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ABSTRACT: Many studies have shown that nanoparticles such as zinc oxide (ZnO), possesses potent
antimicrobial activity. This study aimed to evaluate the antifungal activity of ZnO, tungsten oxide (WO,)
nanoparticles, and the ZnO/WO,nanohybrids against pathogenic basidiomycete fungi, R. mucilaginosa.
Coupling of ZnO and WO, nanoparticles was performed using liquid impregnation method. EDX analysis
confirmed the presence of ZnOnanoparticles on the surface of WO,nanoparticles. Antifungal susceptibility
assays showed that ZnO nanoparticles possessed better antifungal activity as compared to WO, and
ZnO/WOynanohybrids (p<0.001, n=3). Time kill assay showed significant killing kinetics in ZnO NPs as
compared to WO, and ZnO/WOynanohybrids without UV irradiation after 5 hours (p<0.01, n=3). Interestingly,
time kill assay also showed significant killing Kinetics in ZnO NPs as compared WO, and
ZnO/WOynanohybrids as early as 1 hour after UV irradiation (p<0.001, n=3). Also, antifungal assay using semi-
dry method showed no inhibitory activity, indicating the importance of release Zn?" ions in the killing of fungi.
Thus, our result indicated thatrelease of reactive oxygen speciesand Zn*" ions were the main factors contributed
to the antifungal effect. This study shed light on the potential use of ZnO NPs to coat clinical plastic ware, such
as catheter, to combat catheter-related bloodstream infections associated with basidiomycete fungi.

Keywords: Zinc oxide; Tungsten oxide; Antimicrobial susceptibility tests; Minimum inhibitory concentration;
Time-kill kinetic assays

Abbreviations: ZnO, Zinc Oxide; WO,, Tungsten Oxide; NPs, nanoparticles; NHs, nanohybrids; MIC,
Minimum inhibitory concentration; MFC, Minimum fungicidal concentration; ROS, reactive oxygen species;
DI, deionized water; FESEM, Field emission scanning electron microscopy; FTIR, Fourier-transform infrared
spectroscopy; XRD, X-ray diffraction analysis; EDX, Energy dispersive X-ray spectroscopy; % T, Percentage
of transmittance; ultraviolet, UV.

I. INTRODUCTION

According to the World Health Organization in 2011, the overall prevalence of healthcare-associated
infections (HAIS) in Malaysia was 14 %, which was one of the top 5 among the developing countries from 1995
to 2010[1]. Furthermore, out of RMA4.3billion spent for healthcare sector in Malaysia, approximately
RM640.7million (14.9% of the healthcare budget) was used for curative treatments including the use of
antibiotics, chemotherapy and surgeryfor patients [2].

The increased use of implantable medical devices, such as intravascular catheters, central venous
catheters and neurosurgical catheters,has led to microbial growth and biofilm formation in the lumen of catheter,
thereby increasing the risk of patients to bloodstream infections which isalso known as catheter-related
bloodstream infections (CRBSIs)[3-5].An additional 6 days of ICU stay was reported in a study of 100 patients
diagnosed with CRBSIs which was caused by the use of contaminated catheters [6]. One specific example is
CRBSIs originated from pathogenic fungi and bacteria including Candida albicans, Rhodotorula species,
Staphylococcus aureus as well as coagulase-negative staphylococci[7,8].Rhodotorulaspecies are categorized as
basidiomycete fungi that can be found from the environment including soil, water, contaminants even food and
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beverages[9]. To date, there are 8 Rhodotorulaspecies that are found to be pathogenic to human. These
includeR. mucilaginosa (formerly known as R. rubra), R. glunitis and R. minuta[9].

Numerous cases involving R. mucilaginosa-associated catheter infections had been reported. Patients
who suffered from meningitis, endocarditis and kidney problems,were more susceptible to infections caused by
R. mucilaginosa[10-16]. Although antibiotics, such as amphotericin B and fluconazole, have been used as the
first line therapy, resistantR. mucilaginosa was also evolved with the increasing use of antibiotic[17]. Thus, an
alternative approach is urgently needed to prevent the infectionsassociated with resistant R.
mucilaginosa[13,18,19].

