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species (ROS) mediated enhanced
anti-candidal activity of ZnS–ZnO nanocomposites
with low inhibitory concentrations

P. Suyana,a S. Nishanth Kumar,b Nimisha Madhavan,a B. S. Dileep Kumar,bd

Balagopal N. Nair,c A. Peer Mohamed,a K. G. K. Warrierad and U. S. Hareesh*ad

Enhanced antifungal activity against the yeast species Candida albicans, Candida tropicalis and

Saccharomyces cerevisiae was displayed by ZnS–ZnO nanocomposites prepared by a simple precipitation

technique. The antifungal activity was significantly more in the presence of indoor light than under dark

conditions and was a clear confirmation of the inhibitory role of reactive oxygen species (ROS) generated

in situ by the photocatalytic nanocomposites. The generation of ROS was further evidenced by flow

cytometry results and membrane permeabilisation studies. Time kill assay and growth curve analysis

indicated diminished antifungal activity under dark conditions due primarily to Zn2+ efflux in solution.
1. Introduction

Semiconductor nanoparticles have been employed in recent
years as an environmentally benign solution for pollution
control as well as for the disinfection of harmful microbes like
Escherichia coli, Staphylococcus aureus, and Candida albicans.1–7

Advanced oxidation processes based on semiconductor medi-
ated photocatalytic degradation of pollutants and microbes is
the primary mechanism underlying this technique.8,9 Unlike
other methods, photocatalytic disinfection or degradation is
simple, cost effective, and safe as only light is needed as an
energy source and no harmful by-products are released.10,11

Semiconductors like TiO2, ZnO, ZnS, etc. are proven to be
effective materials for the photocatalytic degradation of the
organic compounds and disinfection of microbes.12–19

ZnS is an important semiconductor whose theoretical pho-
tocarrier efficiency is much higher than TiO2.20 It is one of the
rst semiconductors invented and has wide range of applications
in electronic, optical, biomedical, and photovoltaic devices. The
unique size dependent properties of ZnS nanoparticles enable its
wide spread applications in solar cells, LEDs, catalysis, and as
sensors and antimicrobial agents. Due to its high energy
conversion efficiency and the relatively negative redox potential
of conduction band, it has been well suited for application as a
photocatalyst.21,22 However, owing to its large band gap, ZnS is
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active only in the UV region and more efficient visible light har-
vesting would render this material quite attractive for practical
applications in the area of photocatalysis and photovoltaics.

A simple and cost effective strategy to improve the activity of
ZnS is to develop nanocomposites with compatible semi-
conductors. The synergistic effects of individual semiconductors
could lead to more effective electron–hole pair separation by
retarding the recombination process.23,24 Among these, ZnS–ZnO
nanocomposites is a priority choice by virtue of its lower
photoexcitation threshold energy and improved electron trans-
fer paths than the individual components.25 The large difference
in electronegativity values and sizes between S and O modify the
electrical and optical properties of ZnS–ZnO combinations.26,27

The nanocomposites thus promote the electron transfer process
with photogenerated electrons owing from ZnS to ZnO.22 The
recombination rate of the charge carriers thus decrease
immensely as a result of their physically separated band gap. Till
date, many experimental methodologies are reported for the
effective synthesis of ZnS–ZnO composites.28–32 Most of the
available reports are focused on development of hetero-
structured 1D ZnO/ZnS nanowires, nanoribbons, nanocables or
nanobelts for various applications like electricity generation,
luminescent applications, sensors, optoelectronic devices etc.
However the preparation methods require sophisticated condi-
tions to obtain the heterostructures.30,32–35

In the present work a simple water based co-precipitation
technique was employed for the synthesis of ZnS–ZnO nano-
composites. The prepared nanocomposites were tested for their
anti-microbial activity against the important yeast species of
Candida albicans (C. albicans), Candida tropicalis (C. tropicalis) and
Saccharomyces cerevisiae (S. cerevisiae) and their minimum
inhibitory concentrations were elucidated. To the best of our
knowledge this is the rst study employing ZnS–ZnO
This journal is © The Royal Society of Chemistry 2015
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nanocomposites for antimicrobial applications. The generation
and role of reactive oxygen species (ROS) in reducing the micro-
bial burden was identied by ow cytometry measurements.
Damage of cell membrane due to ROS was studied by cell per-
meabilisation studies using propidium iodide uptake assay. A
systematic evaluation employing time kill assay and growth curves
under light and dark conditions permitted comprehensive anal-
ysis of the inhibitory role of photo induced ROS in fungal growth.

