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Chapter V

“The beautiful thing about learning is nobody can take it away from you”
- B.B.King
5.1 Introduction

Transition metal dichalcogenides (TMDCs) have achieved several advances in various
applications such as photosensing [1,2,3], bio and chemical sensing [4-7], future electronic
and valleytronic devices [8-11], catalysis [5, 12, 13], wastewater treatment, toxic gas
adsorption and removal [14] etc. Nevertheless, research on TMDCs for biomedical
applications is still in its infancy. It is not even earlier than the last two decades when
researchers have just started investigating the cytotoxicity of these materials [15-17].
Interestingly, inorganic fullerene-type and few layer structures of WS, and MoS; have
attracted much attention owing to their low cytotoxicity and genotoxicity, as evaluated by
different biocompatibility tests [18].

These findings have prompted researchers to investigate antipathogenic activities
of these materials. Although limited, several studies have reported interesting results. WS>
nanosheets synthesized by the hydrothermal method were found to be responsible for
bacterial death, with a death rate as high as 99.97 % against Staphylococcus epidermidis
(S. epidermidis). WS, nanosheets have also performed well against Escherichia coli (E.
coli), Salmonella typhimurium (S. typhimurium), and Bacillus subtilis (B. subtilis) at a
concentration of 250 ug mL?. The method used there was the colony counting method
[19]. In addition, the antibacterial activity of WS, against gram-negative E. coli and gram-
positive Staphylococcus aureus (S. aureus) was evaluated using colony-forming unit
studies. Almost 0% viability of the bacterial cultures was observed at a concentration of
200 pg mLt [20]. The activity of WS, and the WS»/ZnO nanohybrid against Candida
albicans (C. albicans) was investigated using the disc diffusion method at a concentration
of 300 pg mLL. This led to the inhibition of fungal growth by up to 74% and 91%,
respectively [21]. MoSz nanosheets synthesized through Li-intercalation showed a loss of
E.coli viability of 91.8% + 1.4% at a concentration of 80 pg mL™. The fact that MoS:
nanosheets outperformed their bulk counterparts implies the contribution of the high
specific surface area and high conductivity of the exfoliated sheets to the destruction of
bacterial cells [22]. Furthermore, Li-intercalated, and ligand-functionalized MoS;

nanosheets were applied against S. aureus and P. aeruginosa, revealing that exfoliated
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MoS; with positive charges is more effective in inducing the bactericidal effect [23].
Likewise, 20 pg mL™* of MoS, nanosheets exfoliated through solvo-sonication showed

antibacterial activity against Salmonella and wild-type S. typhimurium [24].

As discussed, in recent reports, TMDCs nanosheets have been functionalized with
ligands, doped with other material atoms, or blended into composites to obtain enhanced
antipathogenic activities. However, the non-functionalized WS> and MoS: nanosheets also
showed significant antibacterial activity against pathogens. Nevertheless, in most reports,
only a few pathogens were simultaneously targeted by the materials. Therefore, it is
necessary to evaluate the antimicrobial properties of the non-functionalized forms of these
materials against multiple pathogens.

Accordingly, an experiment has been carried out in order to investigate the
polyvalent antipathogenic activity of WS, and MoS, nanosheets against six different
pathogens, including five bacterial cultures and one fungal culture, and compared the
results for WS, and MoSz nanosheets. Again, we have employed four different methods
of synthesis of WS, and MoS; in order to determine the key aspects responsible for
showing antipathogenic activities. The antipathogenic activity was evaluated using agar
well diffusion method. For all the experiments, liquid-dispersed specimens of WS, and

MoS: were used.
5.2 Experimental details
5.2.1 Agar well diffusion assay

Agar well diffusion method is one of the popular antibacterial assays. The processes

involved in this assay are described below.
5.2.1.1 Preparation of lysogeny broth (LB) and potato dextrose broth (PDB) media

