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ABSTRACT 

 

The unique two dimensional structure and fascinating physicochemical properties of two 

dimensional materials (2D) have attracted tremendous attention worldwide in disease diagnosis and 

nano-biomedicine. As an analogue of 2D graphene, transition metal dichalcogenides (TMDs) such 

as 2D MoS2/WS2 nanosheets have been exploited as representative models in numerous applications 

ranging from nanoelectronics to the frontiers between nanomedicine and nanotechnology. The 

intriguing physical and chemical properties of 2D TMDs such as confinement in dimension due to 

their extreme thinness, stable free standing atomic crystal nanosheets without any substrate, 

unparalleled surface area to volume ratio, highly biocompatible and flexibility in functionalization 

with different biological molecules makes them potentially favorable candidate for many 

biomedical applications.  

To get an insight into the biological and environmental fate of these engineered 2D nanosheets, it is 

very crucial to understand the nano-bio interactions at a prior level. Basically, the biological 

response to 2D nanomaterials is governed by material-specific behavior which further can be 

understood by the fundamental physicochemical properties of that material. Generally, three 

fundamental interaction modes are studied to analyze the biological impact of a given nanomaterial: 

a) chemical interactions, b) electronic and surface redox reactions and c) very unique physical and 

mechanical interactions. In general, 2DMs have shown wide range of behaviors with respect to 

these three modes of interactions at bio-nanosheet interface studies. Among these three modes, 

physical and mechanical interaction represents a unique way to study the biological response of 2D 

TMD nanosheets because of their high surface area to volume ratio, surface charge tuning and 

polarity. To exploit the full potential of 2D TMD nanosheets in biological applications, it is highly 

required that the given nanomaterial to be highly biocompatible, reproducible in the relevant 

physiological medium, flexibility in functionalization and with minimum cytotoxicity to the normal 

cells. In such a case and from the materials perspective, highly versatile, scalable, cost efficient and 
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green fabrication techniques are required to obtain 2D nanosheets with the desired properties. To 

accomplish this aim, among various fabrication techniques reported for 2D TMDs such as chemical 

vapor deposition, electrochemical exfoliation, lithium intercalation, hydrothermal, sol-gel and liquid 

phase exfoliation, the latter one is the most versatile, scalable and cost effective technique for the 

production of few-layer nanosheets (1–10 stacked monolayers), with low monolayer content.  

Particularly in this technique, a careful optimization of exfoliation parameters such as, choice of 

green solvents, initial concentration of the solution, exfoliation time and controlled centrifugation 

for size and thickness selection of 2D nanosheets is very crucial to understand their environmental 

impact and behavior in biological media. 

 To this aim, my PhD project is focused on the noticeable progress on green and scalable production 

of MoS2 nanosheets in water as a pure solvent, having stability up to three weeks or more by 

carefully optimizing critical exfoliation parameters. Such a long stability time in water, which is a 

non-trivial result, is crucial to test the impact of 2DMs with biological live matter in its native 

context, as experiments aimed at these goals may take a few days or even longer to be completed. 

Thus, we stress that our innovative preparation of naked MoS2 nanosheets in water solvent 

represents an essential step ahead for an appropriate characterization of 2DMs – live matter 

interactions in its natural environment.  

Till date, our group has investigated the biological interactions of bare MoS2 nanosheets with three 

different kinds of human cells, two tumoral, MCF7 (breast cancer) and U937 (leukemia), and one 

normal, HaCaT (epithelium), and two different kinds of Salmonella- ATCC 14028 and wild type 

S.typhimurium. It is worth noting that while MCF, and HaCaT cells have been already partly 

investigated with respect to their interactions with MoS2 nanosheets, U937-MoS2 interactions are 

completely unknown so far. Yet, MCF7 (Breast Cancer), Hela (Human Cervical Cancer), PC3 

(Human Prostate Cancer), SMCC-7721 (Human Hepatocellular Carcinoma), B16 (Mouse 

Melanoma) and A549 (Human Lung Carcinoma) as cancer cell lines have been also recently tested 

as models by other research groups for the interactions between human cells and 2D functionalized 
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nanomaterials of various composition, there including 2D Black Phosphorus nanosheets, 2D Boron 

nanosheets, 2D Antimonene quantum dots, 2D Antimonene nanosheets and Tin Sulfide nanosheets.  

Here, we found a very interesting and novel result from our experiments: the impact of MoS2 

nanoflakes was found to be quite different in normal from cancer cell lines. While the latter cells 

revealed a significant cytotoxic effect based on a very large increase of cell death, the former were 

essentially unaffected in this respect and only showed some mechanical damage when 

morphologically analyzed by SEM microscopy. This cytotoxic effect was also found to be 

dependent on the concentration and layer number of 2D nanoflakes. In the near future, this 

preliminary analysis might open up new routes for significant applications of MoS2 nanosheets as 

targeted anti-cancer systems. This analysis was further extended to bacteria and viruses. 

Particularly, we have investigated the mechanical interaction of 2D MoS2 nanoflakes with two 

different types of Salmonella typhimurium (ATCC 14028 and wild-type) which is a very serious 

Gram negative facultative anaerobe causing gastroenteritis in humans and in some cases it also 

results in serious neurological abnormalities with very high mortality rate. SEM analysis performed 

after the incubation of the complex system revealed significant damage to the bacterial morphology 

and leakage of intra-cellular components from the bacterial structure. Both of the salmonella types 

when treated with 2D MoS2 nanosheets, showed that the sharp edges of the nanoflakes can cut 

and/or damage bacterial membrane leading to an evident bactericidal effect.  

Additionally, with a motive to deposit MoS2 nanosheets onto a patterned or machined substrate, 

particularly silicon because of its widely explored technological significance and usage in various 

laser processing techniques, we have first investigated the surface structuring of silicon using 

femtosecond laser pulses with a broad range of repetition rates (10 Hz – 200 kHz). Careful selection 

of various experimental conditions results in the formation of surface patterns which paves the way 

for numerous interesting applications. In view of this, I have introduced some preliminary results of 

LPE exfoliated MoS2 nanosheets deposited onto patterned silicon substrate for investigating non-
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linear optics of 2D nanosheets based on their thickness and given lateral size, in ongoing projects 

chapter at the end of this thesis.  

Also, enthused from the synergistic impact of 2D MoS2 nanosheets on S. typhimurium, we are 

currently investigating the potential interaction of the same on two other types of bacteria such as 

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). In this ongoing research, we have 

achieved a significant time and concentration dependent damage to bacterial morphology tested at 

different points. We have also extended our study to analyze the mechanical interaction of water 

exfoliated 2D MoS2 nanosheets on a very commonly effected contagious virus, Herpes Simplex 

Virus (HSV-1),  which has shown a good percentage of virus inhibition treated with water 

exfoliated MoS2 nanosheets. In fact, further investigations are under study and some of the 

preliminary results have been added into the ongoing projects chapter of this thesis. 

