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INTRODUCTION

Emergence of multi-drug resistance in human and plant
pathogenic fungi originating from the unregulated usage and
reduced efficacy of antibiotics poses serious health and economic
challenges for the mankind [1,2]. Infectious fungal diseases
caused by human pathogenic fungi that exhibit multi-drug
resistance are becoming very difficult to treat and have led to
increasing morbidity and mortality in immuno compromised
patients [3-5]. Emergence of resistance to the conventional
fungicides in plant pathogenic fungi has led to deterioration
of quality of crops and fruits resulting in huge production loss
and heavy economic loss. Thus, there is a serious and urgent
need to develop novel broad-spectrum antifungal agents for
controlling and preventing fungal infections by adopting diffe-
rent strategies including usage of inorganic nanomaterials [6-12],
antimicrobial peptides [13], etc. In recent years, nanoparticles
of inorganic materials such as metals and metal oxides have
been the focus of various studies due to their exciting physico-
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chemical properties as well as improved interaction with the
membrane of microbes [14,15].

Nanoparticles of inorganic materials (viz. ZnO, Cu, Ag,
CuO, Cu2O, Fe3O4) have been found to exhibit good antifungal
activity and have emerged as promising alternative for the control
and treatment of various fungal infections [6-12,14-29]. Among
the nanostructured metal oxide semiconductors, ZnO nano-
particles have attracted immense attention as an emerging anti-
microbial due to their higher stability, low cost and longer
shelf-life and good antimicrobial activity [30]. Recently, nano-
particles of ZnO were shown to cause growth inhibition of
pathogenic plant fungi Botrytis cinerea and Penicillium
expansum [21]. Dimkpa et al. [22] reported that 500 µg/mL
of ZnO nano-particles inhibited growth of the pathogenic
fungus, Fusarium graminearum, whereas Li et al. [23] demon-
strated the antifungal action of ZnO nanoparticles against fila-
mentous pathogenic fungus, Sclerotinia homoeocarpa, limiting
its growth at a concentration of 400 µg/mL. Though there are
several studies reporting antifungal response of ZnO nano-
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particles, the understanding of the molecular processes is still
unclear. Several mechanisms have been proposed to contribute
towards the antifungal action of ZnO nanoparticles, including
(i) production of ROS, (ii) intracellular oxidative stress gener-
ation due to the generated ROS, (iii) release of Zn2+ ions from
ZnO nanoparticles, (iv) internalization of ZnO nanoparticles,
(v) disintegration of cell membrane, (vi) leakage of protein and
cellular material and (vii) DNA damage [20,25,30,31]. ZnO
nanoparticles are known to produce ROS viz. singlet oxygen,
superoxide radicals, hydroperoxyl radicals, hydroxyl radicals
and H2O2. ROS is known to target cellular compounds and the
complex lipid molecules in the cell membrane [20] and leads
to lipid peroxidation [32]. Lipovsky et al. [30] used histidine
to scavenge the generated ROS and demonstrated that ROS
plays a role in the antifungal response of ZnO nanoparticles
towards pathogenic Candida albicans. However, more studies
are required to provide insight into the origin of strong antifungal
response of nanostructured ZnO. The potent antibacterial
properties of chemically produced ZnO nanobullets have been
previously reported [33].

Though the antifungal properties of ZnO nanoparticles
on different yeasts have been investigated [34], there are no
reports on the effect of nanostructured ZnO on S. pombe till
date. Present results demonstrated that ZnO NBs fully inhibited
growth of S. pombe at 200 µg/mL. The results show that ROS
production is crucial in determining the antifungal effect of
ZnO NBs.

EXPERIMENTAL

The zinc oxide (ZnO) nanoparticles were prepared using
Zn(CH3COO)2·2H2O (SRL, India) and KOH (SDFCL, India).