Nanoparticles (NPs), such as ZnO, titanium oxide (TiO,), tin dioxide (SnO,) and silver oxide (AgO),
are widely used in the semiconductor industries [20-22]. These NPs have also been reported to possess potent
antimicrobial activity against fungi includingBipolarissorokiniana, Magnaporthegrisea;and bacteria
includingEscherichia coli and Staphylococcus aureus, respectively[20-22]. Mechanisms of the antimicrobial
activity of ZnO NPs have been studied extensively in the recent decades. These mechanisms include: i)
generation of reactive oxygen species (ROS) from NPs, ii) released of metal ions from NPs, and iii) interaction
of NPs with cell walls[3,23]. Generation of ROS was reported to derive from the photocatalytic properties of
ZnO NPs [24]. The killing mechanism involving ROS is of great interest,as it does not trigger the common
pathways associated with antibiotic resistance. This gives rise to the possibility that NPs could be an alternative
coating materials insidethe catheter to prevent infection related to CRBSIs[25].

Recently, doping of ZnO NPs with other transition metals such as copper[26], nickel[27], silver[28],
gold[29] and cobalt[30]has become as an emerging trend. These nanohybridsexhibit enhanced antimicrobial
properties. Thus, thisstudy aimed to investigate the antifungal activity of custom synthesisedZnO NPs, WO,
NPs and their hybrids againstR. mucilaginosa. It is hope that ZnO NPs and its hybrids with WO, NPs could
represent an alternative or even complementary to antibiotics to combat CRBSIs in the near future.

Il. MATERIALS AND METHODS

Synthesis of ZnO NPs

The synthesis of ZnO NPs was carried out viathe solution precipitationmethod with modifications[31].
The ZnO NPs were synthesised using 0.12 Mzinc nitrate tetrahydrate (Zn(NO3z),*4H,0) (Merck, Germany), 0.12
M hexamethylenetetramine (CsHi,Ns) (EMSURE®,Germany) and 0.4 g polyvinylpyrrolidone (PVP) (Sigma-
Aldrich, Germany). The dissolving and stirring process of zinc nitrate tetrahydrate, hexamine and PVP were
carried out separately in 200ml of de-ionized (DI) waterunder room temperature for 2 h. The zinc nitrate
tetrahydrate and hexamine solutions were then added simultaneously to PVP solution withcontinuous mixing
under the same conditions for another 1 h to completely dissolve the solutions. The solution was placed in water
bath at 90°C for 45 min prior to leaving it overnight at room temperature. The washing process withDlwater and
ethanol (John Kollin Corporation, UK) was carried out the next day. The whiteZnO NPs powder was collected
after drying in the oven at 100 °C after 24 h.

Synthesis of WO, NPs

The WO, NPs weresynthesisedusing sodium tungstate dihydrate (Na,WO,*2H,0) (Bio Basic Inc.,
Canada)and hydrochloric acid (HCI) (Fisher Scientific, UK) via solution precipitation method[32]. 0.4M of
sodium tungstate dehydrate was dissolved in 200ml of DIwaterand stirred at 90 °C for 2 h prior to the addition
of 3M hydrochloric acid in dropwise and stirring for another 2 h. The solution was then kept in water bath at
90 °C for 21 h. The precipitation settled down at room temperature overnight. The washing process for WO,
NPs was conducted with DIwater and ethanol. The yellowishWO, NPs powder were collected after continuous
drying in the oven at 100°C for 24 h.

Synthesis of ZnO/WO, NHs

The ZnO/WO,NHSs consisted 0fZnO and WO, NPs were synthesised by liquid impregnation method by
adding WO, powder into zinc nitrate tetrahydrate to undergo hybridization of ZnO with WO, based on the
protocolwith modifications[33]. Three sets of ZnO/WO,NHs were synthesised by having different stirring times
of 24, 48 and 72 h, respectively, to obtain varied ZnO/WO,NHs compositions. To do this, 0.12M zinc nitrate
tetrahydrate was first dissolved and stirred in Dlwater at room temperature for 2 h. Subsequently, 0.3g of
synthesised yellow WO, NPs powder was added in dropwise manner and continued stirring at room temperature
for 24 h (Type 1ZnO/WO4NHSs), 48 h (Type 2ZnO/WO,NHSs) and 72 h (Type 3ZnO/WO,NHSs) accordingly to
obtain different structural geometries. The solutions were then kept overnight to form precipitates. Several
cycles of washing process using DI water andethanol were conducted for each types of ZnO/WO,NHs. The
yellow ZnO/WO,NHs powder were collected after drying in the oven at 45°C for 24 h.
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Physical and chemical characterizations of NPs and ZnO/WO,NHSs

