25 62.5 0.25
4576 250 250 2 0.50 250 0.25

FLC resistant strains 4085 250 125 4 0.5 125 16
4122 500 250 8 1 250 32
4135 500 250 8 0.5 250 32

Fig. 2 Effect of Schiff base ligand (L) and its metal complexes (C1, C2,
C3 andC4) at their MIC and 1

2MIC values againstC. albicans SC5314 (A),
C. albicans 4175 (B) and C. albicans 4085 (C). Growth curves between
absorbance at 595 nm and time (h) showed complete growth inhibi-
tion at MIC values of these compounds.
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Candida species.36 Furthermore, all the test compounds were
prepared to different concentrations using 1% DMSO and
therefore DMSO was used as negative vehicle control and was
observed to have no inhibitory activity against any of the tested
isolates. TheMIC data revealed that the structural changes from
ligand to its metal complexes resulted in marked enhancement
in their potency as antifungal agents.

3.2.2 Growth curve analysis. To further support the MIC
results and to study the inuence of the test compounds on C.
albicans, cells of strain SC5314, 4175 and 4085 were grown in
presence of MIC and 1

2MIC values of all the test compounds and
growth curves were determined. All the untreated control cells
depict normal growth pattern, with a lag phase of 4 hours,
exponential phase of 8–10 hours before attaining the stationary
phase. At 1

2MIC values, test compounds resulted in the reduc-
tion of cell growth at varying levels without being fungicidal
(Fig. 2). However, at MIC values of these compounds, almost
complete growth inhibition was observed which can be repre-
sented by a at line in comparison to the control (Fig. 2). It was
also observed at sub-MIC values of these compounds; log phase
has been delayed by 2 to 4 hours. As expected, FLC at
a concentration of 2 mg mL�1 drastically inhibited growth in
both the tested FLC susceptible isolates while as in FLC resis-
tant isolate, growth has been suppressed but not inhibited.

3.2.3 Proton efflux measurements. Varying MIC values of
these test compounds encouraged us to determine their mode
of antifungal action. Schiff base compounds and their metal
complexes are known to interact with the proteins and nucleic
acids.37,38 In addition, quick antifungal action of these
compounds suggests that there may be a cellular target(s)
accessible to the compound externally. With this background,
we tested the activity of C. albicans strains for their ability to
pump intracellular protons to the external medium in the
presence of all the tested compounds under study. Table S1†
gives relative rates of H+-efflux by C. albicans strains in presence
of the ligand (L) and complexes (C1–C4) at their respective MIC
values. H+-efflux inhibition in standard C. albicans SC5314
This journal is © The Royal Society of Chemistry 2019
strain, with respect to control, ranges from 26–67% in absence
of glucose, whereas these gures range from 15–51% when lab
strain was treated with compounds in presence of glucose. In
RSC Adv., 2019, 9, 15151–15157 | 15155
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clinical strains, H+-efflux inhibition ranged from 19–72% and
11–67% in absence and presence of glucose, respectively.
Interestingly, 5 mM glucose stimulated H+-efflux in all the
strains by 2-fold, however all the test compounds inhibited this
efflux with varying degrees. It can be presumed that the enzyme
may exist in a different conformational state in presence and
absence of glucose. The H+-efflux results directly correlate with
the antifungal activities of these test compounds with most
prominent H+-efflux inhibitory activity shown by C3 complex
where as L showed the least inhibition of H+-efflux. Interestingly
FLC at 2 mg mL�1 showed least inhibition on H+-efflux by either
of the C. albicans species tested. FLC is known to interact with
the sterol components of the membrane, however, have no
signicant effect on H+-ATPase pump. These results conrmed
that interaction of any compound with plasma membrane is
insufficient to inhibit the activity of the H+-ATPase pump and
therefore the compounds under study may be directly binding
to this pump and thereby inhibiting the H+-efflux from Candida
cells. The H+ translocating ATPase mediated fungicidal effects
of the metal complexes under study suggest that plasma
membrane H+-ATPase targeting compounds could be developed
as cell surface antifungal targets. The higher antifungal efficacy
of the C3 complex compared to the otherwise structurally
similar complexes C1, C2 and C4 could be due to the difference
in the redox potential of the metal ions or it could be due to the
difference in the exchange of the co-ligands or binding with the
biological target. Rapidity of action, low MIC values, and lethal
effect demands more insight studies into all other possible
mechanisms of these metal complexes.

3.2.4 Measurement of intracellular pH. The pHi of Candida
cells is maintained between 6.0–7.5 by plasma membrane H+-
ATPase activity. The pHi of FLC susceptible and FLC resistant C.
albicans strains was measured following the exposure to test
compounds at MIC. All the test compounds decreased pHi of C.
albicans cells compared to the untreated cells at varying levels
Fig. 3 Intracellular pH of FLC susceptible and resistant strains treated
with the test compounds at MIC values. The pH of treated cells
decreased towards a neutral pH in comparison to untreated control
cells.

15156 | RSC Adv., 2019, 9, 15151–15157
(Fig. 3). As expected, untreated control cells maintain the pHi of
6.45 (FLC susceptible) and 6.87 (FLC resistant). In treated cells,
pHi sharply decreased from 6.30–6.081 in FLC susceptible
strains whereas these gures decreased from 6.66–6.186 in FLC
resistant strains. The pHi in FLC resistant cells are compara-
tively acidic than FLC susceptible cells, however, the tested
compounds declined pHi in both the types of cells. The
decrease in pHi post treatment with the tested compounds
further conrmed that these compounds target plasma
membrane H+-ATPase pump rather than disturbing electron
transport chain and other V-type proton pumps. However,
further studies are required to prove these claims.

4. Conclusions

A series of metal complexes obtained from a Schiff base
bidentate ligand and 1,10-phenenthroline as a co-ligand was
obtained, structurally characterized and evaluated for their
antifungal potential. Based on various physical and spectro-
scopic techniques octahedral geometry was assigned to C2, C3
and C4 complexes while as distorted octahedral geometry was
assigned to C1 complex. Evaluation of the antifungal potential
against both resistant and susceptible Candida albicans showed
that these complexes have a great potential to lead as antifungal
agents; C3 being the most active against the resistant strains.
The collection of results presented herein are especially useful
in antifungal drug development targeting proton pumping
ATPase pump. The results of this study revealed that these
complexes have a targeted activity, although, other modes of
action cannot be ruled out because metal complexes are known
to target multiple pathways to evade drug resistance.
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