Synthesis of ZnO nanobullets: The ZnO nanobullets were
prepared by alkali precipitation method as described previously
[33]. Briefly, 200 mM KOH was added dropwise to 200 mL
aqueous solution of 20 mM Zn(CH3COO)2·2H2O under stirring
for 30 min to reach a final pH of 10. After 2 h, centrifugation
was done to recover the precipitates followed by washing and
drying at 80 ºC.

Characterization: The microstructure and morphology
of the sample was analyzed using SEM (ZEISS), TEM, HRTEM
and EDX (TECNAI G2 20, FEI). The photoluminescence (PL)
spectroscopy was carried out using Edinburgh Instruments
under 350 nm excitation.

Growth kinetics: The impact of ZnO nanobullets (NBs)
on the growth kinetics of S. pombe was evaluated as per reported
method [35]. Briefly, absorbance at 600 nm of the different S.
pombe cultures grown at 32 ºC with shaking was monitored at
a 2 h interval. Three independent biological studies were under-
taken and the averages with S.D. were plotted.

MIC studies: To calculate the minimum inhibitory concen-
tration (MIC), YE-agar plates with different ZnO NBs concent-
rations were prepared and S. pombe culture was plated on them.
The plates were then incubated for 36 h at 32 ºC and the experi-
ments were carried out three times.

Growth inhibition percentage studies: Colony counting
method [36] was employed to estimate the percent growth inhi-
bition of S. pombe treated with ZnO NBs. The percentage

growth inhibition (I%) was calculated with respect to the untre-
ated cells (control) using eqn. 1:

c t

c

A A
Growth inhibition (%) 100

A

−= × (1)

where At = mean colony number in treated cells and Ac = mean
colony number in the control.

Colony forming assay: S. pombe was grown overnight
in YE media at 32 ºC with shaking. This overnight grown S.
pombe culture was diluted to an absorbance of 0.3 at 600 nm
the next day and subsequently allowed to grow till absorbance
of 0.6 was reached at 600 nm. ZnO NBs (25, 50, 75, 100, 150
or 200 µg/mL) were mixed with the yeast cultures and the
cultures were incubated at 32 ºC for 2 h. The cultures after 1/10
consecutive dilutions were spotted onto agar plates and incu-
bated at 32 °C for 36 h and pictures of the plates were recorded.
The experiments were conducted three times.

Well diffusion studies: S. pombe (100 µL, 2 × 107 cells/
mL) was spread on YE-agar plates in which wells were made
and 25, 50, 75, 100, 150 or 200 µg/mL of the ZnO NBs was
put into the wells. This study was also conducted three times.

Disc diffusion studies: S. pombe (100 µL, 2 × 107 cells/
mL) was spread onto the agar plates. After that, paper discs
(Whatman, dia. 6 mm) with 25, 50, 75, 100, 150 or 200 µg/mL
of ZnO NBs were kept on these plates. Similarly, Whatman
paper discs (dia. 6 mm) loaded with 25, 50, 75, 100, 150 or
200 µg/mL of the common antibiotic, geneticin, were kept on
agar plates on which S. pombe culture was plated.

Effect of N-acetyl cysteine (NAC) on S. pombe growth:
The effect of NAC on the growth of S. pombe was checked as
described previously [35]. Briefly, an absorbance at 600 nm
of S. pombe cultures was adjusted to 0.1 and 200 µg/mL of
ZnO NBs was added to them, followed by addition of different
concentrations of NAC. The controls (i) cells with no NBs
and no NAC, (ii) cells treated with 50 mM NAC and (iii) cells
treated with only 200 µg/mL of ZnO NBs, were used. The kinetics
of growth of yeast was evaluated by measuring O.D.600 nm after
every 2 h. Three studies were undertaken and the average
O.D.600 nm values with S.D. were noted.

Trypan blue assay: ZnO NBs (200 µg/mL) were added
to mid-log phase S. pombe culture followed by growth of S.
pombe at 32 ºC with shaking for 2 h. The culture was first
pelleted followed by washing of the cell pellet with 1X PBS
(pH 7.2), addition of trypan blue (0.1%) and incubation of 10
min. A suspension (1 µL) was mounted on the slides and
analyzed under the microscope. The staining was done in 2
replicates (biological) with 3 replicates (technical) and 200
cells were analyzed in each technical replicate.