In order to understand the specific mechanism of action of 2D MoS2 nanosheets on the already 

tested tumor and normal human cells in this thesis, we have further extended our analysis in another 

ongoing project to go into deeper insights of 2D MoS2 nanosheets - live matter interaction using 

advanced Raman microscopy technique. The cell viability and the subsequent Raman microscopic 

analysis performed on the MoS2 nanosheets incubated with the similar human cell lines (MCF-7, 

U937 and HaCaT) revealed noteworthy results confirming the specific action of MoS2 nanosheets 

on tumor cell line (MCF-7 and U937), whereas very little or negligible effect on normal cell line 

(HaCaT).   
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layer van der Waals forces are broken to isolate the bulk crystal into 2D nanosheets, whereas in 

another portion fragmentation occurs via breaking of covalent bonds within the bulk 

Figure 2.15: Schematic of Beer-Lambert law indicating an incident light with intensity I0, length 

of the cuvette with l and the absorbed light with intensity I1 
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Figure 2.16: UV-Vis spectrophotometer of Jasco V-530 model with double beam slots for 

reference and sample used in this thesis 

Figure 2.17: Schematic of double beam UV-Visible spectrophotometer 

Figure 2.18: Represents the Energy level diagram of Raman scattering 

Figure 2.19: Raman microscope used in this thesis 

Figure 2.20: A) An electrophoretic mobility of the particles measured in a specific cuvette 

designed for zeta potential with two electrodes which works when an electric field is applied form 

outside. B) Represents the mobility of different ions in the designed capillary of the cuvette on 

applying an electric field from outside 

Figure 2.21: Malvern Zeta sizer nano used in this thesis  

Figure 2.22: Fundamental scheme of electron-matter interaction when an high energy electron 

beam hits the surface of the sample and subsequently different signals are received 

Figure 2.23: Schematic of scanning electron microscope 

Figure 3.1:  Represents the proper setup of sonicator device with an ice-box 

Figure 3.2: Panel (A-F) represents water-dispersed 2D MoS2 samples centrifuged at A)160 g, B) 

620g, C) 1000g, D) 1400g, E) 2700g and F) 3300g. As the centrifuge speed increases, the color of 

the supernatant starts to diminish from dark green to light green (A-F).  

Figure 3.3:  Represents the tapered tip (KE-76, 6mm diameter) used for the exfoliation.  

Particularly, it shows the remaining and un-exfoliated MoS2 powder cum semi-paste after the 

exfoliation 
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Figure 3.4: UV-Visible absorbance spectra of water-dispersed MoS2 nanosheets at centrifuged at 

different speeds, 620g, 2700g and 3500g for 45 minutes each. Higher centrifuged sample were kept 

under gravitational storage and at 4°C for three weeks just after the exfoliation. The above graph 

represents a good stability of water exfoliated samples which is crucial for further studies 

Figure 3.5: A) UV-Visible extinction spectra of 2D MoS2 nanosheets dispersion at 620g and 

1000g. B) Raman spectra of the two main vibrational modes  of MoS2 nanosheets 

centrifuged at 1000g and 1400g. Raman shift in the region from 380 - 412 cm
-1

 range represents 

MoS2 nanoflakes in the range from 2-4 layers. 

Figure 3.6: Pannel (A-D) represents two different scales of SEM obtained for water-exfoliated 

2D MoS2 nanosheets dried under vacuum for 15 minutes and centrifuged dispersion at 2000g. (A) 

Shows small islands of an ensemble of 2D nanosheets which aggregated on drying. (B-D) shows 

large and small chunks of 2D MoS2 nanosheets at 1 µm scale which clearly signifies the ability of 

water to act as a considerable solvent to exfoliate 2D TMDs for some specific applications where 

few layer and multi-layer nanosheets are required. 

Figure 3.7: Pannel (E-H) represents another panel of SEM images at 1 µm scale dried under 

vacuum for 15 minutes and centrifuged dispersion at 3000g. E) Shows a homogenous distribution 

of water exfoliated MoS2 nanosheets over the silicon substrate. F) Shows a peculiar kind of sharp 

knife type morphology of MoS2 nanosheets and the surrounding homogenous distribution of small 

lateral size 2D nanflakes. (G-F) Represents small and large chunks of water exfoliated  few layer 

2D MoS2 nanosheets.  

Figure 3.8: Represents the TEM image of water exfoliated 2D MoS2 nanosheets at 620 g 

Figure 3.9: Represents the TEM image of water exfoliated 2D MoS2 nanosheets at 1400 g. 

Figure 3.10: Different forces acting on a particle in the given medium 

F) 
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Figure 3.11: Eppendorf bench top centrifuge 5804 model used to follow the cascade 

centrifugation of water exfoliated 2D MoS2 nanosheets 

Figure 4.1: Cell cycle analysis. (a) MCF-7, (b) U937 and (c) HaCaT cell lines at different final 

concentrations of 2D MoS2 dispersion after 24 h, 48 h and 72 hours from the beginning of the 

treatment. The cell scattering shows two peaks: G1 (gap 1), the gap between mitosis (nuclear 

division) and DNA replication, corresponding to cells metabolically active but that do not replicate 

their DNA and G2 (gap 2) corresponding to cells that grows and synthesize the proteins for mitosis. 

Between G1 and G2 there is the S phase in which the cells replicate their DNA. The cell death is 

revealed as percentage of cells in pre-G1 phase; corresponding to a pick of fragmented DNA Error 

bars indicate standard deviation of triplicate analysis. 

Figure 4.2: MTT analysis. (a,b) MTT assay performed on U937 cell line with (a) 2000 and (b) 

4000 cells at 570 nm absorbance for 24 h and 48 h. (c,d) MTT assay performed on MCF-7 cell line 

with (c) 2000 and (d) 4000 cells at 570 nm absorbance for 24 h and 48 h. Error bars indicate three 

independent experiments in (a–d). 

Figure 4.3. SEM analysis of human cell lines. (a–c) MCF-7 (top, the red arrows indicating the 

nanoflakes onto the cell), (d–f) U937 (middle, the blue arrows indicating the damaged areas and the 

red the nanoflakes) and (g–i) HaCaT cells (bottom, the blue arrows indicating the damaged areas 

and the red the nanoflakes) untreated and treated with MoS2 dispersion at the indicated 

concentrations. The N was two at 10 μg/mL and six at 14 μg/mL. 

Figure 4.4. Interaction pathway for adhesion (MCF-7 and HaCaT cells) and suspension cells 

(U937) with 2D MoS2 nanosheets 

Figure 4.5. Cell death analysis for long duration. (a) Cell Death induced by MoS2 nanosheets 

treatment in the same experimental setting of SEM experiment. (b) Cell Death induced by MoS2 

nanosheets treatment with HaCaT cells checked at 24, 48, 72 and 96 h after treatment, in the same 
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experimental conditions of SEM experiment. Error bars report standard deviation after three 

independent experiments in (a,b). 

Figure 4.6. Proliferation test. Two different concentrations of 2D MoS2 dispersion interacted 

with S. typhimurium represented as (a–f). (a) Positive control of wild-type Salmonella without 2D 

MoS2, (b) incubation at 11.2 μg/mL and C) at 20 μg/mL; (d–f) Salmonella bacteria grown in the lab 

(ATCC 14028), (d) positive control without 2D MoS2, (e) incubation at 11.2 μg/mL and (f) at 20 

μg/mL. All the samples treated with MoS2 nanoflakes were checked after 4 h from the treatment. 