In order to prepare lysogeny broth (LB, Miller) media, 12.5 g premixed LB(Miller) powder
(HiMedia) was dissolved in 500 ml of distilled water. LB (Miller) powder was composed
of tryptone, yeast extract and sodium chloride (NaCl) mixed in 2:1:2 ratio. For preparation
of LB agar media, bacteriological agar (HiMedia) was added to LB broth to a final
concentration of 1.8% (w/v). The mixture was heated in a microwave for 1-2 min for

dissolving the agar and then, the culture media was sterilized in an autoclave at 15 psi, 121

95



Chapter V

°C for 20 min. For preparation of PDB media, 12 g of potato dextrose broth powder
(granulated, HiMedia) was dissolved in 500 ml of distilled water. For the preparation of
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Fig.5.1. (a) Preparation of LB(Miller) agar and PDB agar media (b) Inoculation of
LB(Miller) agar and potato dextrose agar media (c) Making of bores and pouring of
samples.

potato dextrose agar media, bacteriological agar was added to PDB to a final concentration
of 2% (wi/v). The mixture was heated in a microwave for 1-2 min for dissolving the agar
and then the culture media was sterilized in an autoclave at 15 psi, 121 °C for 20 min.
After autoclaving, the agar media (25 ml) was poured onto each petri dish under sterile
conditions (in a laminar air flow hood) and allowed to solidify. Finally, the petri dishes
containing solidified agar media was used for antimicrobial assay. The schematics of the

preparation of LB (Miller) and PDB media is shown in Fig 5.1(a).
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5.2.1.2 Inoculation of LB (Miller) agar and potato dextrose agar media and making

of wells

Inoculation of different agar media is done by using spread method. 100 pL of bacterial or
fungal inoculum is spread onto the solidified agar surface. Thus, bacterial cultures of
Mycobacterium smegmatis (MS), Staphylococcus aureus (SA), Bacillus cereus (BC),
Pseudomonas aeruginosa (PA), Yersinia pestis (YP), Escherichia. coli (EC) and a fungal
culture of Candida albicans (CA) were grown overnight in LB (Miller) and PDB,

respectively. The process of inoculation is illustrated in Fig. 5.1(b).

Table 5.1. Name and MTCC of the bacterial and fungal cultures.

S. Name MTCC No.
No.

1 Mycobacterium smegmatis (MS) | MTCC 14468
2 Staphylococcus aureus (SA) MTCC 3160
3 Bacillus cereus (BC) MTCC 430

4 Pseudomonas aeruginosa (PA) MTCC 2297
5 Yersinia pestis (YP) NA

6 Candida albicans (CA) MTCC 3017
7 Escherichia. coli (EC) MTCC 40

5.2.1.3 Boring of wells and pouring of TMDC specimens on wells

Wells were bored on the inoculated media using the large opening of a micropipette. 100
ML of specimens were poured into the wells. Gentamicin is an aminoglycoside antibiotic
and it has broad spectrum of antibacterial activity [26]. Similarly, Nystatin [27] also has
wide spectrum antifungal activity. As such, Gentamicin (2.5 mg mL™) and Nystatin (5 mg
mL) were used as positive controls (labelled as P.C.) for bacterial and fungal cultures
respectively. The plates were incubated overnight at appropriate temperature (37°C and
28°C for the bacteria and fungi respectively). After incubation (24 h) the plates were
evaluated for antimicrobial activity and Zone of Inhibitions (ZOls) were checked
accordingly. The MTCC No. of the bacterial and fungal cultures are listed in Table 5.1.
Fig. 5.1 comprises all the processes involved in agar well diffusion method. The processes
involved in making of bores and pouring of specimens are shown in Fig 5.1(c)
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5.2.2 Preparation of WSz and MoS2 nanostructures (Method 1)