Quantification of cellular ROS using H2DCFDA dye:
Exponentially grown S. pombe was treated with either 10 mM
H2O2 (control) or 200 µg/mL of ZnO NBs and incubated at 32 ºC
for 2 h with 200 rpm shaking. After the treatment, the cultures
were pelleted, followed by washing of the cell pellets with 1X
PBS (pH 7.2) and addition of 5 µL H2DCFDA dye was added.
The cell suspension was then incubated in dark for 1 h and then
washed twice. Pellets were resuspended, following which the
suspension (1 µL) was placed onto glass slides. Imaging of
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cells was done with plan apochromat 100X objective (oil) of
the Nikon Eclipse Ni Light microscope. The cell periphery
was marked in each cell, the mean adjusted fluorescence was
quantified, integrated density with background reading was
measured using ImageJ software. Quantification of the fluore-
scence intensity was done using ImageJ software from 200 cells
for each sample [37,38]. Two independent measurements were
undertaken with two technical replicates. Each sample (200
cells) were analyzed in each technical replicate and the average
value of adjusted mean fluorescence of S. pombe was plotted
with S.D.

Bradford assay: ZnO NBs (200 µg/mL) were added to
log-phase S. pombe followed by incubation at 32 ºC for 2 h.
Subsequently, Bradford assay analysis was undertaken using
the standard protocol [39] to determine the concentration of
protein in supernatants in the untreated vs. ZnO NBs treated
samples. Average values from three independent experiments
(with two technical replicates each) have been plotted with S.D.

DNA fragmentation studies: ZnO NBs (200 µg/mL) was
added to mid-log phase grown S. pombe cells. These cultures
were further incubated for 10 or 15 h at 32 ºC. Subsequently,
isolation of genomic DNA from 200 µg/mL of ZnO NBs treated
and untreated yeast cultures was done as per reported protocol
[40] followed by agarose gel electrophoresis of the isolated
genomic DNA.

RESULTS AND DISCUSSION

Morphology and microstructure studies: SEM and TEM
techniques were used to analyze the wet chemically synthe-
sized ZnO nanobelts (NBs) sample for morphology and micro-
structure. Since, size and shape are known to have an effect on
the antifungal activities of ZnO nanostructures, this investi-
gation was carried out [41]. The SEM images displayed in Fig.
1a-b reveal nanostructures with nanobullet-like morphology.

TEM image (Fig. 2a) clearly reveals the nanostructures with
nanobullet-like morphology. HRTEM image from a nanobullet
is presented in Fig. 2b, which shows fringes with lattice spacing
of 2.48 Å confirming hexagonal wurtzite ZnO. The EDX spectrum

(Fig. 2c) shows Zn, O atoms from ZnO nanobullets, whereas
Cu is from the grid used. The width of these nanobullets was
found as 50 nm (Fig. 2d) and the growth mechanism is reported
earlier [33].

Photoluminescence studies: Photoluminescence (PL)
spectrum from the sample is acquired under 350 nm excitation
is presented in Fig. 3. The deconvolution reveals four peaks at
412, 436, 457 and 564 nm and these emissions were due to the
defects such as zinc vacancies, zinc interstitials, oxygen inter-
stitials, oxygen vacancies and other defects in ZnO [42]. The
peak at 412 nm originates from transition from the conduction
band (CB) to oxygen interstitial level [43]. An emission at
436 nm is attributed to the transition from Zn interstitials (Zni)
to the acceptor level due to Zn vacancies [44,45], whereas
emission at 564 nm is due to the transition from Zni to oxygen
vacancy (Ov) level, whereas the peak at 457 nm is ascribed to
transition between the Zn interstitial and oxygen interstitial
[43].