(g) MTT plots of 2D MoS2 dispersion incubated with ATCC 14028 Laboratory Salmonella and (h) 

wild-type Salmonella at 11.2 μg/mL and 20 μg/mL. The absorbance of the 

incubation is presented at 450 nm (green) and 490 nm (red) wavelengths. Interaction of 2D MoS2 

nanosheets at 20 μg/mL with average thickness of N = 4.  

Figure 4.7: (a) Control rod shaped ATCC 14028S. typhimurium (b) fragment of a bacterium cut 

by a nanosheet evidenced by the red arrow, (c) slight cut at the outer bacterial membrane as  shown 

by red red arrow, and (d) leakage of intracellular components of Salmonella bacteria (red arrow) 

upon interaction with the sharp edges of the 2D MoS2 nanosheets present nearby (blue arrows). 

Figure 6.1: Raman imaging of a MCF7 cell exposed to MoS2 flakes: (a) Bright field image, (b) 

Comparing of the Raman spectra corresponding to the points indicated in (a), Raman mapping 

corresponding to the spectral range of (c) 388-415 cm
-1

 ,(d) 768-800 cm
-1

 ,(e) 2828-2900 cm
-1

 and 

(f) 2900-3017 cm
-1

. The scale bar is 7 µm. 

Figure 6.2: (A-B) represents the mechanical damage to the tested bacterium. (A) Shows a clear 

damage to the circular morphology of Staphylococcus Aureus at 100 μg/mL , whereas in B) a clear 

mechanical cut on the morphology of E. Coli upon interaction is shown with a large MoS2 

nanoflake at 100 μg/mL. 
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Figure 6.3: Pannel (A-B) shows a low magnification optical microscope images of only 

machined silicon substrate at different regions. A) Represents both machined and non-machined 

surface of the same silicon substrate with dark and light regions, respectively; B) shows a different 

regions of the patterned silicon substrate with groves and ripples. 

Figure 6.4: Panel (A-C) shows SEM images of both the machined grooves and ripples on the 

machined surface and liquid phase exfoliated few layer 2D MoS2 nanosheets. A) Low resolution 

microscopic image exhibiting distribution of 2D MoS2 nanoflakes onto the machined substrate; B) 

Random distribution of very-few and few layer MoS2 nanosheets on the patterned silicon substrate 

and C) shows enlarged at high resolution microscopic image of deposited 2D MoS2 nanoflakes in 

between the grooves with irregular morphology and large lateral size of few microns.  
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CHAPTER- 1 

INTRODUCTION 

 

 

1.1 Motivation 

The wide vision of nanotechnology has become a research hotspot worldwide because of the 

application of science at extremely small scale which enables its potential use in many 

applications[
1,2,3

]. The relevance of nanotechnology with our daily life products can be seen from 

Figure 1.1 and Figure 1.2. The advancements in nanomaterials design strategies, processing 

methods and subsequent implementation in consumer market has received considerable attention 

because of their imperative and intriguing physicochemical properties [
4–7

]. Nanomaterials, in 

general have received worldwide attention in biological applications because of the ability to 

tune their physical and chemical properties. The behavior of different nanomaterials with 

biological environment is usually investigated via different interaction modes such as chemical, 

surface and mechanical which exhibit the most primitive fundamental phenomenon of this novel 

research field. Furthermore, these novel interactions strongly affect the biochemical properties of  
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the corresponding bio-component in contact such as perturbing the cell membrane, membrane 

stress and the subsequent physical damage. In general, physical or mechanical interactions of 

different nanomaterials with soft biological structures are investigated by their unique physico-

chemical properties such as surface charge, size, morphology, surface area, surface composition, 

functionalization ability, hydrophobicity, hydrophilicity, biodegradability, bio-compatibility, 

excellent solubility in the physiological medium, aggregation and agglomeration.  

In general, the advancements in nanotechnology and the further studies on the fabrication, 

functionalization, application and nano-toxicology evaluation of the fabricated nanomaterials has 

gained increased attention by various research groups. All these studies are possible only after 

in-depth characterization analyses of the behavior of various nanomaterials with the biological 

components. So, going back to the historical era, after the successful invention of scanning 

tunneling microscope in 1981[
1,8

] , zero dimensional Buckminster fullerene in 1985 [
9
] and one 

dimensional single wall carbon nanotube in 1991[
10

] a significant amount of attention was  

devoted to the field of nanotechnology. Since then, dozens of Nobel Prizes in various fields of 

applied sciences has been awarded based on the breakthrough inventions in the field of 

nanotechnology. Two physicists from University of Manchester earned a Nobel Prize in physics 

in 2010 by giving a breakthrough invention with the isolation of a new low dimensional 

nanomaterial, Graphene in 2004 [
11

], which is a single sheet of carbon atoms. This led to an era 

of the first truly two dimensional nanomaterial (2D NMs) with new and exciting physics. Since 

then, very many fascinating classes or categories of 2D materials have been explored and still 

under investigation which have a plenty of room to be utilized in different areas of applications 

such as solar cells, gas sensing, catalysis, super capacitors, fuel cells, batteries, biomedical 

science, live-matter interaction and green and renewable energy sources to name a few.  
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Figure 1.1: Acme of nanotechnology’s potential in various applications where it has shown 

remarkable results and entry into the commercial market with a variety of products.  
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Figure 1.2: Relevance of nanotechnology in terms of how small it can be exemplified with our 

day to day stuffs
1
.  

 

                                                           
1
 The web link for Figure 1.1 is https://www.chemeurope.com/en/infographics/296/nanotechnology-day-everyday-

uses-of-nanotechnology.html, https://nanotechnology.americanchemistry.com/ 

https://nanotechnology.americanchemistry.com/
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The exciting and wide range class of two dimensional nanomaterials (2DMs) has stood up as the 

main center of attraction in materials chemistry worldwide. Substantial efforts have been put on 

their novel fabrication routes, in depth characterization analyses and the fundamental electronic, 

photonic and catalytic behavior [
12

].  On the other hand, motivations for studying their behavior 

in biological systems need to be pushed up in order to understand their future biomedical aspect 

in various related applications. Moreover, the bio-application areas for 2DMs are anticipated to 

grow at wide scale much in a same way as carbon nanotubes grew far beyond their initial 

electronics based applications. It is extremely important to study the basic interactions of 2DMs 

with cells, tissues and other biological components to create a platform for understanding 

thetoxicological fate of the given 2DMs, scientific indulgent in analyzing developmental risks 

and involuntary human exposure from laboratory scale to scalable fabrication methodologies [
13

]. 

In 2DMs, the sheet like morphology with sharp edges and their unique surface chemistry enabled 

functionalization ability results in autonomous penetration of the 2D nanosheets into the cell 

membranes followed by lipid extraction and membrane damage [
14,15

]. For example, the bacterial 

films formation, bacterial resistance in medical field and various other chronic pathogen related 

diseases have been under deep investigation to employ the use of potential nanoparticles to act as 

antibacterial, antiviral and anti-biofilm agents to reduce the damage, cost and other deteriorations 

in medical science. Two dimensional materials and other nanoparticles have shown a significant 

potential in dealing with different pathogens at nanoscale, fighting with different morphologies 

and the subsequent damaging effect [
16–23

].   