2. Experimental
2.1. Synthesis of ZnS–ZnO nanocomposites

In a typical synthesis, aqueous solution of sodium hydroxide
(1.0 M) was added drop by drop to an aqueous solution of zinc
nitrate hexahydrate (0.5 M) and the mixture was stirred for
3 hours. The ZnO thus obtained was added drop wise to an
aqueous solution of zinc acetate dihydrate (0.5 M) with constant
stirring. An aqueous solution of sodium sulphide (0.5 M) was
then added and stirring was continued for 1 hour. The thick
white precipitate obtained was ltered, washed with distilled
water, and dried at 100 �C. Three different compositions of
ZnS : ZnO containing 3 : 1, 1 : 1 and 1 : 3 weight ratios were
prepared and are denoted as ZSO31, ZSO11, and ZSO13
respectively here aer. Pure ZnS was prepared using zinc acetate
and sodium sulphide through a simple precipitation method.

2.2. Characterization of photocatalyst

The prepared nanocomposites were characterized by X-ray
diffraction (Philips X'pert Pro diffractometer) in the 2q range
of 10–80� using Cu Ka radiation to evaluate the crystal structure
and purity. BET surface area measurements were carried out
using a BET surface area analyser (Gemini 2375, Micromeritics,
USA) aer degassing the samples at 200 �C for 2 hours. SEM
images were acquired on an EVO 18 Special Edition scanning
electron microscope (Carl Zeiss, Germany) operating at 20 kV.
The morphology of the nanocrystallites was observed through a
high resolution transmission electron microscope (HRTEM, FEI
Tecnai 30 G2S-TWIN) operated at an accelerating voltage of
300 kV. The diffused reectance spectra of the prepared mate-
rials were analyzed using a spectrophotometer in the spectral
band width of 200–800 nm (Shimadzu UV 2401 PC).

2.3. Antimicrobial study

2.3.1. Growth condition and maintenance of test organ-
isms. The test yeast strains used in the study were Candida
albicans MTCC 277, Candida tropicalis MTCC 184, and Saccha-
romyces cerevisiae MTCC 463 procured from the Microbial Type
Culture Collection and Gene Bank (MTCC) Division, CSIR-
Institute of Microbial Technology (IMTECH), Chandigarh,
India. Stock culture was maintained on slants of PD agar (con-
taining dextrose 40 g l�1, peptone 10 g l�1 and agar 15 g l�1) at
4 �C. The primary culture of the yeast species was prepared from
the stock slant into the PD brothmedium and incubated at 30 �C
for 48 h (stationary phase, 108 CFU ml�1). The primary culture
(1ml) was re-inoculated into the 50ml fresh PD broth and grown
for 12 h up to mid-log phase (approx.105 CFU ml�1) at 30 �C. All
This journal is © The Royal Society of Chemistry 2015
experiments were performed from the mid-log phase (105

CFU ml�1) freshly grown yeast spp. culture in triplicates.
2.3.2. Minimum inhibition concentration (MIC). The MIC

is the lowest concentration at which a material exhibits anti-
microbial activity and this was done by serial dilution technique
as per Clinical and Laboratory Standard Institute (CLSI). Sterile
test tubes were taken separately with 9.9 ml of saline water,
inoculated with 105 CFU ml�1 of corresponding microorgan-
isms. To this, different concentrations (2–500 mg ml�1) of
ZSO31, ZSO11, and ZSO13 were added to individual test tubes.
The whole setup was allowed to grow overnight at for 48 h.
Negative and positive control tubes contained only inoculated
broth and free nanoparticles suspension. Compounds were
tested three times and the results were averaged. The visual
turbidity of the tubes was noted before and aer incubation.
The MIC was estimated as lowest concentration of the nano-
particles that did not permit any visible growth of microbes
during 24 h of incubation on the basis of turbidity. To avoid the
possibility of misinterpretations due to the turbidity of insol-
uble compounds, if any, the MIC was determined by sub-
culturing the above serial dilutions aer 24 h and plated in
PD agar.