The atomic and molecular structure of the NPs and ZnO/WO, NHs were characterized using X-ray
powder diffraction (XRD) Bruker D8 Advance diffractometer (Bruker, Germany) with Cu K,, A = 0.154 nm
radiation in the 2 theta (20) scanning range from 20 °C to 80 °C. The morphologies of these nanomaterials were
analysed using field emission scanning electron microscope (FESEM) Zeiss Supra 35 VP instrument (Zeiss,
Germany). The bond stretching vibrations of the functional groups were recorded with fourier-transform
infrared spectroscopy (FTIR) spectrum, using Mid-IR with Attenuated Total Reflectance spectrometer (ATR)
(PerkinElmer, USA) in the wavenumber rangingfrom 400 to 4000cm™ at 8 scans per spectrum at a resolution of
2cm™. On the other hand, the chemical element composition of ZnO NPs, WO,NPs and ZnO/WO,NHs were
analysed through energy dispersive X-ray spectroscopy (EDX) Zeiss Supra 35 VP (Zeiss, Germany).

Assessment of antifungal activity ofZnO NPs, WO, NPs and their NHs against Basidiomycete fungus
using two-fold broth micro-dilution method

The antifungal activity of theZnO NPs, WO, NPs and theirNHs against R.mucilaginosa(ATCC66034)
was conducted using two-fold broth microdilution method to determine the minimum inhibitory concentration
(MIC) and minimum fungicidal concentration (MFC) [34]. The MIC was defined as the lowest concentration
ofZnO NPs, WO,NPs and ZnO/WO,NHs that inhibit the growth of R. mucilaginosa. The MFC was defined as
the lowest concentration of ZnO NPs, WO,NPs and ZnO/WO,NHSs that completely kill the fungal colonies
withno visible growth of R. mucilaginosa on Sabouraud Dextrose Agar (SDA). The fungal strain, R.
mucilaginosawas characterised using gram stain prior to the antifungal susceptibility test (Supplementary
Supplementary Figure ). Both MIC and MFC assays were performed without UV irradiation(without UV) and
with UV irradiation for 60 min (60min UV). The purpose of UV irradiation exposure was to promote the release
of ROSfrom the ZnO NPs, WO,NPs andZnO/WO, NHSs. Three replicates were performed for each MIC and
MFC assays to ensure consistency of the results.

Firstly,all NPs and NHs suspensions were prepared according to Soh et al. 2018 with
modifications[22]. ZnO NPs, WO,NPs and ZnO/WO,NHs were added with sterile DI to make up a
concentration of 8.192mg/ml. Subsequently, the suspensions were sonicated using ultrasound (100W, 40kHz) at
30 °C for 30 min before adding to the sterile 96-well U-bottom microplate. This sonication was performed to
break down the agglomerates of NPs.

Fungal colonies of R. mucilaginosa were cultured in Sabouraud Dextrose broth (SDB) (Pronadisa,
Spain) at 37°C overnight. The absorbance of 1 ml of fungal culture was adjusted to 0.1 at wavelength 530 nm
(ODsgo) Which corresponded to approximately 1 x 10° colonies forming unit per millilitre (cfu/ml). 10-fold serial
dilution was then performed for the fungal suspension to acquire cell density of 1x10°cfu/ml. 100ul of the
fungal suspension was added to each well of the microplates that contain equal volume of serially diluted
ZnONPs, WO, NPs andZnO/WO, NHs. The final inoculum of fungal in each well were 5x10%cfu/ml, and the
concentration used forZnO NPs, WO,NPs and ZnO/WONHs rangedfrom16 pg/ml to 2048ug/ml. 32pg/ml of
amphotericin B was added with fungal suspension to serve as the positive control while fungal suspension with
solely SDB served as negative control.