The successful utilization of this nanosheet like morphology in biomedical areas largely depends 

on their green and scalable fabrication route. So, one of the best, reliable and low cost processing 
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option is the liquid phase exfoliation approach pioneered by Coleman et al in 2008 [
24

], which 

has been a subject of extensive research to transfer this fabrication technique from laboratory to  

industrial scale.  

 

The main aim of my thesis is to study the biological interactions of one of the most explored 2D 

material after graphene which is MoS2, a semiconductor from transition metal dichalcogenide 

family, with normal and tumor cells along with its antibacterial and antiviral action on different 

pathogens such as Salmonella typhimurium (ATCC 14028 and wild type ), E. coli and 

Staphylococcus. aureus. In view of this, my first approach was to fabricate 2D MoS2 nanosheets 

in environmentally benign solvent with a good amount of stability for the desired application. 

The stability of the nanosheets in green solvents, particularly in water, with or without stabilizers 

or surfactants, is still a focus of great interest in biomedical science [
25–37

]. Though, many review 

articles and research papers have reported the biocompatibility of MoS2 nanosheets [
38–47

] but the  

fabrication protocol and the subsequent physical parameters of 2D nanosheets defines its role 

with living matter. Water, in general, is considered as a poor solvent for the exfoliation of 2D 

materials because of the low yield and mismatchment of surface energy parameters with that of 

the given 2D material. The current thesis work attempts to fabricate 2D MoS2 nanosheets in de-

ionized (DI) water without any surfactant or stabilizer though with less concentration but with a 

motive to circumvent the use of toxic organic solvents which no doubt can disperse the 

nanosheets for a long time and at high concentrations. Thanks to the exfoliation parameters 

which can be tuned to achieve a substantial amount of stability of 2D materials in different 

solvents including water [
48

,
49

]. The successful interaction of these 2D nanosheets with human 

cells and pathogens gave intriguing results which showed an interesting behavior of 2D 
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nanosheets with the living matter. It is hoped that this research will form the basis for further 

study to gain a deeper insight into the mechanism of 2D nanosheets action, particularly with the 

live matter such as human cells. 

 

1.2. Research scope and objectives 

Instead of using any surfactants or stabilizers, we have directly exfoliated MoS2 bulk powder 

into 2D nanosheets. No doubt, the yield and concentration achieved in our case after the 

exfoliation is low as compared to the use of organic solvents which gives long term stability and 

higher concentration. But on the same hand the use of toxic organic solvents such as N-methyl-2-

pyrolidone (NMP), dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), hexane, butane to 

name a few have serious health impacts and the post exfoliation steps to remove these solvents 

are very tedious. Our motive was to study the impact of as exfoliated 2D nanosheets dispersed in 

pure water with normal HaCaT (epithilium) cell line, MCF7 (breast cancer cell line) and U937 

(acute leukemia) cell line. Based on the nature of water dispersed 2D nanosheets, the subsequent 

impact on each cell line was significant. Furthermore, the nature of cell lines studied has played 

an important role in studying the interaction of water dispersed 2D nanosheets. Thanks to the 

flexibility in tuning exfoliation parameters such as initial concentration, amplitude of the probe 

sonicator, probe tip diameter, type of vessel and output power of the sonicator device. The 

research scope of the present work has given us a direction in which we tried to understand the 

mechanism of 2D nanosheets action onto human cells via the presence of calcium and potassium 

ions into the incubated cell culture media with MoS2 nanosheets.  
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1.3. Organization of the dissertation 

In Chapter-1, I have discussed about the motivation to select my PhD topic based on the 

appealing demand of nanotechnology in almost all areas of interest. Further I have deliberated 

the research scope and objectives of my PhD thesis project which covers the mainstream of the 

present work. Motivated from the intriguing properties of MoS2 nanosheets and the widely 

explored member of the transition metal dichalcogenide family, I have chosen it as the main 

contender to understand the desired application of focus in this thesis. Particularly, to study the 

scalable fabrication and the subsequent interaction with the live matter, objective of this thesis 

include the green synthesis route of MoS2 exfoliation in pure water only.  

In Chapter-2, initially I have discussed about the significance of nanomaterials in various areas 

of science which have revolutionized the research and commercial sector worldwide. After then, 

I have discussed about 2DMs which have recently got a wide-reaching attention. Further, I have 

explained in detail about 2D TMDs particularly about MoS2 nanosheets and the main fabrication 

protocol followed in this thesis which is liquid phase exfoliation (LPE) to understand its live-

matter interaction in a significant way.I have discussed about various characterization tools used 

in this thesis along with the specific model of each tool, such as UV-Visible spectroscopy to 

measure the absorbance and optical extinction related information of the exfoliated 2D MoS2 

nanosheets. Raman spectroscopy which serves as an important tool to get confirmed information 

on the number of layers and particularly on the successful exfoliation of the given 2DM. On the 

other hand, zeta potential gives interesting information on the stability and about the magnitude 

of surface charge generated after the exfoliation of 2D nanosheets.  Another important tool to 

characterize the exfoliated 2D MoS2 nanosheets morphology and further to understand its 

synergistic interaction with the live matter such as various pathogens and human cells, electron 
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microscopy gives a good option to proceed with. Under this, I have discussed about scanning 

electron microscope (SEM) which has proven to be very useful in this thesis to understand the 

morphology and nature of interaction of water exfoliated 2D MoS2 nanosheets respectively. I 

have basically discussed solubility theories, though these have not been studied for the water 

exfoliated 2D nanosheets because the thermodynamics of minimizing the enthalpy of mixing to 

achieve a stable dispersion works best for those solvents which have well suitable surface energy 

with that of the given solute. Water, being a poor solvent has high surface energy as compared to 

that of MoS2 nanosheets which in consequence cannot be included into the solubility theories. 

Despite of that to understand the thermodynamics of a stable dispersion it is important to 

introduce about the crucial solubility parameters reported in general for other solvents and also 

for the aqueous co-solvent approach. 

In Chapter-3, I have discussed about the liquid phase exfoliation (LPE) technique employed in 

this thesis to exfoliate MoS2 nanosheets keeping in mind the importance of crucial sonication 

parameters such as nature of solvent, initial concentration, amplitude of the sonicator device, 

vessel type and time of sonication. After that, post exfoliation steps such as liquid cascade 

centrifugation (LCC) has been extensively used in this thesis to underline the importance of size 

selection and the desired concentration for the application of interest for my PhD project. 

Further, important analysis of the exfoliated samples by UV-Visible spectroscopy, Raman 

spectroscopy, zeta potential and scanning electron microscopy results have also been discussed. 

In Chapter-4, I have discussed about the significant live-matter interaction results achieved in 

this thesis with a motive to exfoliate MoS2 nanosheets directly in de-ionized water. The evident 

antibacterial and antiviral effect of MoS2 nanosheets is confirmed from the statistical tests and 

microscopy analysis.  Further, I have also introduced a separate section for our recently 
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published work on surface structuring using femtosecond lasers to achieve different surface 

patterns with a motive to deposit LPE nanosheets specifically onto the machined substrates.  

