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S1.1 Positron Annihilation Spectroscopy Studies: 

 To perform the positron annihilation spectroscopy(PAS) experiments, a 22Na (≈ 𝜇Ci) 

radioactive isotope was carefully inserted with precision at the geometrical centre of the bulk 

of the powdered samples taken in a glass tube having an approximate diameter of 10 mm. 

Thepowdered samples were taken in adequate amounts so that the 22Na source is wholly 

embedded within it and no positron is able to penetrate to the walls of the glass container 

thereby ensuring thatthe annihilation of the positrons take place within the extent of 

occupancy of the sample.To prepare the source, 22NaCl was deposited on a thin Ni foil (~2 

mg/cm2) which was annealed prior to the deposition of source in an adequately vacuumed 

atmosphere at 1050°C for 120 minutes. The protruding part of the Nickel foil was folded 

along a line remote to the source deposited area in order to cover the source. During 

acquisition of the experimental data, the glass tube in which the sample powders were taken 

was continuously evacuated to ensure complete removal of air or any other adsorbed gases on 

the sample. For positron lifetime measurements, BaF2 scintillators along with XP2020Q 

photomultiplier tubes detected the emitted gamma rays. The positron annihilation lifetime 

measurements were performed using slow-fast gamma-gamma positron lifetime spectrometer 

equipped to have a time resolution(FWHM of 60Co gamma rays coincidence spectrum) of 

180 ps under the selected 22Na experimental energy settings. Typically, under each spectrum 

almost 105 counts were recorded. The recorded data was analysed with the PALSfit program.1 

 For the coincidence Doppler broadening spectroscopy(CDBS) measurements, two 

highly pure germanium detectors having an energy resolution of 1.27 keV and 1.33 keV were 

used to detect the gamma ray events 𝐸1and 𝐸2 at the annihilation gamma ray energy of 511 

keV. A two-parameter spectrum with 𝐸1 + 𝐸2 and 𝐸1 − 𝐸2as the coplanar axes and counts 

distributed accordingly was generated from their time correlation. The ratio curves of the 

powdered samples studied was obtained by the projection of the segment under 𝐸1 + 𝐸2 =
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1022 ± 2.4 eV onto the axis parallel to 𝐸1 − 𝐸2 followed by an analysis by the quotient 

method.  The CDBS data acquisition, storage and analysis were all done making use of the 

LAMPS software designed and developed by the Pelletron division of TIFR, Mumbai. 

S1.2 Fungitoxicity assay: 

S1.2.1 Growth inhibition test: 

Fungal mycelia (5mm diameter) form freshly grown colonies were inoculated into the 

nanoparticle(MS, NMS and ONMS) incorporated PDA plates and allowed to grow for 5-8 

days at 30˚C temperature. Radial growth of the developed fungal colonies was measured and 

compared with the control plate (devoid of NP). Experiments were performed under dark and 

visible light exposure. All experiments were conducted thrice for confirmation and triplicates 

were maintained for each set. 

S1.2.2 TTC assay:  

Fungal mycelia of 5mm diameter were incubated with different concentrations of MoS2 

nanosheets (ONMS) at 30 ˚C temperature. After 24 hours, 200 µl of TTC (Triphenyl 

Tetrazolium Chloride) reagent (5mg/ml) was incorporated to the fungal mycelia and 

nanoparticle suspensions and incubated for further 12 hours. The experiment was conducted 

under visible light illumination. The dehydrogenase enzyme, released by live fungal cells 

reduced TTC to triphenyl formazan (red colored), which was dissolved in dimethyl sulfoxide 

(DMSO) and detected by UV-visible spectroscopy at 570 nm.  

S1.2.3 Microscopic analysis: 

Scanning Electron Microscopy Analysis: Nanoparticle induced morphological deformities on 

fungal biomass were studied under scanning electron microscopy (SEM, ZEISS EVO 18 

Special Edition) and compared with the untreated fungal biomass. 
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S1.2.4 Fluorescence Microscopy studies: 

ONMS nanoflower induced ROS generation and its subsequent effect on fungal mycelia were 

also studied by fluorescence microscopy (Leica DM IL LED S-80; with Leica Application 

Suite V.4.7.1 software). 

Nanoparticle inducedreactive oxygen species (ROS) generation was studied by 

fluorescence microscopy using Dichlorofluorescein (DCF) dye. Briefly, fungal mycelia were 

grown in nanoparticle amended PD broth medium, followed by 24 h incubation at 30 °C. 

Next, DCF (3µM) was added into the broth medium and ROS production was determined 

using fluorescence microscope upon blue excitation.  