For treatment that required UV irradiation, the microplates were exposed to the UV lamp for 60 min
prior to the inoculation of200ul fungal suspension. Then all microplates with and without UV irradiation were
incubated at 37 °C for 24 h. The MIC value of each NPs andZnO/WO, NHs was determined.The MFC assay
was performed subsequently on the SDA. The SDA was incubated at 37 °C for 24 h.

Assessment of inhibitory kineticsof ZnO NPs, WO,NPs and ZnO/WO, NHs against Basidiomycete fungus
using time kill assay

Following the MIC and MFC assays, the inhibitory activitykinetics of all NP and NHs on R.
mucilaginosa were studied using time kill assay with modifications[34]. The concentration of all NPs and NHs
used were set at 32 pg/ml. Similar to the MIC assay, the microplates with NPs and NHs suspension were
exposed to60 min UV irradiation and without UV irradiation. The time kill assay was performed for 5 h. At each
1lhinterval (t=0, 1, 2, 3, 4 and 5 h), 10ul of the sample was serially diluted in SDB before spreading onto SDA
for viable colony counts. Only colonies between 20 and 200 per plate would be considered as valid range for
total colony calculation. Time kill assay was repeated at least three times.

The fungal growth curve was plotted with logarithmic cfu/ml against time to investigate the inhibitory
effect of NPs and NHs[35]. All data were analysed and expressed as mean + standard error of mean (SEM).
Statistical analysis was performed using One Way ANOVA followed by the Tukey’s multi-comparison test
from GraphPad Prism version 7.02 software (GraphPad Inc., USA). * denotes statistically significance when
p<0.05.
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I1l. RESULTS AND DISCUSSIONS
Physical and chemical characterizations of ZnO NPs, WO, NPs and ZnO/WO, NHs

XRD was used to detect the molecular structures ofZnO NPs, WO, NPs and ZnO/WO, NHs[36]. The
diffraction peaks could be indexed to hexagonal phase wurzite structure of ZnO NPs (ICDD Reference Code:
98-002-8869) as shown in Figure la. The diffraction peaks observed at 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°,
66.3°, 67.9°, 69.0°, 72.5°, and 76.9° were correspond to (100), (002), (101), (102), (110), (103), (200), (112),
(210), (004) and (202) crystal planes of hexagonal ZnO, respectively. No diffraction peaks of impurities were
observed[37]. The peaks with the highest intensities at (100), (002) and (101) of ZnO NPs demonstrated that the
ZnO NPs synthesised were of the highestquality [31]. The formation of wurtzite structure could be due to the
arrangement of oxygen atoms in a packed hexagonal with zinc atoms, occupying half the tetrahedral sites.

As for WO, NPs, there were two sets of diffraction peaks that could be indexed to WO; (ICDD
Reference Code: 98-000-6556) and W:s0,, (ICDD Reference Code: 98-000-0815). Therefore, WO, NPs was a
mixture of WO; (lattice constant of a = 7.306 A, b=7.54 A, ¢ = 10.5269 A, 0. =y =90 °, B = 133.062°) and
tetragonal W504,4 (lattice constant of a = b=23.33 A, ¢ =3.797 A, o = B =y = 90°). Whereas, Type 1 to Type 3
ZnO/WO,NHs were composited with Zn?* ions showed no prominent difference in 2 theta (26) values.
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Figure 1. XRD analysis of (a)ZnO NPs, (b) WO, NPs andthe three types of ZnO/WO, NHs.