2.3.3. Effect of nanoparticles on yeast spp. by studying the
growth kinetics. Yeast spp. was cultured on PD agar plates for 18 h
at 30 �C before use. MIC concentrations of ZnO, ZnS, ZSO31,
ZSO11 and ZSO13 nanoparticles were prepared in sterilized PD
medium to a nal volume of 10 ml. A single colony of each yeast
spp. was used for inoculating the PDB medium containing the
nanoparticles as well as a positive control containing only yeast
spp. (without any nanoparticles). Aliquots were taken from 0, 1,
2, 4, 6, 12, 24, and 48 h for measurement of the optical density at
600 nm. The plates were incubated at 30 �C for 48 h. The light
source used was a normal household uorescent lamp. All the
experiments under dark were conducted using the suspensions
prepared in the dark and culture grown in dark conditions by
the culture tubes with aluminum foil.

2.3.4. Time-kill curve analysis. A time-kill curve (CFU as a
function of time) was evaluated to study the rate and extent of
reduction in Candidal burden when treated with MIC concen-
tration of nanoparticles (ZnO, ZnS, ZSO31, ZSO11, and ZSO13).
The experiments were conducted in PDB for 48 h. The
concentrations used were the MIC values of corresponding
nanoparticles. An initial inoculum of approximately 1 � 106

CFU ml�1 was taken for all the experiments. Samples (0.1 ml)
were collected at 0, 2, 4, 6, 8, 12, 24, and 48 h and serially diluted
in normal saline and aliquoted in onto PDA. These plates were
then incubated at 30 �C for 48 h and the colonies were counted.
The broth without any agent was used as the control. The data
were plotted as log CFUml�1 versus time (h) for each time point.
Tests were performed three times. Signicant activity was
dened as a decrease of $2 log10 CFU ml�1 aer 48 h. Lowest
limit of quantication of time kill assay was 1 log10 CFU ml�1

(99.99% reduction).
2.3.5. Estimation of intracellular reactive oxygen species

(ROS) by ow cytometry analysis. For the detection of reactive
oxygen species (ROS) produced over a 4 h culture period aer the
treatment of MIC concentration of nanoparticles, cells were
RSC Adv., 2015, 5, 76718–76728 | 76719
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incubated with 20 mM CM-H2DCFDA [5-(and-6)-chloromethyl-
20,70-dichlorodihydrouorescein diacetate acetyl ester] for 30
min in the dark at 35 �C. The DCFH-DA passively enters the cell
where it reacts with ROS to form highly uorescent dichloro-
uorescein (DCF). Then, the cells were harvested, washed,
re-suspended in PBS, and immediately analyzed by ow cytom-
etry (BD science). CM-H2DCFDA readily diffuses through the cell
membrane and is hydrolyzed by intracellular esterases to non-
uorescent dichlorouorescein (DCFH), which is then rapidly
oxidized to highly uorescent DCF (20,70-dichlorouorescein) as
a result of a broad range of intracellular oxidative stresses other
than H2O2. The uorescence intensity of DCF is proportional to
the intracellular amount of ROS formed.36

2.3.6. Membrane permeabilisation studies due to ROS
production. Permeabilisation of fungal membrane aer the
combination treatment was checked by using propidium iodide
(PI), a membrane impermeable dye.37 For this, actively growing
C. albicans cells (�1 � 106 CFU ml�1) were suspended in an
RPMI-1640 medium containing nanocomposites and PI
(1.49 mM). Aer incubation for 1 h at 30 �Cwith constant shaking
(200 rpm), cells were harvested by centrifugation and suspended
in phosphate buffer saline (PBS, pH 7.4). The cells were then
visualized by confocal laser scanningmicroscopy (BD Pathway™
Bioimager System, BD Biosciences) with a wavelength of 560 nm
for PI. Cells without violacein and azoles served as controls.38

3. Results

X-ray diffraction, presented in Fig. 1, was used to analyze the
crystal structure and phase purity of the prepared samples. The
prepared ZnS crystallized in the cubic sphalerite form while the
ZnO was obtained in hexagonal wurtzite structure. The ZnS
particles were nanosized as indicated by broadened XRD peaks.
The ZnO peaks were highly crystalline and narrow. The
composites indicated peaks corresponding to both ZnS and
ZnO. ZnO has three prominent peaks at 2q ¼ 31.7�, 34.4�, and
36.3� corresponding to (100), (002), and (101) planes respec-
tively. ZnS has three peaks at 28.8�, 48�, and 56� corresponding
to (111), (220), and (311) planes. As the concentration of ZnO
Fig. 1 X-ray diffraction pattern of ZnS, ZSO31, ZSO11, ZSO13, and ZnO.