WS; and MoS:; flakes (1.6 mg each) were dispersed in 1 mL of the solvent in separate
beakers and ultrasonicated in a bath sonicator (Jain Scientific Glass Works, output
power:100 W, output frequency:50 Hz). The temperature of the system was maintained at
below 30°C. For MoS», sonication was performed for 4 h, whereas for WS, sonication
was performed for 10 h followed by 24 h of rest. After 24 h, the TMDC specimens were
centrifuged at 1 krpm for 2 h at 25 °C. After centrifugation, the supernatant was separated
from the pellet. Then, 2 mL of the supernatant was retained for characterization, and
another portion of the sample was centrifuged for 2 h at 25°C at 1.5 krmp. The supernatant
obtained after centrifugation was separated from the pellets, as previously described. This
new supernatant (2 mL) was retained for characterization and the remaining portion was
centrifuged again for 2 h at 25°C and 2 krpm. This process was continued for higher krpms,

such as 2.5, 3, 5 and 7.5 krpm. 2.5 mL of the supernatants after centrifugation at 2 krpm

WS, exfoliated in NMP for 10 hrs

Fig.5.2. (a) MoS: specimens exfoliated in NMP for 4 h. (b) WS specimens exfoliated in
NMP for 10 h. The specimens centrifuged at different rpm viz- 2 krpm, 2.5 krpm, 3 krpm,
5 krpm and 7.5 krpm respectively are labelled as 2 k, 2.5 k, 3k, 5k and 7.5 k.

and 7.5 krpm centrifugation processes were kept separately for RPM (rotation per minute)-
dependent antibacterial and antifungal assessments of few-layer WS, and MoS,. The

method of repeated centrifugation of the supernatant of the specimens at a higher rpm is
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known as liquid cascade centrifugation. This idea of the synthesis of a monolayer-enriched
dispersion of TMDC nanosheets was borrowed from Backes et al. [25]. The specimens

obtained after each centrifugation step are shown in Fig. 5.2.
5.3 Results (Method 1)

5.3.1 Characterization of synthesized nanostructures
5.3.1.1 X-ray diffraction (XRD) spectroscopy

The XRD spectra of the as-synthesized MoS; and WS; are presented in Fig. 5.3(a) and
Fig. 5.3(b), respectively. The diffraction peaks of the synthesized nanostructures
corresponded to the hexagonal (2H) crystallographic phase of the nanostructures. It is
observed that intensity of the diffraction peaks of the exfoliated nanosheets are relatively
weaker than that of their bulk counterpart corroborating the exfoliation process [28].
Further details of the XRD peaks are given in Table AT3¥ and Table AT4E,

5.3.1.2 UV-vis Spectroscopy

In Fig. 5.3(c) presents the UV-vis spectra of MoS: nanosheets. Sharp excitonic
peaks at ~ 666 nm, shoulder peaks at ~ 607 nm and ~ 446 nm were observed. These peaks
are labelled as A, B, and C, respectively. In the UV spectra of WS; (Fig. 5.3(d)), a sharp
excitonic peak at ~ 633 nm and shoulder peaks at ~ 526 and ~ 458 nm were observed.
These three peaks are also labelled as A, B and C respectively. Origin of these peaks are

discussed in section 2.2.5 of chapter I1.
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5.3.1.3 Raman Spectroscopy

Fig. 5.3(e) shows the Raman spectra of exfoliated MoS; nanosheets. It exhibits two
prominent peaks at ~ 381 cm™ and ~ 407 cm, corresponding to E'4 (7)) and Aq (1) modes,
respectively. Fig. 5.3(f) shows the Raman spectra of the exfoliated multilayer WS,
nanosheets. It exhibits two prominent peaks at ~ 349 cm™ and ~ 414 cm™, corresponding
to the Elyq (1) and Axq (1) modes, respectively. The meaning of these modes is discussed

in section 2.2.4 of chapter II.