Based on the Rietveld refinement method, percentages of WO;, W504, WZNnO and ZnO that were
present in the WO, NPs and ZnO/WO, NHs were shownin Figure 2. Among theZnO/WO, NHSs, Type 2
ZnO/WO,NHs possessed the most composition of WO (35%) whereas Type 3 ZnO/WO,NHs possessed the
least (27%). AllZnO/WO, NHs generally contained more than 40% of ZnOdue to the presence of zinc nitrate
tetrahydrate in the synthesis of NHs. In fact, as ZnO/WO, NHs were prepared at longer deposition duration, the
accumulation effect of ZnO NPs that deposited onto the surface of WO, NPs was improved. The presence of
WZnO, had revealed the successful deposition of ZnO onto the WO, NPs in all Type 1 to Type 3 ZnO/WOQO,
NHSs at 21 %, 23 % and 18%, respectively (Figure 2b, 2c and 2d).According to Remskar et al. and Zheng et al.,
W50, was one of the tungsten oxides phases known to have various WO, species. W5s014 possessed different
oxidation states as compared to WO;[36, 37]. This might suggest that Ws044 could probably convert into WO,
during different stirring time and resulted in the absence of W50y, in all theZnO/WO,NHssynthesised. Based on
the analysis above, it could be deduced that the intensity ratio of the crystalline phase 0fZnO/WO, NHs were
similar to each other. Therefore, different stirring duration did not have prominent effect on the compositional
structure of the ZnO/WO,NHs.
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Figure 2. EDX analysis of (a)WO, NPs and (b)-(d)ZnO/WO, NHs.

The morphologies of ZnO NPs, WO, NPs and allZnO/WO, NHs were characterized by FESEM at 30
kX magnification(Figure 3). ZnO NPs exhibited rod-like structure with hexagonal tip with average length and
diameter of 1508.X+ 273.1 nm and 208.3+ 77.7 nm, respectively (Figure 3a). Irregular shapes were observed in
WO, NPs with an average length of 243.48 + 92.56 nm (Figure 3b). No notable differences were observed
between WO, NPs and all 3 types ofZnO/WO,NHs in terms of the morphologies. As shown inFigure 3c, 3d
and 3e, all ZnO/WO,NHs (Type 1, Type 2 and Type 3 ZnO/WO,NHs) were similar to each other in terms of
sizes with average length of 269.3 £ 139.0 nm, 239.76 + 98.24 nm, 239.48 + 83.52 nm, respectively.The stack
arrangement of ZnO was probably resulted by the (002) polar surface that comprised positively-charged Zn?*-
terminated surface and negatively charged O?-terminated surface[39,40]. According toBojarska et al. the
hexagonal wurtzite structure of ZnO NPs was favourable for its antimicrobial properties as it significantly
increases the surface to volume ratio [40]. However, FESEM images did not show prominent morphological
differences between each ZnO/WO, NHs. TheWO, NPs showed high similarity in morphology as compared to
those synthesised byMohammadi et al. [41].
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Figure 3. FESEM images of the custom-synthesised(a) ZnO NPs, (b) WO, NPs and allZnO/WO, NHs, (c)
Type 1 ZnO/WO, NHs, (d) Type 2 ZnO/WO, NHs and (e) Type 3 ZnO/WO, NHs at 30 kX
magnifications. All ZnO/WO, NHs were synthesised by liquid impregnation method with Zn* ions
custom-engineered on the outer surface of WO, NPs.

The chemical bonds of functional groups of each NPs and ZnO/WO, NHs were performed by FTIR
analysis and recordedas shown in Figure 4. The broad band at 524.32 cm™ showed that the Zn—Obond
stretching vibrations. This was comparable with several studies as the IR band of Zn—O were found within the
range from 400 cm™ and 670 cm™[41-46] and it was highly similar to the study from Musi¢, Dragéevi¢ and
Popovi¢ at wavenumber 553.X cm™[47].

The stretching vibrations of O—H showed as broad band at around 3384 cm™ absorption spectra. The
absorption spectra of sharp peaks at around 1617 cm™ were attributed to O—H bending modes of the absorbed
water[32]. The stretching band at 611.82 cm™ with an additional peak at 935.11 cm™observed in WO, NPs
indicated the —W-—O—O— stretching vibrations [32].Intensive peak values recorded at 609.72 cm™, 608.15
cm™, 611.17 cm™ and 936.81 cm™, 936.65 cm™, 936.13 cm™ for Type 1 to Type 3 ZnO/WO,NHs, respectively
showed —W—O—0O— stretching vibrations. The presence of broad band and two peaks observed in WO, NPs
indicated different mode of O—W-—O stretching vibration in the WO, crystal lattice[32]. The stretching
vibrations of W—O single bond were detected within the range of wavenumbers 500 cm™ to 900 cm™ whereas
the asymmetric stretching vibrations of W=0 double bond was detected at approximately wavenumber 900 cm’
'[48-51]. FTIR bands of WO, NPs and all ZnO/WO, NHs synthesised in this study were collaborated to the
other studies[48-51]. In brief, the spectrum observed agreed with the literature as the absorption bands of metal
oxides commonly give a fingerprint region below 1000 cm™, resulting from inter-atomic vibrations [43]. The
inconsistency of IR spectra of NPs was eliminated by using same amount of samples on the scanning platform
of Mid-IR with ATR[52].
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Figure 4. FTIR analysis of the custom-synthesisedZnO NPs, WO,, NPs and ZnO/WO,NHs.