In Chapter-5, I have explained the conclusion and future prospects of my thesis project 

In Chapter-6, I have deliberated about some of our ongoing projects which cover the future 

outlook of the present work in a number of desired applications. Particularly, the synergistic 

antibacterial and antiviral effect of MoS2 nanosheets is under investigation and till date we have 

achieved valuable results which exemplify the potential of water exfoliated MoS2 nanosheets to 

have a significant interaction with different pathogens under study. Additionally, to continue the 

mainstream study of this thesis which is to understand the mechanism of action of water 

exfoliated MoS2 nanosheets on tumor and normal human cell lines, we have employed the use of 

advanced Raman microscopic analysis to get deeper insights into the interaction of these 2D 

nanosheets with the cell membrane.  
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CHAPTER-2 

LITERATURE FRAMEWORK ON TWO 

DIMENSIONAL TRANSITION METAL 

DICHALCOGENIDES (MoS2)  

 

 

2.1. Nanotechnology 

Asking about nanotechnology to a random selection of scientists, engineers, researchers, 

academicians, industrialists and the common public will give a broad range of replies because 

the scope and objectives of nanotechnology is actually very vast in itself! For many scientists, it 

could be nothing new because since ages nanotechnology has been in use by different 

communities of the society. Moreover, scientists have been working at the nanoscale for decades, 

through electron microscopy and other evolving techniques. For other groups, it might be very 

close to a science fiction which now-a days is becoming the reality in many applications such as 

mini robots into the blood stream to cure deadly diseases, strong defense weapons, renewable 

energy based automobiles, nano-industries and food technologies to name a few! [
1–4

]. 
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Today’s material science can be coined into a single term which is nanotechnology. Basically, it 

is that field of applied sciences and technology where manipulation of individual atoms and 

molecules happen at the nanoscale in the range of 1-100 nm. One nanometer is a billionth of a 

meter, or 10
-9

 of a meter. Depending on the number of dimensions in that range materials can be 

classified as 0D, 1D, or 2D. It encompasses the concepts of all other fields such as chemistry, 

physics, mathematics and biology. To understand the impact of nanotechnology, when the bulk 

material is scaled down to nanoscale, can be seen by the change in its physico-chemical 

properties at a significant level [
5–7

]. Nanotechnology can also be defined in terms of “quantum 

confinement” where, quantum means the atomic nature of the particles and confinement means 

restriction in the motion of randomly moving electrons in specific energy levels [
2,3,8

].  

Date back to thousands of years ago, Romans were the pioneers of nanotechnology and they used 

it for eye catching decoration. Roman artisans added tiny nanoparticles of silver and gold in the 

range of 50 nm to the famous “Glass Chalice” which gave different colors when lit from the 

front and back side
1.  Actually, it is not the development of our century and what is new about 

this technology is our ability to understand the nanoscale interactions and manipulation of atoms 

using different approaches [
9
].  

Even in the 9
th

 century, craftsmen in Mesopotamia were oblivious about the use of nanoparticles 

to create the glittering effect on the pottery. People in actual knew nothing about nanotechnology 

since ages but they were blindly following traditional recipes to fulfill the need of their 

profession and to achieve the results with different techniques. 

                                                           
1
 [https://www.smithsonianmag.com/history/this-1600-year-old-goblet-shows-that-the-romans-

were-nanotechnology-pioneers-787224/]. 
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Nanotechnology exists abundantly in nature and in view of that nature gives us classic examples 

of biological molecular machines such as bacterial flagella which functions at micro and nano 

scale. Another classic example would be from lotus plant which shows significant water 

repellence by its leaves giving rise to the famous “Lotus effect”. This effect in principle has 

conceptualized the idea to develop coatings, paints, fabrics on other surfaces that can be used as 

self-cleaning objects! 
2
 A famous science fiction movie “Fantastic Voyage” showed marvels of 

nanotechnology in 1966 when it was a dream to think of such miniaturization of 

nanobots/submarines to be used to treat deadly diseases into the bloodstream. In principle, this 

could be even used to develop targeted drug delivery systems using these nanomachines!  [
1,10–13

]. 

The first scientific approach to understand nanotechnology was made by Faraday when he 

discovered that going below a certain size gold nanoparticles no longer remain metallic and they 

change their color as well. The first scientific publication on the use of nanomaterials was printed 

on CdI2 nanoparticles in 1922 [
14

] and then on MoS2 in 1930 [
15

].  

 

Throughout the human history, their exposure to different nanoparticles exists but after the 

industrial revolution, it has increased dramatically. Richard Zsigmondy, the 1925 Nobel Prize 

Laureate in chemistry was the first person who explicitly coined the term “nanometer” to 

characterize particle size and further he also measured the size of gold colloids using 

microscope. Richard Feynman, the 1965 Nobel Prize Laureate in physics is considered as the 

“The father of modern Nanotechnology” because during his 1959 American Physical Society 

                                                           
2
 [https://trialx.com/curetalk/2012/10/08/nanotechnology-significance-and-applications-in-the-

living-world/] 
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meeting at Caltech, United States, he gave a famous lecture entitled, “ There’s plenty of room at 

the bottom” predicting the possibility of new discoveries and introducing the concept of 

manipulating matter at atomic level. Since then, his hypotheses have been proven correct and 

nanotechnology has revolutionized the whole material science in a significant way [
16

]. A 

Japanese scientist, Norio Taniguchi was the first person who coined the term ‘nanotechnology’ 

almost after 15 years of Feynman’s lecture at Caltech, to describe semiconductor process at 

nanometer scale. This was the era when the prodigies of nanotechnology were evolving and in 

1980s Kroto, Smalley and Curl discovered fullerenes which actually started the race of 

exploration for new materials. Furthermore, this golden era of nanotechnology gave another 

invention of carbon nanotubes by a Japanese scientist Iijima which actually was a scientific 

transition from fullerenes and then to today’s Graphene. 

 

2.1.1. Nanomaterials 

The extremely small engineered particles whose at least one dimension exists less than or 

equivalent to 100 nm are nanomaterials. They have significant importance because of their 

unique physical and chemical properties at the nanoscale which differ considerably from their 

bulk counterpart of the similar composition. As a result, nanomaterials have now entered into the 

commercial market from laboratory in terms of their existence in different forms in day to day 

life. The one reason for which these are very popular in almost all applications is their extremely 

small size or very high surface to volume ratio which enhances their properties in a dramatic 

way. Figure 2.1 represents a general classification of a nanoparticle based on its size, shape, 

surface chemistry and the type of material employed in various applications. All these categories 

play a key role in defining its role in a specific application. Because of their significant role in  
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Figure 2.1: Classification of various nanoparticles based on its size, shape, surface chemistry 

and type of material which can be exploited in various applications
3
  

numerous application areas, it will not be good to say that nanomaterials are only bound to 

laboratories rather they have been explored to create materials in nanoforms. For example, 

nanoform of titanium dioxide is used to implement ‘lotus effect in terms of self-cleaning or its 

coating onto plastic accessories [
17,18

]. Thanks not only to the size of nanomaterials but their 

novel physical and chemical properties by which they can be used to damage and even destroy  

                                                           
3
 [http://cnbm.amu.edu.pl/en/nanomaterials] 
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Figure 2.2: Different nanoparticles acting as promising nano-carriers in various biomedical 

applications [
22

]. 

the cancer cells from within [
19,20

]. A huge number of nano morphologies have been reported so 

far depending on the type of application and as shown in the Figure 2.2 various morphologies of 

different nanoparticles such as gold nanoparticle, dendrimers, liposomes and silver nanoparticles 

to name a few have shown a substantial amount of potential in treating various mortal diseases 
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such as various types of cancers, antibacterial and antiviral actions, molecular and cellular level 

interactions[
21,22,23,24

].    