76720 | RSC Adv., 2015, 5, 76718–76728
increased, the ZnS peak intensity was found reduced. No other
impurities were present in the composites.

The transmission electron micrographs of the samples pre-
sented in Fig. 2 provided the morphological features of
synthesized nano composites. The ZnO precipitation from zinc
nitrate resulted in sub-micron sized particles of average size
0.4 microns with a morphology resembling that of rice grains
(Fig. 2a). Fig. 2b represented the ZnS nanoparticles obtained by
the precipitation of zinc acetate using sodium sulphide. The
individual particles were found extremely ne sized and
uniform though they appeared agglomerated in the absence of
any surface modication. The measurements done on the TEM
image of ZnS nanoparticles provided particle size values under
5 nm. The ne precipitates of ZnS were seen coated over the
grain shaped ZnO particles in the ZSO31 nanocomposite pre-
sented in Fig. 2c. The surface coverage of ZnO by ZnS nano-
particles were observed also for the ZSO13 composition (Fig. 2d)
despite the signicant increase in ZnO concentration. This was
primarily ascribed to the high surface area of the synthesized
ZnS particles compared to ZnO. The TEM studies have conclu-
sively conrmed the composite microstructure as ZnS coated
ZnO particles.

Fig. 2B provides the EDAX pattern of the ZSO31 sample
which clearly indicated that the particles are composed of the
elements of Zn, S, and O only. This observation substantiated
the XRD results on the phase composition of the ZSO31 sample.
The morphology of ZnO particles were further conrmed from
SEMmicrographs presented in Fig. 2C. As observed in TEM, the
ZnO particles were of uniform size and of rice grain type
morphology with an approximate length of 400 nm and diam-
eter of 200 nm Fig. 2C(a and b).

The electronic properties of the prepared composite samples
were analyzed by the diffused reectance spectra provided in
Fig. 3. The absorbance patterns of samples in the spectral
region of 200–400 nm presented in Fig. 3a indicated that the
ZnS nano particles possessed an absorption edge at 346 nm and
the ZnO particles at 382 nm. The nano composites with the
three different weight proportions had values intermediate
between the two pure samples of ZnO and ZnS. Addition of ZnO
to ZnS shied the absorbance to higher wavelength regions but
within that observed for ZnO.

Fig. 3b presented the bang gap values estimated using the
Tauc plot. The band gap of ZnS nanoparticles was calculated to
be 3.3 eV and was found considerably less than the value of 3.6
reported for bulk ZnS. Sub-micron ZnO particles possessed Eg
value of 3.0 and was in accordance with reported values. The
band gap values of the ZnS–ZnO composites were found to be in
between that of ZnO and ZnS. The nanocomposite formation
facilitated modication of band gap values and absorbance
patterns. However, the modications were not sufficient
enough to extend the absorption characteristics to the visible
light region.

The surface area values of ZnS, ZnO and their composites
presented in Table 1 indicated that the pure ZnS particles
derived by the precipitation reaction yielded high surface area
values of 170 m2 g�1 while the grain shaped ZnO particles
possessed almost negligible surface area values of �2 m2 g�1.
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (A) TEMmicrographs of (a) ZnO, (b) ZnS (c) ZSO31 and (d) ZSO13. (B) EDAX spectrumof ZSO31. (C) SEM images of ZnO submicron particles
at (a) low (b) high magnifications.
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The adsorption isotherms displayed a shape characteristic of
surface adsorption in solids. The ZnS–ZnO compositions con-
taining up to 50 wt% ZnS indicated surface area (Table 1) values
as high as that of pure ZnS particles. The adsorption isotherms
presented in Fig. 4 indicated the porous nature of ZnS and ZnS
rich composites (ZSO11 and ZSO31).
Fig. 3 (a) UV-Vis absorption spectra and (b) the corresponding band ga

This journal is © The Royal Society of Chemistry 2015
From the shape of the isotherms and the adsorption values,
it was safe to assume that the presence of low amounts of ZnO
has helped to reduce the agglomeration of ZnS thus providing
surface area values higher than the pure ZnS itself. However, as
the ZnO concentration increased (ZSO13) the composite
behaved more like ZnO with a coating of ZnS over it.
p values of ZnS, ZSO31, ZSO11, ZSO13, and ZnO.