Assessment of antifungal activity of ZnO NPs, WO,NPs and ZnO/WO,NHs against Basidiomycete fungus
using two-fold broth microdilution method

The antifungal susceptibility tests of ZnO NPs, WO, NPs and the three types ofZnO/WO, NHs were
performed with concentrations ranging from 16 to 2048 pg/ml without and with 60 min UV irradiation. The
values of MIC and MFC of ZnO NPs, WO, NPs and all ZnO/WO, NHs were determined and tabulated as
shown in Table 1. The coupling of different metal oxide semiconductors was to improve photocatalytic activity
by promoting electron-hole pairs separation and reducing the recombination rate of electron-hole pairs. In this
study, ZnO NPs was coupled with WO, NPs under different stirring duration to produce three types of
ZnO/WO, NHs. This was performed to determine any enhancement in antifungal properties against R.
mucilaginosa according to their photocatalytic performance under UV irradiation.

In Table 1, ZnO NPs shows the lowest MIC value (32 pg/ml) in inhibiting the growth of R.
mucilaginosa among all the NPs without UV irradiation. The MIC value of WO, (2048 pg/ml) was found to be
64-fold higher than that of ZnO NPs. Both Type 2 and Type 3 ZnO/WO, NHs possessed two-fold lower MIC
value (1024 pg/ml) against R. mucilaginosa as compared to Type 1 ZnO/WO, NHs (2048 pg/ml). The MFC
value of ZnO NPs was the lowest, 64 pg/ml and 32 pg/ml without UV irradiation and with 60min UV
irradiation, respectively. ZnO NPs showed improved fungicidal effect with two-fold lower MFC value after
60min UV irradiation. The improved fungicidal effect might be due to the ROS production from ZnO NPs upon
UV irradiation. WO, NPs showed no fungicidal effect (> 2048 pg/ml) after 60min UV irradiation. There was
limited study on the antifungal activity of WO, NPs reported in the recent decades. However,one study by Ying
et al.reported a similar minimum bactericidal concentration (> 2048 pg/ml) of WO, NPs against Bacillus subtilis
and Staphylococcus aureusafter 2 h of UV irradiation[32].

Both Type 2 and Type 3 ZnO/WO, NHs demonstrated better fungicidal effect (1024 pg/ml) than Type
1 ZnO/WO, NHs (2048 pg/ml). Type 2 and Type 3 ZnO/WO, NHs that were synthesised with longer stirring
duration showed better fungicidal effect than Type 1 ZnO/WO, NHs. However, the coupling of ZnO/WO, NHs
did not show a more potent antifungal activity than that of ZnONPs alone even though the deposition of ZnO
NPs was on the surface of WO, NPs.

In other study, He et al.reported that the MIC value of ZnOnanorods against Botrytis cinerea and
Penicilliumexpansum was greater than 3 mmolL™ (approximately 244.24 pg/ml)[53]. Although the size 0fZnO
NPs synthesised in this study was greater, the MIC value was 15-fold lower than other study[53]. This could be
due to the photocatalytic properties of our ZnOnanorods, which was better than ZnO NPs with other
morphologies[54]. Additionally, a recent study using Colletotrichumgloeosporioidestreated with ZnO NPs was
found to have MIC value between 156 and 312 pg/ml [55]. In short, the results from MIC and MFC assays
demonstrated that ZnO NPssynthesised in this study showed improvedantifungal activity in comparison to other
studies[53,55-57].