 

 

 

 

 

 

 

 

 

Figure 2.3: A horde of potential hands of nanoparticles in nanomedicine field to enhance their 

potential to a significant level [
25

]. 

So, to summarize the potential of various nanoparticles in biomedical science, Figure 2.3 gives 

an overview of the different potential hands of nanoparticles in nanomedicine field to 

revolutionize the field by a significant level. 

 



23 |  P a g e
 

2.2. Two dimensional materials 

Particularly, in this section, I will discuss about two dimensional (2D) layered nanomaterials 

which have given new opportunities to the material scientists throughout the world. For the last 

20 years more or less, over a dozen of Nobel Prizes have been awarded for the significant 

advancements or discoveries in nanotechnology. Among those, one of the Nobel Prize in Physics 

in 2010 was earned by two physicists from University of Manchester by A. Geim and K. 

Novoselov for their incredible discovery of the isolation of single graphene layers from the bulk 

graphite in 2004 [
26

]. Now, graphene is like a wonder material and undoubtedly the most known 

and famous among 2D layered materials. Though, the focus of this thesis is not on graphene but 

it is important to give an introduction because it has opened the doors for a new type of layered 

nanomaterials, considering the fact that graphene is not the only 2D material known.   

Dimensionality of a nanomaterial or any material in general, is an important factor which 

explains the behavior, properties and its applications. And the same is applied to graphene and 

the other fascinating members of 2D material family which are extremely intriguing in terms of 

their structure, properties and their use in multiple applications. During late 1930s, it was a 

theoretical belief that 2D materials could not be exfoliated into layers at non zero temperatures 

[
27

]. Even later on, some experiments were performed and the given statement was proven 

correct and the existence of 2D materials was limited only to academic materials for theoretical 

studies [
28,29

]. Then in late 1960s, another report on 2D materials was published based on the 

explanation that due to thermal fluctuations in the sheet like structure of 2D materials their 

existence would not be exhibited in the long range order, though in three dimensional space [
30

].  

 



24 |  P a g e
 

So, after the successful isolation of graphite into graphene layers in 2004, the leading scientists 

proved that 2D materials can also exist at finite temepratures [
26

]. The above depicted Figure 2.4 

was verified by Meyer et al.[
31

] who experimentally proved that the existence of ripples upon the 

suspended graphene sheet stabilizes the material and it accounts for the thermal fluctuations 

which are associated with the thermodynamic stability of the 2D material. Graphene exhibits 

intriguing and interesting properties such as high electrical and thermal conductivity, high 

mechanical strength and high mobility because of quantum confinement and anisotropy of the 

bulk crystal graphite.  

 

Figure 2.4: Represents the thermal fluctuations in the suspended graphene sheet [31]. 

 

So, the unprecedented properties of graphene sparked a search for additional 2D materials with 

their own unique characteristics [
32

] and this search has attracted a significant attention to dozens 
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of 2D nanomaterials in recent years including layered double hydroxides (LDHs), transition 

metal dichalcogenides (TMDs), layered nitrides, transition metal oxides, carbides, carbonitrides 

(MXenes) and graphene like 2D buckled nanosheets (silicene and germanene) as shown in 

Figure 2.5 [
33–36,37

].  

In general, 2DMs possess large surface areas combined with outstanding electronic, optical, 

electrochemical, mechanical and thermal properties that are opening new channels for 

fundamental scientific research and advanced technological applications [
38,39

] there including 

sensing, catalysis, energy storage and functional nano composites [
40–42

]. The feature of being 

some of the thinnest 2D structures among all known materials with very high specific surface 

area makes them indispensable for applications requiring high levels of surface interactions at 

the nanoscale i.e. into the frontiers between biology and medicine such as antibacterial activity 

[
43,44

], biosensors [
45,46

], drug delivery [
47,48

], cancer cell diagnosis and cell imaging [
49

] as shown 

in Figure 2.6. The reason could be attributed for these applications are that 2D nanomaterials are 

the thinnest materials known which means they exhibit highest specific surface areas of all 

known materials. These essential characteristics make these materials useful to understand the 

surface interactions with different moieties. Especially, in different biomedical areas such as in 

gene sequencing, photothermal therapy and photodynamic therapy, the exceptional surface to 

volume ratio of these ultrathin layered nanomaterials replaces the already known competitive 

materials.  
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Figure 2.5 : Family of 2D materials categorized as insulators {members include graphene 

family, hydrogen boron nitride}; semiconductors {memebrs include transition metal 

dichalcogenide family-MoS2, WS2 and Group III – VI members- InSe and GaS}; superconductors 

{members include NbSe2} and semi metals {members include carbon, silicon, germeanium and 

antimony} [
50

]. 
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Figure 2.6: Different biomedical routes making use of fabricated 2D materials in a significant 

way [
51

]. 

 

  
 

2.2.1. Two-dimensional Transition Metal Dichalcogenides 

 
After graphene, the furthermost explored class of ultrathin 2D nanosheets are those derived from 

the transition metal dichalcogenide (TMD) families of materials with MX2 stoichiometry, where 

M refers to a transition metal typically from Group 4-7 of the periodic table (M= Mo, W, Ti, Nb) 

and X refers to a chalcogen atom such as sulphur (S), selenium (Se) or tellurium (Te). X-M-X 

form exhibits the typical polymeric form of the TMD in which a plane of transition metal is 

sandwiched between two planes of chalcogen atoms as shown in Figure 2.7. These layers are 

strongly held together via a covalent bonding and weakly held together with van der Waals 

forces in bulk form [
52,53

]. The thickness of each individual single layer of a TMD is 6-7 Å [
54

]. 