5.3.1.4 Transmission Electron Microscopy (TEM)

Fig.5.4. TEM micrographs of few-layer MoS: nanosheets (a) low magnification TEM
micrograph (scale bar— 0.2 um) (b) low magnification TEM micrograph (scale bar—
100 nm), SAED in the inset (¢) TEM micrograph of MoSz nanosheets showing interlayer
spacing (d) TEM micrograph of MoS, nanosheets showing lattice fringes, inset shows
the SAED pattern.
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]

Fig. 5.5 TEM micrographs of few layer WS nanosheets (a) low magnification TEM
micrograph (scale bar— 0.2 pm) (b) low magnification TEM micrograph (scale bar—
50 nm) (c) TEM micrograph of WS> nanosheets showing interlayer spacing (d) TEM
micrograph of WS, nanosheets showing lattice fringes (inset shows the SAED pattern)

The obtained MoS: nanosheets were further characterized using TEM to elucidate their
structural properties. As shown in Fig. 5.4(a), the as-synthesized MoS> was in the form of
layers (scale bar — 0.2 um). Fig. 5.4(b) shows a magnified image of the MoS; nanosheets
(scale bar — 100 nm). Fig 5.4(c) shows the interlayer distance between the two layers of
MoS; nanosheets (scale bar — 2 nm). It was found to be 0.65 nm (Fig. A13*, Table AT5%),
corresponding to the (002) plane of 2H MoS,. In Fig 5.4(d), the high-resolution
micrograph of the MoS> nanosheets (scale bar — 1 nm) is further analysed to observe the
lattice d-spacing of ~ 0.27 nm (Fig. A14%, Table AT6¢). This corresponds to the (100)
lattice plane of the hexagonal MoS: and is in good agreement with the XRD results. The
selected area electron diffraction (SAED) pattern is provided in the inset. The thicknesses

AW, E€Appendix 102



Chapter V

of the nanosheets were in the range of 2-9 nm. In a similar fashion, TEM characterization
of the WS, nanosheets was performed. Fig. 5.5(a) shows the as-synthesized sheet-like
structure of WS (scale bar — 0.2 um). Fig. 5.5(b) shows a magnified view of the WS>
nanostructures (scale bar — 50 nm). Fig. 5.5(c) shows a highly resolved micrograph of the
WS nanostructures (scale bar — 2 nm). This micrograph was further analysed to obtain the
interlayer distance to be ~ 0.64 nm corresponding to (002) plane. Fig 5.5(d) shows the
high-resolution micrograph of WS> nanosheets (scale bar — 2 nm). Fig 5.5(d) also shows
the SAED pattern in the inset. Analysis shows that the thickness of the nanosheets was ~8
nm (Fig.A16®, Table AT8P).

5.3.2 Screening for antimicrobial activity

Photographs of the bacterial and fungal cultures after 24 h of incubation with MoS; and
WS; nanosheets exfoliated in NMP for different durations are shown in Fig. 5.6 and 5.7,
respectively. Gentamicin (G) was used as the positive control for bacterial cultures viz.,
MS, SA, BC, PA, and YP, whereas, Nystatin (N) was used as the positive control for fungal

Fig. 5.6. Antimicrobial assessment of MoS; exfoliated in NMP for 4 h against (a)
Mycobacterium smegmatis (MS), (b) Staphylococcus aureus (SA), (c¢) Bacillus cereus
(BC), (d) Pseudomonas aeruginosa (PA), (e) Yersinia pestis (YP), and (f) a fungal culture
of Candida albicans (CA). MoS> nanosheets centrifuged at 2 krpm and 7.5 krpm are
labelled as 2 k and 7.5 k.
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Fig. 5.7. Antimicrobial assessment of WS exfoliated in NMP for 10 h against (a)
Mycobacterium smegmatis (MS), (b) Staphylococcus aureus (SA), (c) Bacillus cereus
(BC), (d) Pseudomonas aeruginosa (PA), (e) Yersinia pestis (YP), and (f) a fungal culture
of Candida albicans (CA). WS, nanosheets centrifuged at 2 krpm and 7.5 krpm are labelled

as 2 kand 7.5 k.