International organization of Scientific Research 50 | Page



Potent antifungal activity of ZnO Nanoparticles on R.mucilaginosa is mediated by reactive oxygen

Table 1. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of ZnO
NPs, WO,NPs and ZnO/WO,NHs against R. mucilaginosa (ATCC66034).

Without UV 60 min UV
MIC (ug/ml) MFC (ug/ml) MIC (ug/ml)  MFC (ug/ml)
ZnO NPs 32 64 32 32
WO, NPs 2048 2048 2048 )
Type 1 ZnO/WO,NHSs 2048 2048 2048 1024
Type 2 ZnO/WO,NHSs 1024 1024 1024 1024
Type 3 ZnO/WO,NHSs 1024 1024 1024 1024

5 x 10*cfu/ml; n = 3; (-) denotes no fungicidal activity of NPs observed.

Assessment of inhibitory kinetics ofZnO NPs, WO,NPs and ZnO/WO, NHs against Basidiomycete fungus
using time kill assay

Following the antifungal susceptibility assay, time kill assay was performed to determine the kinetics
of inhibition of all NPs and NHs against R. mucilaginosa. ZnO NPs showed significant differences in inhibitory
activity as compared toWwO, and all 3 types ofZnO/WO, NHs (n = 3, p<0.001) as early ast = 1 h
onwards(Figure 5). ZnO NPs was able to inhibit the growth of R. mucilaginosa completely after the first hour
of treatment without UVirradiation. The results also clearly showed that the fungicidal activity of ZnO NPs after
60min UV irradiation was more potent against R. mucilaginosa as shown in Figure 5b. The inhibitory effects of
WO, NPs and all ZnO/WO, NHs were not significant after 5 h as the fungal cell density remained consistent
after treatment under both without UVirradiation and 60 min UV irradiation conditions. This result further
suggested that the coupling of ZnO and WO, NPs did not improve the antifungal activity against R.
mucilaginosa.

(@) (b)

**k*k

**k*k
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Figure 5 The kinetic study of ZnO NPs, WO,NPs and ZnO/WO,NHs inhibition at 32 ug/ml against R.
mucilaginosa (ATCC 66034) without UVirradiation (a) and with 60min UV irradiation (b) over 5 h. Data
were expressed as mean + SEM (n = 3). *** indicates the significant statistical differencesin antifungal
activity of ZnO NPs as compared to WO, NPs and ZnO/WO, NHs (p<0.001; n = 3; One Way ANOVA
with Tukey’s multi-comparison test). This suggested the antifungal properties of ZnO NPs was due to the
ROS production from ZnO NPs.

The proposed antimicrobial mechanisms of ZnO NPsare: i) production of ROS from NPs, ii) release of
metal ions such as Zn* ions, and iii) cell wall components of microorganisms involved [3,32,40]. Many studies
had examined the antimicrobial activity of NPs against bacteria [23,24,58-61]whereas limited studies had used
fungi as study model [62-65]. A recent study of He et al. suggested that there might be different mechanisms of
inhibitory activity of ZnO NPs against fungi in comparison to those reported in bacteria[53]. This
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differencescould be due to the cell wall components of fungi that are much more complicated than as seen in
bacterial systems [55].

The inhibitory activity onR. mucilaginosa in the present study could be due to the presence of Zn* ions
and ROS released from ZnO NPs. Firstly, the time kill assay and MFC assay suggested that the ROS produced
from ZnO NPs exerted enhanced fungicidal effect on R. mucilaginosa after 60min UV irradiation. ROS, such as
hydrogen peroxide (H,0.), hydroxyl free radicals (+*OH) and superoxide anion (+O%), are released from NPs
upon excitation[66]. ROS are well-known with their ability in causing oxidative damage to the integrity of cell
membrane and cellular components such as deoxyribonucleic acids (DNAs) and enzymes[40,61]. The fungal
cell wall is a single cell membrane that consists of glycoproteins, amorphous B-glucan, B-glucan, chitin and
inner membrane proteins[67]. The most abundant cell wall component of major fungal cell membrane is the
polysaccharide known as B-glucan[68].