Approximately, 60 possible configurations of layered TMDs have been identified and reported 
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covering the full range of electronic behavior from metallic to wide band-gap insulating 

properties [
33,55–57

]. The outstanding properties of 2D TMDs could be attributed to the specific 

geometric structure which differs from Group (4-7) of the periodic table based on their electron 

arrangement in particular orbitals. X-M-X sandwich form of TMD results in valence satisfied 

atoms with no reactive sites. Further, machining of the structure by various fabrication protocols 

results in making the edge or base sites reactive to other compounds. Incongruent electronic 

states of 2D TMDs is the result of the kind of coordination environment of transition metal and 

its electronic configuration such as d-electron count and the subsequent oxidation state of the 

metal [
33

]. Basically, two different coordination geometries of transition metal exists which can 

be either trigonal prismatic (2H polymorph) or octahedral (1T polymorph) with D3h and D3d 

point group symmetry. In such a case, d-electron count of transition metal decides which phase 

will be thermodynamically stable. Moreover, the same d-electron count is also responsible for 

the electronic and magnetic properties of the given layered material [
33,58,59,60,61

] with a 

significant contribution from the chalcogen atom [
62

]. TMDs from Group 6 of the periodic table 

such as MoS2 and WS2 mostly adopt trigonal prismatic geometry with d
2
 transition metal center, 

whereas TMDs from Group 4 of the periodic table exhibits mostly octahedral geometry with d
0
 

transition metal center.  
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Figure 2.7: Members of transition metal dichalcogenide family highlighted in the periodic table 

which can form a number of combinations exhibiting 2D nanosheets morphology with very 

intriguing properties. Transition metal dichalcogenide structural representation in terms of the 

chemical bonds linked with single metal atom and two chalcogen atoms into few atomic structure 

nanosheet morphology [
63

].  
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Machining of the bulk crystal to few-layer ultrathin nanosheets results in quantum confinement 

of the free electrons which in result increases the anisotropy of the given layered material. 

Because of these confinement and anisotropic effects, the electronic [
64–66

], optical [
67

], thermal 

[
61,68

], mechanical [
69

] and structural [
54,55,70

] properties of the thinned nanosheet material 

becomes significantly different from the bulk crystal. For example. 2H-TaSe2 with d
1
 metal 

center is metallic due to partially filled dz
2
, whereas 2H-WSe2 with d

2
 metal center is a 

semiconductor due to fully occupied dz
2

.  Now, in Mo and W having MX2 elemental formula 

when exfoliated to single or few layer ultrathin nanosheets produces an indirect to direct band 

gap semiconductor and significant improvement in their electronic properties with 2H-MoS2 as 

semiconductor and 1T-MoS2 as metallic in nature. Moreover, distinct physical and chemical 

properties of the machined MX2 gives intriguing results in electronic [
71–73

], solar [
74,75

], energy 

storage [
76,77

] and biomedical applications [
78,79–92

]. 

 

2.2.2. Two-dimensional molybdenum disulfide (2D-MoS2) 

 
In recent years, a major attraction has been devoted to one of the most explored member of TMD 

family i.e. molybdenum disulfide (MoS2) because of its abundance in the earth’s crust [
93

] and 

geometrically it is easy to exfoliate via various fabrication routes. The proposed applications for 

MoS2 are primarily in dry lubricants [
93,94–96

], catalysts [
97, 98,38

] and cathodic material for lithium 

ion batteries [
99

]. The successful isolation of graphene has opened doors for other materials in 

various applications. In such a way, fuelled by the expansion in research activities on graphene, 

arena of applications for MoS2 has also widened from the conventional ones.   

Basically, MoS2 exists in two different polymorphic forms such as trigonal prismatic (2H-MoS2) 

and octahedral arrangement (1T-MoS2) [
100–102

] as shown in Figure 2.8. The bulk crustal of 

molybdenite consists of hexagonal stacked nanosheets, where each single nanosheet is three 



31 |  P a g e
 

atoms thick. As explained in the previous section that metal atom is sandwiched between two 

chalcogen sulphur atoms (X-M-X) with monolayer or few layer structures. The intra-layer is 

covalently bonded with each other, whereas the inter-layer, out of the plane (-X-X-) sulphur 

atoms are weakly bonded via van der Waals forces. 

 

Figure 2.8: Represents the two different structural phases of MoS2 nanosheets which are a) 

trigonal prismatic (2H-MoS2) a semiconducting form occupies central position in the lattice, 

whereas in b) is the octahedral arrangement of atoms (1T-MoS2) which is metallic in nature 

[
103

]. 
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2H-MoS2 is a semiconductor with sizeable band gap, whereas 1T-MoS2 is metallic in nature. The 

reason for their different nature of existence could be attributed to the role of d electrons filling 

in specific orbitals. Moreover, 2H-MoS2 is thermodynamically the stable phase whereas 1T-

MoS2 is metastable [
104

]. The existence of 1T-MoS2 metallic state has been reported by several 

groups by exfoliating 2H-MoS2 phase using lithium intercalation. So, the disturbance in the 

MoS2 lattice by the encapsulation of lithium ions and modification in the d-electron filling of 

MoS2 crystal partially. The exact mechanism of this phase transformation from semiconductor to 

metallic is still not clear and it is very uncertain to give any firm explanation based on only one 

of the fabrication protocol reported so far [
33

].  The exfoliated nanosheets generate dangling 

bonds at the edges and based on the fabrication protocol followed addition of defects results in 

significant change in the surface chemistry of MoS2 nanosheets. Moreover, it becomes more 

useful to play with the surface chemistry of MoS2 nanosheets for various applications such as 

hydrogen evolution reaction, catalysis and solar energy [
105

].  

 

2.2.3. Unique properties of MoS2 

The reason why MoS2 has attracted so much attention in the recent years is because of its unique 

properties which make it a favorable candidate for broad range of applications. The very first 

unique property which can be observed after the exfoliation of bulk MoS2 to single layer or few 

layer ultrathin 2D nanosheets is the increase in energy of the band gap, whereas graphene has 

zero band gap after exfoliation [
106

]. Bulk MoS2 has an indirect band gap with 1.2 eV but after 

exfoliating the bulk into single layer ultrathin 2D nanosheet, the band gap energy increases to 1.8 

– 1.9 eV which is now a direct band gap semiconductor [
52,107,107–109,110–112

]. The alteration of 

indirect band gap to direct band gap can be tuned by various fabrication protocols, 
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functionalization strategies further making MoS2 an appealing material for advanced electronics 

applications and for the optimization of electronic devices. Moreover, the increase in energy of 

the band gap when exfoliated into single layer or bi-layer nanosheets demonstrates the quantum 

confinement of the electrons which generates a strong photoluminescence and improved optical 

adsorption ability in the exfoliated material [
67,113,114

]. On the other hand, 1T-MoS2, octahedral 

arrangement of atoms is metallic in nature and it exhibits photoluminescence after annealing at a 

certain temperature [
115

].  As compared to 2H-MoS2 it is 10
7
 times more conductive because of 

its hydrophilic nature, whereas 2H-MoS2 is completely hydrophobic [
116

]. Graphene, in general 

has Youngs modulus of E= 0.8 – 1.0 TPa [
117

], whereas bulk and suspended MoS2 nanosheets 

has Youngs modulus of E= 0.24 TPa and 0.33 ± 0.07 TPa, respectively [
55,118

]. This comparison 

demonstrates that graphene is the strongest material ever discovered.  

 

2.2.4. Novel properties of MoS2 / other TMDs for biomedical applications 

Recently, a horde of nanomaterials such as carbon nanomaterials [
119

], liposomes [
120

], metal 

based nanoparticles [
121,122

], polymeric nanoparticles [
123–125

] and quantum dots [
126–128

] have 

been designed to overcome the loopholes in biomedical science for the eradication of deadly 

diseases and for other broad range of biomedical applications. Compared to these nanomaterials, 

2D nanomaterials have surpassed them in terms of their exceptional chemical, optical, magnetic 

and electronic properties. 2D MoS2 nanosheets have been explored as a promising candidate in 

the biomedical field because of its exceptional physico-chemical properties [
49,129

].  The ability to 

absorb intrinsic near-infrared light, extremely large surface to volume ratio and low toxicity 

paves a way for this material to be used as a multifunctional nano-platform for different 

therapeutics and combination assisted therapies for the treatment and diagnosis of cancer and 
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other diseases. Especially, single layer MoS2 is a promising candidate for photo thermal therapy 

agent because of its high absorption in the NIR region (700-1100 nm) and high light to heat 

conversion efficiency [
130

].   