culture CA. WS> and MoS: nanosheets centrifuged at 2 krmp and 7.5 krpm were labelled
as 2 k and 7.5 k. The solvent NMP which was used to disperse the specimens was

considered as the carrier control and was labelled as C. Fig. 5.8 shows the ZOI of MoS>
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Fig. 5.8. (a) Zone of inhibition (ZOI) of MoS2 nanosheets (exfoliated in NMP for 4 h) and
(b) ZOIl of WS, nanosheets (exfoliated in NMP for 10 h) against Mycobacterium
smegmatis (MS), Staphylococcus aureus (SA), Bacillus cereus (BC), Pseudomonas
aeruginosa (PA), Yersinia pestis (YP), and a fungal culture of Candida albicans (CA).
WS; and MoS; nanosheets centrifuged at 2 krpm and 7.5 krpm are labelled as 2 k and 7.5
k. Positive controls are labelled as P.C.
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Fig. 5.9. Antibacterial and antimicrobial assessment of WS; exfoliated in NMP for 13 h
against (a) Mycobacterium smegmatis (MS) (b) Staphylococcus aureus (SA) (c) Bacillus
cereus (BC) (d) Pseudomonas aeruginosa (PA) (e) Yersinia pestis (YP), and (f) a fungal
culture of Candida albicans (CA). WS> nanosheets centrifuged at 2 krpm and 7.5 krpm are
labelled as 2 k and 7.5 k.

and WS> nanosheets against bacterial and fungal cultures. Fig. 5.8 suggests that MoS; and
WS, performed better than the positive controls in the case of PA and CA. On the other
hand, the positive controls performed better than these specimens against BC. To analyse
the susceptibility pattern of pathogens towards the TMDC specimens, the range of
different susceptibility levels are enlisted in Table 5.2 [29]. On the basis of the
categorization done in Table 5.2, Table 5.3 summarizes the susceptibility pattern of
pathogens towards the TMDC nanostructures. In case of few-layer MoS: nanostructures,
all the pathogens were susceptible, however in case of WS, all the pathogens except MS
were susceptible. MS showed intermediate susceptibility towards WS, specimens. It was
observed that few-layer MoS; nanostructures can perform better as antipathogenic agents
than few-layer WS; nanostructures, even at concentrations as low as three times (Table
5.3) than that of WS». Again, it was already mentioned that it took at least 6 h more to
prepare few-layer WS> nanostructures than MoS; nanostructures. Therefore, it may be

concluded that MoS: is more effective as antipathogenic agent than WS..

In addition to the synthesis method described above, several other methods have
been applied to determine the key parameters affecting the antimicrobial activity of MoS:
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and WS,. WS; and MoS; were exfoliated and their antimicrobial activities were studied by
changing the sonication time, solvent, and concentration of WS, and MoS; flakes.
Accordingly, some of the methods and their antibacterial performances are discussed in
the following sections.

Table 5.2. Range of ZOI corresponding to different susceptibility levels

> 15 mm Susceptible (S)
11-14 mm Intermediate (I)
<10 mm Resistant (R)

0 mm No Zone (NZ)

Table 5.3. Susceptibility pattern of pathogens for few-layer WS, and MoS..

Nanostructures | Concentration | ZOI Z0lI Z0lI Z0l Z0l Z0l
(ug mL™)
for MS| for SA | for BC | for PA | for YP | for CA
Few-layer MoSZ ~198 S S S S S S
Few-layer WS, | ~610 I S S S S S

Key: Intermediate= [1], Susceptible= [S]
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5.4 Experimental details and antimicrobial assessment (Method 2)
5.4.1 Preparation of WSz and MoSz specimens

Using the same process described in method 1, exfoliation of WS, nanosheets was

performed. However, this time, sonication was performed for 13 h.
5.4.2 Screening for antimicrobial activity

The pathogen viability when treated with exfoliated WS; is shown in Fig. 5.9. It is
observed that for MS and YP, the activity is negligible. PA and CA are susceptible to these