Thus, the potent killing effect of ZnO NPs was proposed to be associated with ROS that were in
contact with the fungal cell wall, causing the oxidative damage to the cell structure of R. mucilaginosa.
Consequently, the fungal growth was inhibited due the DNASs and proteins damage. Besides, higher MFC values
of WO, NPs and ZnO/WO, NHs were needed to kill R. mucilaginosa in comparison to that of ZnO NPs. It is
postulated that possibly the morphology of ZnO/WO, NHs might have led to the insufficient ROS production.
This could explain the reason of the poor antifungal activities of WO,NPs and all ZnO/WO, NHs as compared
to ZnO NPs. It is also important to note that the amount of ROS required to kill fungi was found to be more than
that of bacteria due to different cell wall structure [69].

Similar result wasobtained in which ROS was found to induce cell wall damage to Candida
albicans[63]. Elevated carbohydrate contents afterZnO NPs treatment was reported in other study involving
fungi[62]. Deformed fungal hyphae of Botrytis cinerea and increased level of nucleic acids and carbohydrates
from fungal hyphae after ZnO NPs treatment was reported in another similar study[53].

Another proposed mechanism is the released of Zn** ions from the ZnO NPs. The heavy metal ions
including Zn?* from ZnO NPs, W®" from WO, NPs and ZnO/WO, NHs were prepared in suspension to check
for the antifungal activity in this study. This was because NPs and NHs prepared in semi-dry preparation did not
exhibit any antimicrobial activity in our lab (data not shown). W®* ions from WO, NPs and ZnO/WO, NHs were
reported to inhibit the growth of gram-positive bacteria including Bacillus subtilis and Staphylococcus
aureus[32]. However, there were no studies using fungal model to examine the antifungal activity of WO, NPs
to date. Free mobilized Zn®* ions were suggested to interact with fungal cell wall composition, interrupt the
transmembrane electron transport on the fungal cell membrane, leading to destruction of proteins and DNAs,
and consequently cell death [40,56]. The release of Zn®* ions were accountable to the antifungal activity of ZnO
NPs were reported in a study with Saccharomyces cerevisiae[56]. Zinc (I1) sulphate (ZnSQO,4) was used as an
alternative to treat the yeast and similar concentration to that of ZnO NPs (ECsg) was obtained. Li et al.
proposed that both the release of Zn*" and induction of ROS production in mitochondria by ZnO NPs are the
main toxicity of ZnO NPs[70]. Yeast such as R. mucilaginosa are eukaryotic cells contains mitochondria that
play important role in cell signalling and apoptosis [70].

Based on the suggestions above, the antifungal activity of ZnO NPs against R. mucilaginosa was
proposed due to the release of Zn?* and induction of ROS production from ZnO NPs as shown in Figure 6.
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Figure 6. Proposed mechanism of antifungal activity of ZnO NPs against R. mucilaginosa (ATCC 66034).
In the presence of UV irradiation, ROS such as hydrogen peroxide (H,0,), hydroxyl free radicals (¢*OH)
and superoxide anion (¢O%),are released from ZnO NPs upon excitation. Zn** also released from ZnO
NPs as ZnO NPs were dissolved as suspension. These ROS and Zn?* ionsdisrupt fungal cell wall, induce
DNAs damage leading to mutated proteins production, and subsequently cell death.

IV. CONCLUSIONS

In the current study, the distinct antifungal activity of the custom-synthesisedZnO NPs in comparison
to WO, NPs and all ZnO/WO,NHSs against R. mucilaginosawithout UV and with 60min UV irradiation was
reported. ROS production from ZnO NPs upon UV irradiation contributed to the potent antifungal activity on R.
mucilaginosa. In addition, Type 1 ZnO/WO,NHSs showed better antifungal activity in comparison to Type 2 and
3ZnO/WO, NHs even though these NHs shared similar morphologies and properties. In addition, antifungal
assay using semi-dry method showed no inhibitory activity. Thus, the findings from this study showed the
importance of ROS and the release Zn?* ions in the antifungal activity ZnO NPs, and also shed light on the
mechanistic pathway involved. Our study suggested the potential use of ZnO NPs to coat clinical plastic ware,
such as catheter, to combat CRBSIs.
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microscopy under 40x (A) and 100x(B) magnifications.
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