ZnO nanobullets inhibit the growth of S. pombe: Present
study aimed to examine the potential inhibitory effects of ZnO
nanoparticles on the development of S. pombe. To investigate
this phenomenon, the growth curve analyses on S. pombe in
the presence or absence of ZnO nanobullets (NBs) at various
doses were conducted. The growth curves clearly show that
variation in the concentration of ZnO NBs from 25 to 150 µg/
mL led to increasing growth inhibition of S. pombe (Fig. 4a).
Moreover, a concentration of 200 µg/mL led to complete growth
inhibition of S. pombe. To further examine the growth inhibition
potential of ZnO NBs, the colony forming ability of S. pombe
was checked without or with ZnO NBs. Cell viability of S.
pombe was shown to decrease from 25 to 200 µg/mL of ZnO
NBs when compared to untreated cells (Fig. 4b).

Next, in order to determine the MIC of ZnO NBs at which
fission yeast failed to germinate on YE agar. Thus, S. pombe
cells were plated on YE agar plates containing varying concen-
trations of ZnO NBs (25, 50, 75, 100, 150 or 200 µg/mL). As
observed in Fig. 4c, S. pombe growth was completely inhibited
at 200 µg/mL of ZnO NBs, which is consistent with the results

Fig. 1. SEM images of prepared ZnO nanobullet
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Fig. 3. Photoluminescence (PL) spectrum from ZnO nanobullets

of growth curve studies and colony forming assay. Compared
to the reported MIC of ZnO nanoparticles (500 mg/mL) for
inhibiting the growth of Fusarium graminearum [22], the MIC
of ZnO NBs against S. pombe is significantly lower. The growth

inhibition percentage at various concentration of ZnO NBs
was also calculated and plotted (Fig. 4d). The growth inhibition
percentage increased from 25.57 ± 3.13% to 99.53 ± 0.32%
as the ZnO NBs concentration varied from 25 to 200 µg/mL.
Subsequently, a comparative analysis was conducted between
the aforementioned findings with the reported investigations
(Table-1) related to various ZnO nanoparticles and their efficacy
against a range of human and plant pathogenic fungi [17-27].
ZnO NBs are found to have better antifungal action with lower
MIC, suggesting its potential as an exciting candidate for
various applications.

To carry out the well diffusion assay, wells were bored into
the plates on which S. pombe cells were plated. The zone of
inhibition (ZOI) of ZnO NBs was found to be 11 ± 1, 13.7 ± 0.6,
17.7 ± 0.6, 20.3 ± 0.6, 24.3 ± 1.1 and 28 ± 2 mm at 25, 50, 75,
100, 150 and 200 µg/mL of ZnO NBs, respectively (Fig. 5a).
The disc-diffusion assay also revealed the similar findings,
showing that the ZOI grew together with the concentration of
ZnO NBs. As shown in Fig. 5b, the ZOI of ZnO NBs against
S. pombe was measured to be 12.3 ± 0.6, 15.3 ± 0.6, 16.8 ± 0.3,
18.3 ± 0.6, 19.8 ± 0.8 and 21 ± 1 mm at 25, 50, 75, 100, 150
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Fig. 4. (a) Growth curves of S. pombe in the presence or absence of ZnO NBs at different concentrations. (b) Results of colony forming assay
of untreated or S. pombe cells treated with ZnO NBs at different concentrations. (c) Determination of MIC for ZnO NBs against S.
pombe. (d) Percentage growth inhibition at different concentrations of ZnO NBs. Three separate experiments were undertaken and the
averages with SD have been plotted. p-values (**** = p < 0.0001, *** = p < 0.001) estimated using Student’s t test have been included

TABLE-1 
COMPARATIVE ANTIFUNGAL ACTIVITIES OF ZnO NANOPARTICLES 

Name of fungi Antifungal agent Synthesis method MIC (µg/mL) Ref. 
Colletotrichum gloeosporioides ZnO nanoparticles Precipitation 312 [17] 
Rhizoctonia solani ZnO nanoparticles Green synthesis 1000 [18] 
Aspergillus niger 
Candida albicans 