RSC Adv., 2015, 5, 76718–76728 | 76721
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Fig. 4 Nitrogen adsorption–desorption isotherm of ZnS, ZSO31,
ZSO11, ZSO13, and ZnO.

Table 1 BET surface area of samples of ZnS–ZnO nanocomposites
and their individual constituents

Sample Surface area m2 g�1

ZnS 170
ZnO 2
ZSO31 168
ZSO11 172
ZSO13 97
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3.1. Antifungal activity

The minimum inhibitory concentrations (MIC) of the nano-
composites in comparison with the individual constituents
tabulated in Table 2 indicated that the MIC of ZnS : ZnO
compositions in all the proportions studied were much less than
that of pure ZnO. Of the compositions, ZnO was found to
possess the highest MIC of 250 mg ml�1 presumably due to its
larger size and poor surface area. The ZnS nanoparticle dis-
played MIC value of 64 mg ml�1 and was considerably lower than
that of ZnO. Signicant activity was recorded by ZSO31 compo-
sitions with MIC value as low as 16 mg ml�1 against C. albicans.
3.2. Time kill assay

Time-kill assays for the nanoparticles, on the yeast species
investigated, are shown in Fig. 5. Fig. 5(a)–(f) represented
Table 2 Minimum Inhibitory Concentrations (MIC) of samples

Photocatalyst

MIC (mg ml�1)

C. albicans C. tropicalis S. cerevisiae

ZnO 250 500 1000
ZnS 64 64 500
ZSO31 16 32 64
ZSO11 32 64 125
ZSO13 64 64 125

76722 | RSC Adv., 2015, 5, 76718–76728
the time-kill curves of nanoparticles with C. albicans, C. tropicalis
and S. cerevisiae, respectively, under light and dark conditions.

The time-kill assay which is a measure of the rate of killing
of microbes, provided a comparison of the antifungal property
of the investigated samples. In the absence of nanoparticles
there was an exponential growth of microbial colonies in all the
investigations under light and dark conditions. It was also
evident from the curves that the reduction in the growth of
microbial colonies was more pronounced in the presence of
light conrming that the ROS generation by the photocatalytic
nanoparticles was a dominating factor for the microbial growth
resistance. On quantication, a value of 6 log10 (CFU ml�1) at
the start of experiment was found to be reduced to a value of
1.3 log10 (CFU ml�1) for the sample ZSO31 under light.
However, the same experiments under dark conditions
revealed only a nominal reduction to a value of 4.3 log10
(CFU ml�1) for ZSO31. The maximum reduction observed
under dark condition was, for the sample ZSO11, to a value of
3.5 log10 (CFU ml�1). Detailed analysis of all the three yeast
species testied improved efficiency of the nanocomposites in
the presence of light.

The antifungal activity observed under dark conditions was
ascribed primarily due to mechanisms associated with the
efflux of metal ions in solutions, as reported earlier.3,39–41 Zinc
ions are known to inhibit multiple activities in the microbe
cell, such as glycolysis, transmembrane proton translocation,
and acid tolerance. In all the experiments, the nanocomposite
particles were found to be more efficient compared to the
individual particles of ZnO and ZnS. Among the three yeast
species investigated, the effectiveness of nanocomposites for
growth inhibition was found to be more against the Candida
species than the S. cerevisiae. It was also observed that though
the nanocomposites were better in reducing the microbial
burden, there were slight variations in the response of
ZnS–ZnO compositions towards a particular yeast species. In
the presence of light the efficiency of ZSO31 composition was
the best for the Candida species while ZSO11 was the most
effective against S. cerevisiae. The variation in effectiveness of
the tested nanocomposites against the different yeast species
was attributed to the differences in microbial cell wall struc-
ture, cell physiology, metabolism, degree of contact or surface
charge of yeast cell.
3.3. Growth curve

The growth curves of C. albicans, C. tropicalis and S. cerevisiae in
the presence of nanoparticles under light and dark conditions
are presented in Fig. 6(a)–(f) respectively. The presence of
nanoparticles retarded the growth of all the yeast species
signicantly in the presence of light and the effect was more
pronounced for the nanocomposites than the individual parti-
cles of ZnO and ZnS. Among the different compositions of
nanocomposites, a conclusive evidence of one efficient
composition was however not obtained. Signicant reduction in
the growth of C. albicans was recorded by the combination
ZSO31 and the maximum reduction was recorded between 4
and 12 h (p < 0.05). At 48 h this combination reduced >99% of
This journal is © The Royal Society of Chemistry 2015
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Candida species. Regrowth was not recorded for the combina-
tions and individual components.