WS, nanostructures. However, SA and BC showed intermediate susceptibility.
5.5 Experimental details and antimicrobial assessment (Method 3)
5.5.1 Preparation of WSz and MoS:2 specimens

A mixture of isopropanol (IPA) (purchased from Merck®) and double distilled (DD) water
was prepared in a ratio 1:4. The composition of the solution was taken based on the
investigation done by Sajedi-Moghaddam et al. [30]. 1.6 mg of WS, and MoS; were then
mixed with 1 mL of the mixture in separate beakers and ultra-sonicated for 6, 7, 8, 9 and
10 h in a bath sonicator (Jain Scientific Glass Works, output power 100 W) having output
frequency 50 Hz. The temperature of the system was maintained below 30 °C. To avoid
any accumulation of the WS> and MoS; flakes at the bottom of the container, the beakers
were well shaken in every 10 min for the first one hour. After 6, 7, 8, 9, 10 h of sonication,
TMDC specimens were collected and centrifuged for 1 hour at 2500 rpm and the

supernatants were taken for antimicrobial analysis.
5.5.2 Screening for antimicrobial activity

It was observed that these specimens did not show antibacterial activity as ZOI was absent

for all the specimens.
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5.6 Experimental details and antimicrobial assessment (Method 4)

5.6.1 Preparation of WSz and MoS:2 specimens

A mixture of IPA and DD water was prepared in a ratio 1:4 as mentioned in method 3.
Then, different amounts of WS and MoS; flakes were put in the as-prepared mixture so
that the concentrations become 500, 600, 700, 800, 900, and 1000 ug mL™. Then the
mixtures were ultra-sonicated for 6 h. After 6 h of sonication, specimens were directly
used for antimicrobial assessment without performing any further treatment on them. The
specimens obtained are shown in Fig. 5.10.

WS, dispersed in IPA/H,0O

Fig.5.10. Different concentrations of exfoliated MoS, and WS, in IPA-H20 solvent after
6 h of exfoliation.

5.6.2 Screening for antimicrobial activity

In this case, antibacterial analysis was performed against MS, SA, BC, PA, YP and E.Coli
(EC). Here Gentamicin (G) is taken as the positive control for antibacterial assessment
involving MS, SA, BC, PA, YP and E.Coli (EC). It was observed that these WS, and MoS;
specimens do not exhibit antimicrobial activity as no ZOI can be seen for all the specimens.
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5.7 Discussions
5.7.1 Comparison of antimicrobial activities of WSz and MoS: specimens exfoliated

through different methods.

Table 5.4. Susceptibility pattern of pathogens for WS> and MoS; specimens exfoliated
through different methods.

Method Concentration of WS, | ZOI | ZzOl | ZOl | ZOl | zZOl ZOl | ZOl
IM0S; (ug mL1)

(MS) | (SA) | (BC) | (PA) | (YP) | (CA) | (EC)

1 | MoS; ~198 S S S S S S NA
WS, ~610 I S S S S S NA
2 | MoS2 NA NA |NA [NA |[NA |NA NA | NA
WS, ~270 NZ |1 I S NZ S NA
3 | MoS2 ~50 NZ |NZ |[NZ | NZ |NZ NZ | NA
WS, ~80 NZ |NZ |NZ | NZ |NZ NZ | NA

4 | MoS2 500,600,700,800, | NZ | NZ | NZ |NZ |NZ NZ | NZ

900 & 1000
WS, 500,600,700,800, | NZ | NZ | NZ |NZ |NZ NZ | NZ

900 & 1000
Key: NZ= no zone, Intermediate= [I], Susceptible= [S], Not applicable [NA]