ZnO nanoparticles Precipitation 2500 
5000 

[19] 

Candida krusei ZnO nanoparticles (40-75 nm) Precipitation 500 [20] 
Botrytis cinerea  
Penicillium expansum 

ZnO nanoparticles (~ 70 nm) Purchased from Alfa Aesar 976.56 
976.56 

[21] 

Fusarium graminearum ZnO nanoparticles Purchased from Sigma-Aldrich 500 [22] 
Sclerotinia homoeocarpa ZnO nanoparticles US Research Nanomaterials Inc 400 [23] 
Fusarium oxysporum ZnO nanoparticles  Precipitation 1600  [24] 
Erythriciumsalmonicolor ZnO nanoparticles Sol-gel method 732.42 [25] 
Candida albicans ZnO nanoparticles (< 100 nm) Purchased from Sigma-Aldrich 160 [26] 
Saccharomyces cerevisiae ZnO nanoparticles (50-70 nm) Purchased from Sigma-Aldrich 1500 [27] 
Schizosaccharomyces pombe ZnO nanobullets Precipitation 200 Present study 
 

and 200 µg/mL, of ZnO NBs respectively in the disc diffusion
assay. Using the disc diffusion method, the antifungal activity
of ZnO NBs against S. pombe and geneticin was also examined.
The ZOI of geneticin was found to be 13.3 ± 0.6, 16.3 ± 1.1,
18.7 ± 0.6, 21 ± 1, 24.7 ± 0.58, 29.3 ± 1.1 mm against S. pombe
at 25, 50, 75, 100, 150 and 200 µg/mL of geneticin, respectively

(Fig. 5c). These results confirmed the strong antifungal action
exhibited by ZnO NBs against S. pombe, which are comparable
to that of the widely used common antibiotic geneticin making
it promising for future applications.

SEM analysis was carried out to investigate whether ZnO
NBs treatment results in any change in the morphology and

[17]
[18]
[19]

[20]
[21]

[22]
[23]
[24]
[25]
[26]
[27]
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damage to the cell walls of S. pombe. The SEM micrograph of
the untreated yeast cells showed rod-like shape with smooth
surface (Fig. 6a), while cells with irregularities on their surface
and damaged cell walls were observed in case of 200 µg/mL
ZnO NBs treated S. pombe (Fig. 6b).

ROS generation in S. pombe: Since the formation of
reactive oxygen species (ROS) has been hypothesized as a
primary mechanism responsible for the antifungal effect of
ZnO NBs against S. pombe, we sought to investigate its role
and impact in order for better understanding of its orgins [30].
Thus, the effect of a known antioxidant N-acetyl-l-cysteine
(NAC) on the growth of ZnO NBs treated S. pombe was studied.
The antioxidant NAC has been shown to scavenge ROS [46,47]
and thus is expected to decrease the antifungal action of ZnO
NBs resulting in better growth of ZnO NBs treated S. pombe.
Therefore, growth curve studies on S. pombe treated with 200
µg/mL ZnO NBs were carried out without or with NAC at 10,
20, 30, 40 and 50 mM. These experiments revealed an incre-
ased growth of 200 µg/mL ZnO NBs treated S. pombe when
NAC concentration was increased from 10 to 50 mM (Fig. 7).
These findings indicated that ROS generation has substantial
contribution to the antifungal response of ZnO NBs.