Of the three yeast species investigated, the effectiveness for
growth inhibition was found to be in the order C. albicans >
C. tropicalis > S. cerevisiae. It was also observed that there were
slight variations in the response of ZnS–ZnO compositions
towards a particular yeast species. Under dark conditions, the
growth patterns of microbes in presence of the individual
nanoparticles closely resembled that of the control sample. The
individual nanoparticles of ZnS and ZnO were found to be
ineffective in growth inhibition against all the yeast species
tested. The nanocomposites were relatively better though vari-
ations were observed in their effectiveness against the tested
yeast species.
Fig. 5 Time kill curve of C. albicans in (a) light and (b) dark, C. tropicalis

This journal is © The Royal Society of Chemistry 2015
3.4. Fungal membrane permeabilisation

Propidium iodide (PI), a membrane impermeable, nucleic acid
staining dye, upon binding to double stranded nucleic acid gave
a red uorescence on excitation by a 480 nm laser. PI can only
enter those cells, which have permeable membranes. Fungal
cell membrane permeabilisation was thus studied for the
nanoparticles of ZnS, ZnO and the nanocomposites of
ZnO–ZnS. Since the maximum cell growth reduction was
observed for C. albicans, PI uptake assay was monitored only for
C. albicans. Incubation of the nanocomposite with C. albicans
cells resulted in PI uptake by the cells as monitored by confocal
microscopy (Fig. 7). We observed signicant increase in the PI
associated uorescence for the ZnS–ZnO nanocomposite than
the individual constituents of ZnO and ZnS. This was a clear
in (c) light and (d) dark and S. cerevisiae in (e) light and (f) dark.

RSC Adv., 2015, 5, 76718–76728 | 76723
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Fig. 6 Growth curve of C. albicans in (a) light and (b) dark, C. tropicalis in (c) light and (d) dark and S. cerevisiae in (e) light and (f) dark.
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indication of increase in the membrane permeabilisation in
Candida cells facilitated by the cell membrane rupture by ROS.
No PI uorescence was observed in control.
3.5. Role of intracellular ROS

The role of ROS generated by nanoparticles against Candida
spp. is shown in Fig. 8. The most likely mechanism imparting
Fig. 7 Light microscope and confocal microscope images of PI stained

76724 | RSC Adv., 2015, 5, 76718–76728
antifungal activity in nanoparticles was the generation of ROS.
The ZnS–ZnO nanocomposites generated more ROS than the
individual nanoparticles against the tested Candida spp. The
nanocomposite samples with 4 mM histidine showed growth
prole, which more or less matched that of the control sample
(without nanoparticles) indicating that the generated ROS was
effectively scavenged by histidine. The results thus obtained
C. albicans treated with ZSO31 and individual constituents.

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Flow cytometric analysis on the role of ROS formation in yeast spp.
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revealed that the antifungal activity of the nanoparticles is
primarily related to the ROS mechanism.

4. Discussion

The ZnS–ZnO core shell nanocomposites obtained by the
surface coverage of sub-micron sized ZnO particles by the
nanoparticles of ZnS have displayed higher antifungal activity
than their constituent individual particles. The red shi
observed for composites towards the 400 nm mark and the
lowering of band gap to values less than 3 eV imparted
improved photocatalytic action in the nanocomposites. The
This journal is © The Royal Society of Chemistry 2015
conduction band of ZnS possessedmore negative potential than
that of the ZnO while the valence band potential of ZnO is more
positive than ZnS. The formation of ZnS–ZnO interfaces facili-
tated transfer of electrons from ZnS to the conduction band of
ZnO and holes to the valence band of ZnS from the corre-
sponding band of ZnO. The major factor that enabled the
nanocomposite photocatalysts to out-perform their individual
constituents was the enhanced charge separation achieved by
tuning the energy band of ZnS with the lower potential of ZnO
leading to improved efficiency through reduced recombination.
The migration of charge carriers to the surfaces of ZnO and ZnS
thus generated hydroxyl radical and other reactive oxygen
RSC Adv., 2015, 5, 76718–76728 | 76725
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Fig. 9 Schematic representation of band alignment leading to antifungal activity.
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species by reacting with moisture and oxygen. The schematic
illustration of the possible mechanism is presented in Fig. 9.