In order to determine fungal cell death, MoS2 treated fungal mycelia were mixed with 

EtBr (Ethidium bromide) and observed under fluorescence microscope upon green excitation. 

In, non-viable fungal biomass, EtBr entered through the perforated cell wall and binds to the 

DNA material and emits red fluorescence.   
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Figure S1: N2 adsorption desorption isotherm for (a) ONMS, and (b) NMS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2: The 𝑬𝟐𝒈peak splits into 𝑬𝟐𝒈
𝟏+ and 

𝑬𝟐𝒈
𝟏− peaks consequent to the lattice strain 

produced because of doping. 
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Figure S3: High resolution X-ray photoelectron spectrum from O 1s of (a) ONMS,  

(b) NMS 

 

 

 

Figure S4: XPS survey spectrum analysis of NMS  and  ONMS 
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Figure S5: Digital photographs of A.alternata and F.oxysporum colonies treated with 

different doses of ONMS, grown in presence and absence of visible light irradiation. 
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Figure S6: Dose dependent fungitoxicity of NMS towards A.alternata and F.oxysporum 

colonies grown in presence  of and in absence of visible light irradiation. 
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Figure S7: Non-toxicity of bare MS towards A.alternata and F.oxysporum showing no 

significant growth inhibition at 2 mg/ml concentration in presence/abscence of visible 

light. 
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Figure S8: Dose dependent fungitoxicity assessment of ONMS towards A.alternata and 

F.oxysporum in liquid medium by TTC assay 
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Table S1: Summary of best quality 2D layered nanomaterial based reported fungicides 

Nanomaterial Morphology Target pathogen 

Whether 

ROS is 

generated, 

and 

generated in 

Dark/Light 

Mechanism of fungitoxicity Reference 

rGO Nanosheets 

Aspergillus 

niger,Aspergillus

oryzae,Fusarium

oxysporum 

       Not 

mentioned 

Direct contact with the sharp 

edges. 

Sawangphruk

et al.2 

GO Sheets Phanerochaetec

hysosporium 

Not 

mentioned 
No clear idea is given Xieet al.3 

GO Flat sheets 

Fusarium 

graminearum, 

Fusarium 

oxysporum 

 

Not 

mentioned 

 

Local damaging of the cell 

membrane integrity 

subsequently causing 

electrolyte leakage. 

Chen et al.4 

MoS2 loaded 

with Ag and 

Chitosan 

Nanosheets 

Saccharomyces 

uvarum, 

Aspergillus niger 

Not 

mentioned 

Direct cell membrane and 

cell wall damaging. 
Zhang et al.5 

MoS2 Nanosheets 

Aspergillus 

niger, Candida 

sp. 

Not 

mentioned 

In light(30 min) by the 

presence of metallic states at 

the edges 

Karwowskaet 

al.6 

Ag-GO Nanosheets 
Fusarium 

graminearum 

ROS 

generated, 

not 

mentioned 

Physical injury and chemical 

ROS generation 
Chen et al.7 

O,N doped 

MoS2 
Nanoflowers 

A.alternata, 

Fusarium 

oxysporum 

 

ROS 

generated, 

Both in dark 

and light 

 

Transfer of elastic energy on 

relaxation caused ROS 

generation in dark which was 

augmented with exposure to 

light. 

This study 

 

 

S1.3 Biocompatibility assay for ONMS: 

S1.3.1 Experimental: 

1. Two fresh potato tubers were washed thoroughly with tap water and dipped into 0.5% 

Sodiumhypochlorite solution (NaoCl) for 2 mins followed by distilled water wash. 
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2. Both the tubers were then partially cleaved  with a sharp sterilized knife. 

3. One tuber was dipped into ONMS solution (2mg/ml) while the other was incubated into 

distilledwater for 5 mins. 

4. Both the tubers were taken out at the same time and incubated separately at humid 

chambermaintaining ~90% humidity and 30°C temperature for 7 days. 

S1.3.2 Results: 

The tuber dipped into the MoS 2 nanomaterial solution appears fresh and develops no fungal 

growth,whereas, characteristic blackening of the surface is noticed along with some fungal 

growth in theuntreated tuber. 

S1.3.3 Discussion: 

The antifungal property of the ONMS nanomaterial has successfully arrested the fungal 

infection inthe treated tuber, while the untreated one has developed the fungal growth. Onset 

of pathogen in cellresults in higher respiration and depletion of stored starchy materials in the 

potato tuber. Rapid utilization of starch accelerates dehydration of the cell and develops the 

characteristic blackening ofthe potato skin.8 
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Figure S9: Biocompatibility assay of ONMS on potato tuber. Fungal 

growth on outer surface and blackening of the inner layer is indicated 

with red arrow. 
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