Further, for direct quantification of the intracellular ROS
level produced in S. pombe cells on treatment with ZnO NBs,
a fluorescence assay [48] based on dye 2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCFDA) [49] was used. As shown in
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Fig. 7. Growth kinetics of ZnO NBs (200 µg/mL) treated S. pombe with or
without NAC at different concentrations

Fig. 8a, 200 µg/mL ZnO NBs treated S. pombe cells stained
with H2DCFDA dye exhibited increased green fluorescence
than the untreated S. pombe cells, which reveals an enhanced
intracellular ROS formation. The adjusted mean fluorescence
in 200 µg/mL ZnO NBs treated S. pombe was observed to be
higher than the untreated cells and was comparable to the intra-
cellular ROS generated in S. pombe on treatment with 10 mM
H2O2 (Fig. 8b). Enhanced intracellular generation of ROS is
clearly observed in 200 µg/mL ZnO NBs treated cells than
the untreated yeast cells.

Membrane disintegration, protein leakage and DNA
fragmentation: The impact of ZnO NBs on the integrity of the
cell membrane of S. pombe utilizing Trypan blue dye exclusion
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Fig. 6. SEM images of S. pombe (a) control, (b) ZnO NBs treated S. pombe
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assay [50] was also investigated. Living cells with cell mem-
brane intact exclude the Trypan blue, whereas dead cells take up
the dye giving bluish colour to these cells. The optical micro-
graphs of S. pombe treated for 2 h with either 200 µg/mL ZnO
NBs or ethanol (as control), followed by staining with Trypan
blue are shown in Fig. 9a. More the number of yeast cells were
stained as blue in 200 µg/mL ZnO NBs treated yeast cells
than the untreated yeast cells. The cell viability decreased to
24.99% for ZnO NBs treated yeastcells (Fig. 9b) and 27.28%
for yeast cells treated with ethanol indicate that the treatment
with ZnO NBs led to increased disintegration of cell membrane
and thus decreased viability.

For protein leakage studies, the concentration protein in
supernatant of ZnO NBs treated and untreated S. pombe cultures
using Bradford assay was examined. Fig. 10 shows the results
on ZnO NBs treated S. pombe at different concentration for 2 h.
The protein concentration in the supernatants of S. pombe treated
with 25, 50, 75, 100, 150 µg/mL ZnO NBs was estimated as
2.112 ± 0.086, 2.868 ± 0.053, 3.974 ± 0.334, 5.233 ± 0.297
and 5.862 ± 0.247 µg/mL, respectively. The concentration of
protein in case of 200 µg/mL ZnO NBs treated cells was found
to be 7.056 ± 0.328 µg/mL, which is 7.57 times larger than
that for the untreated S. pombe cells (0.932 ± 0.148 µg/mL).
This clearly indicates that damage to cell wall is caused by the
treatment of S. pombe with ZnO NBs, subsequently resulting
in substantial protein leakage.
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Finally, the impact of ZnO nanoparticles on the integrity
of genomic DNA in S. pombe cells was also investigated. Isolation
of genomic DNA from the S. pombe cells treated with 10 mM
H2O2 (control) or 200 µg/mL ZnO NBs for 10 h and 15 h was
carried out and then the genomic DNA was run on the agarose
gel. Treatment of S. pombe cells with 10 mM H2O2 (control)
or 200 µg/mL ZnO NBs led to a DNA fragmentation (Fig. 11).
The untreated S. pombe cells did not exhibit any DNA fragmen-

tation (Fig. 11). All the observations taken together suggest
that the intracellular ROS produced by treatment with ZnO NBs
lead to cell wall damage, protein leakage and DNA fragmen-
tation in the S. pombe.
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Fig. 11. DNA fragmentation in S. pombe upon treatment with ZnO NBs or

10 mM H2O2

Conclusion

In summary, ZnO nanobullets (NBs) with average size of
50 nm exhibit a strong antifungal action against S. pombe.
The MIC of these ZnO NBs was found to be 200 µg/mL, which
was found comparable to that of common antibiotic geneticin.
Moreover, the MIC of these ZnO NBs was found to be lower
than those displayed by reported ZnO nanoparticles. Different
assays provide evidence that treatment of S. pombe with ZnO
nanobullets led to an increased accumulation of ROS in S.
pombe, which further resulted in cell wall damage, protein
leakage and DNA fragmentation.
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