Table 5.4 compares the antimicrobial activities of WS, and MoS, specimens
exfoliated through different methods. WS and MoS; were exfoliated in NMP and IPA-
H20 in different ways, and their antimicrobial activities were studied by changing the
sonication time, solvent, and concentration of the TMDC flakes. In, method 1,
ultrasonication of WS, was performed for 10 h, while in method 2, it was performed for
13 h. However, it was observed that the results were moderate for the latter, which implies
that an increase in sonication time may not increase antimicrobial activity. Again, the
complete absence of ZOI was observed for WS, and MoS; exfoliated in an iso-propanol
(IPA)-H20 mixture and sonicated for different durations (method 3, Table 5.4). This result

strengthens the conclusion made above that the antimicrobial properties do not directly
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depend on the sonication time. We also tested the antimicrobial properties of highly poly-
dispersed specimens (method 4, Table 5.4) in which high concentration of WS, and MoS>
multi-layered nanostructures were there. However, the results were not at all significant.
This implies that simply increasing the concentrations of MoSz and WS; specimens does
not give rise to antimicrobial activity. From the discussion, it can be concluded that the
antimicrobial activity of WS, and MoS; nanosheets does not directly depend on the

sonication time or concentration of material particles present in the system.
5.7.2 Parameters responsible for antimicrobial activities of WSz and MoS2 nanosheets

Yang et al. [22] investigated the antimicrobial activity of chemically exfoliated(ce)
MoS, nanosheets (monolayer, thickness 1 nm, size ~ 200 nm), aggregated ce-MoS;
nanosheets (thickness ~10 nm, size ~ 1-2 um), and bulk nanosheets. They concluded that
the antimicrobial activity depends on the morphology (shape and specific area) of the
material. Navale et al. [19] prepared few-layered (1-5 nm thick, length ~1-3 pm) WS;
nanosheets and concluded that antibacterial activity increased with increasing nanosheet
concentration and incubation time. Pandit et al. [23] reported on the antibacterial activity
of MoS:z having single layer. Similarly, Liu et al. [20] also synthesized monolayer WS;
using a surfactant exfoliation method and concluded that the antibacterial activity
increased with increasing concentration and incubation time. These reports suggest that
WS> and MoS, nanosheets show antimicrobial activity when the material specimen

contains sufficient amount of monolayer and few-layer nanostructures.

In the present case, the TEM results reveal that the exfoliated sheets obtained
through Method 1 exhibit a predominantly mono/few-layer nanostructures, a characteristic
corroborated by the specimen photographs presented in Fig. 5.2. and specimen
micrographs presented in Fig.5.4. Conversely, exfoliated sheets derived from Method 4
manifest a multilayer composition. Comparative analysis in Table 5.4. indicates that
although the concentration of WS and MoS: is higher in Method 4, no Zone of Inhibition
(ZOl) is observed. This observation suggests that an increase in antibacterial activity
corresponds with an increase in the concentration of monolayer/few-layer Transition Metal
Dichalcogenides (TMDC).
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5.7.3 Mechanism of antipathogenic activity

Few studies have reported the detailed anti-pathogenic mechanisms of MoS; and
WS, against specific pathogens. As reported, for MoS, nanosheets, it is a multistep
process. The embedment of the nanosheets into the cell body starts because of the
electrostatic attraction between the cell membrane and nanosheets. Then, the nanosheets
were further pulled into the body of the cell owing to the van der Waals force between the
nanosheets and phospholipids present in the cell body. This process is followed by the
extraction of phospholipid molecules [31]. In some cases, the process of embedding
nanosheets on the bacterial cell and the extraction of phospholipids together causes rapid
depolarization in the cell. Depolarization alters permeability across the membrane and
initiates membrane disruption [24]. This process further inhibits the normal respiratory
process and eventually the metabolic activity of bacteria. Bacterial death is accelerated by
a simultaneous increase in oxidative stress [22, 23, 32]. On the other hand, as reported, for
WS, nanosheets, the antimicrobial activity occurs mainly due to membrane destruction
[19-20]. In the present context, it is observed that the MoS> and WS, nanosheets used for
the antimicrobial activity are neutral, therefore in the current context, the antimicrobial
mechanism is elucidated as follows: upon contact, nanomaterials engage microbial cells
by interacting with phospholipids through van der Waals forces. The nanomaterial
thickness is remarkably smaller, approximately 10%-10° times, than the size of microbial
cells, potentially inducing physical membrane disruption and consequential disturbance to
essential cell components. Table 5.5 compares the different antimicrobial studies on WS>

and MoS: nanosheets and their composites.