The antimicrobial effect of nanoparticles is ascribed
primarily to the two mechanisms of ROS generation and metal
ion efflux in solutions.3,42,43 The ROS generation induced cyto-
toxicity and caused cell decay in yeast spp. as it exceeded the
antioxidative capacity of the cell. This mechanism is amply
supported by literature data for a variety of nanoparticles and is
comprehensively illustrated by the use of radical scavengers like
histidine.2,44,45 In the present work, the antifungal activities were
tested under both indoor light illumination and under dark
conditions. The normal laboratory conditions involving uo-
rescent lighting was sufficient to generate charge carriers,
leading eventually to the generation of ROS as reported earlier.46

A comparative evaluation of the effectiveness of the nano-
composites under light and dark conditions revealed that the
performance was better in the presence of light. The nano-
composites as well as their individual constituents displayed
absorption only in the wavelengths region of 340–380 nm and
hence are considered to be UV responsive only. The fact that the
antimicrobial activity was best observed in the presence of light
therefore suggested that the 4% UV light fraction in indoor
uorescent lighting was sufficient to induce the required pho-
toactivity for ROS generation, as has been observed before.46

Time kill assay and growth curve analysis also suggested
enhanced activity under indoor lighting than in the dark
conditions substantiating the role of ROS generation by the
photocatalysts. Nevertheless, the observance of greatly dimin-
ished activity under dark conditions is presumed to be due to
metal ion efflux as has been proven in the case of ZnS before.2

Hence the synergy of ROS and metal ion efflux is believed to be
the dominant mechanism behind the enhanced antifungal
activity of nanocomposite photocatalysts. The observation that
the nanocomposites out-performed the individual nano-
particles in their effectiveness against all the tested yeast
species conrmed the dominance of ROS over efflux mecha-
nism. Additionally, the inhibitory role of ROS was further evi-
denced by the cell permeabilisation studies using propidium
iodide, which resulted in enhanced uorescence in nano-
composites compared to the individual particles of ZnO and
76726 | RSC Adv., 2015, 5, 76718–76728
ZnS. The increased uptake of PI into the yeast cells was a clear
indication of ROS induced cell rupture as PI specically stains
only the damaged cells.

Under the same experimental conditions, the nano-
composite of ZnS–ZnO demonstrated enhanced anticandidal
activity with very low MIC values than that reported previously
for the individual constituents of ZnO and ZnS.2,10,44,45,47 The
ow cytometry results conrmed the increased levels of ROS
generation in ZSO31 composites against all the yeast species
and were attributed to the synergistic nanocomposite effect in
combination with higher surface area values (168m2 g�1). It was
also reported that chemisorbed OH species on ZnO surfaces in
water can also lead to ROS formation.48 However, in the present
study none of the experimental evidences supported signicant
ROS generation by pure ZnO particles as they were of larger
sizes and negligible surface area.

The present study has thus lead to the development of
ZnS–ZnO nanocomposites with enhanced antifungal activity
mediated by ROS generation under laboratory lighting condi-
tions. The mild activity observed under dark conditions indi-
cated the possibility of metal ion efflux also contributing to the
killing of yeast cells. The synergistic effect of ZnS–ZnO nano-
composites, as illustrated schematically in Fig. 9, provided
enhanced charge separation leading to minimum recombina-
tion of charge carriers. This has in turn resulted in the increased
effectiveness of the ZnS–ZnO nanocomposites compared to
their individual constituents.

5. Conclusions

ZnS–ZnO nanocomposites prepared by a simple precipitation
method at room temperature have displayed considerable anti-
fungal activity against C. albicans, C. tropicalis and S. cerevisiae
under normal laboratory lighting conditions. Photo induced
ROS generation aided by the synergistic effects of nano-
composite architecture is the primary mechanism responsible
for this enhanced performance. The inhibitory role of ROS was
further conrmed by experimental results obtained through
growth curve analysis, time kill assay and cell permeabilisation
studies. The studies revealed that ambient laboratory lighting
This journal is © The Royal Society of Chemistry 2015
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conditions are conducive for the optimal performance of the
nanocomposites in controlling the microbial growth of the
tested yeast species. The diminished activity observed under
dark conditions is ascribed to the metal ion efflux observed for
zinc in solutions. The improved anticandidal activity with
minimum inhibitory concentrations provides wide scope for
practical applications aimed at alleviating the harmful effects of
environmental contaminants.
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