Table 5.5. Comparison of different antimicrobial studies carried out on WS> and MoS>
nanostructures and their composites

Material Concentration | Method Pathogens | Incubation | Ref
of time
analysis
WS, 250 ug mL? | Colony EC,%ST, |6h [19]
r-GO-WS; 250 ug mL™? | counting 3BS, ‘SE
method
WS; 200 ug mL* | Colony EC,%SA | 2h [20]
nanosheets forming unit
WS,/Zn0O 300 ug mL? Disc diffusion | °CA NA [21]
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MoS; 20 pg mL- Colony 'EC DH5a. | 6h [22]
nanosheets counting

method
MoS; 25.12 ug mL* | Microbroth °SA, 8PA 72 h [23]
nanosheets dilution
Functionalized method
with thiol
ligands
MoS> Colony Salmonella | 24 h [24]
nanosheets counting wild-type

method Salmonella
MoS; 1000 pug mLt | metabolomics | EC 12 h [33]
nanosheets
Iron doped 100 ug mLt | Agar diffusion | EC, °SA 24 h [34]
MoS: coated assay
on titanium
MoS; NA Agar method | °AA NA [35]
nanostructures
MoS: - 50 ug mL*? Confocal 1K P 18 h [36]
modified analysis
curcumin
nanostructures
Chitosan/Ag/ | NA Colony 5SAlEC 20 min [37]
MoS; counting

method
O, N co-doped | 2 mg mL™ Triphenyl SAA, BFO | 24 h [38]
MoS> Tetrazolium
nanoflowers Chloride

assay
MoS; ~198 pgmL? | Agar well 5SASCA, 24 h Present

(MoS,) diffusion 8PA, 2PD,

assay 13MS |, 4BC,

WS, ~610 pg mL? ®YP
(WS2)

LE.coli (EC), °S.typhimurium (ST), 3B.subtilis (BS), “S.emidermidis (SE), 5S. aureus (SA), 6C. albicans (CA),

7E.coli DHS5a (EC DH5a), 8P Aeruginosa (PA), °Alternaria alternata (AA), °Klebsiella pneumoniae (KP),

1E, oxysporum (FO),*?P. Diminuta, & M. Smegmatis (MS), *4B. Cereus (BC), ‘°Y. Pestis (YP)
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5.8 Conclusion

This chapter extensively deals with antimicrobial analysis of WS, and MoS>
nanosheets exfoliated using different techniques. Antipathogenic analysis was performed
using the agar well diffusion assay. The MoS sample exfoliated in NMP for 4 h followed
by liquid cascading centrifugation showed antimicrobial activity for all the microbes
considered in the present investigation, viz- M. smegmatis, S. aureus, B. cereus, P.
aeruginosa, Y. pestis and C. albicans. All the pathogens were susceptible to this sample.
The concentration of few layers in this sample was approximately 198 pg mL™. Similarly,
the WS, sample exfoliated in NMP for 10 h, followed by liquid cascading centrifugation,
showed antimicrobial activity against all pathogens. M. smegmatis showed intermediate
susceptibility to this sample, whereas all other pathogens were found to be fully susceptible
to this specimen. The concentration of few layers in this sample was ~610 pug mL™. It was
realized that, these materials show antimicrobial properties only when they have certain
concentration of mono or few-layer nanostructures in the material system. It is realized
that changes in exfoliation parameters will affect the antimicrobial activity only if they are
able to increase the number of monolayers or few layers in the system. From the results, it
can also be concluded that MoS; is more effective as antipathogenic agent than that of
WS, few layer nanostructures; as synthesis of MoS; is two times less time consuming than
that of WS> and the less amount of MoS> nanosheets can show enhanced antimicrobial

activity than WS; nanosheets.
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