 The exceptionally high specific surface area of MoS2 makes it highly favorable to deliver 

biomolecules and load various drugs into cells, in bio sensing applications, antibacterial [
131,132

] 

and tissue engineering [
133,134

]. Subsequently, the ability to functionalize different chemical 

compounds and the large surface area provides a new paradigm to improve the exfoliation 

strategies and enhancement in the novel properties for various biomedical areas, especially the 

bio-interactions, targeted drug delivery with high loading of drug amounts and therapeutic routes 

[
135

]. MoS2 and other TMDs have the ability to act as multifunctional 2D nanomaterials at the 

same time which makes them highly demanding in terms of their fabrication, stability and 

implementation in a specific application. As a result, various research groups have reported 

novel multifunctional roles of MoS2 in gene delivery systems, bio sensing, cellular 

uptake/internalization, anchoring of DNA, RNA molecules and other organic compounds to 

name a few! [
136

].  Moreover, MoS2 is an important trace element, whereas sulfur represents an 

abundant life element which makes it more desirable for biomedical applications [
137

]. 

Just to summarize, the above mentioned roles played by MoS2 and other members of TMD 

family exhibit a cohort of novel properties which are based on some basic principles to design 

2D TMDs for therapeutic applications, bio-interfacing with other molecules, bio-interactions 

with live matter and tuning of surface properties. Those principles from TMDs properties point 

of view are as follows:- 
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a) Versatile and scalable preparation methods. 

The critical requirement for any material to be used in biological systems is its physiological 

stability. For MoS2 and other TMDs, liquid phase exfoliation approach and solvothermal 

fabrication route has proven to be useful and suitable for biological applications [
79,101,102,138,139

]. 

Pre-treatment of the bulk crystal or powder, post exfoliation steps, choice of solvent, 

optimization of different sonication parameters has shown a good amount of yield, monolayer 

and few layer MoS2 and other TMDs nanosheets with high biocompatibility [
138

].  On the other 

hand, to obtain controlled size, morphology and phases of 2D TMDs nanosheets, solvothermal 

approach is appropriate which results in the prevention of samples not to get oxidize. 

 

b) Exceptionally large surface area. 

Thanks to the excellent surface chemistry of MoS2 and other 2D TMD nanosheets which can be 

tuned according to the type of application, the material is being used for. This multipurpose 

surface chemistry of MoS2 nanosheets with large surface area acts as a potential nanoplatform 

for the integration of different functional moieties, bestowing the obtained nano composite with 

highly enhanced properties that are useful in number of biomedical studies. This, as a result, 

turns out to be very useful when these ultrathin nanosheets are utilized for loading different 

therapeutic agents, acting as a nano drug carrier for cancer treatment [
134

].   

 

c) Ability to functionalize different moieties 

To understand the fate of these ultrathin 2D nanosheets in biological systems, it is very essential 

to tune the surface chemistry of these novel materials. Dispersibility, stability and 

biocompatibility of 2D TMD nanosheets in a particular solvent, surfactant-solvent and stabilizer 
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can be enhanced by playing with their surface chemistry parameters [
87,116,138,140,141,142

]. By doing 

so, the properties of 2D TMDs can be engineered to fulfill the requirements for a particular 

biological application. For example, For targeted drug delivery applications, some targeting 

moieties such as Hyralaunic acid, Folic acid, specific peptides can be used to assimilate with 

MoS2 and other 2D nanosheets, which in further can be used to study their uptake by different 

cancer cells [
49,143–145

]. These moieties, in addition to their conventional property also enhance 

the stability of the 2D material in water and other physiological mediums [
90,146

]. 

 

d) Low toxicity of MoS2 and other 2D TMDs 

Cytotoxicity of these materials or nanomaterials in general is an important parameter to be 

defined very clearly before getting into clinical trials. Toxicity of materials in themselves, is an 

important step to check its accumulation and retention in the tissues, toxicity with living cells up 

to a threshold of a certain amount of concentration and toxicity towards their bio-interaction with 

the outer membrane and inner world of bio-system [
89,147,148

]. It has been already reported that 

MoS2 and WS2 are relatively less toxic than graphene [
149,150,151

]] and moreover they are easy to 

biodegrade and excrete from different routes in, in vivo studies [
152

]. These properties make these 

ultrathin materials preferable for various biological studies.   

 

e) High absorption in NIR (700-1100 nm) region 

Especially, in cancer diagnostics, photo thermal therapies (PTT), photo acoustic therapies (PAT) 

and photo dynamic therapy (PDT) are the well-known names to kill the cancer cells and to treat 

different parts of the body using light and heat at a specific wavelength. These work well in NIR 

region (700-1100 nm) which is considered as the optical window of bio-tissue. In this specific 
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region, the scattering and absorbance effect of bio-tissues are minimum that’s why excellent 

photo thermal agents are required which can respond in this optical window and can deeply 

penetrate into the tissue [
153,154,155

]. In this view, 2D MoS2 nanosheets have proven to be 

excellent NIR responsive material and has attracted great attention in recent years to be used as a 

PTT agent because of its narrow band gap and with its high photo thermal conversion efficiency, 

it is used to kill cancer cells more efficiently than the conventional gold nanoparticles [
130

].  

In general, biocompatibility [
67,156–160

], biosafety [
161–163,164

], low cytotoxicity and high photo 

thermal conversion efficiency [
165–168,169

] of 2D TMD nanosheets guarantee their potential 

applications in bioscience and biomedical field .   

 

2.2.5. Fabrication methods of MoS2 nanosheets and other 2D nanomaterials 

Layered materials in general have been explored for decades, whereas the successful isolation of 

graphite into single layer graphene nanosheets has elicited the research activities on other 

members of this family due to the intriguing physicoche 

mical properties when exfoliated from bulk to single layer or few layer nanosheets. MoS2 in bulk 

form has an indirect band gap of 1.3 eV, whereas when exfoliated to single layer nanosheets, it 

converts to a direct band gap of 1.8 eV. This transition introduces significant amount of interest 

in various applications such as catalysis, electronic/optoelectronic devices, energy storage and 

biomedical science [
158,170,171,33,172,173

]. The advent of these novel properties is the actual driving 

force which has now attracted great attention and it has been on the forefront of all scientific 

disciplines including physics, chemistry, material science, medicine and biology. To unravel the 

mysteries of 2D TMDs, it is very critical to fabricate these materials with controlled size, 

thickness and optimum concentration (if opting for solution based approaches). Considerable 
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efforts have been put to synthesize MoS2 and other 2D TMD nanosheets with controlled size and 

morphology, modification of laboratory prepared methods to large scale production and with 

homogenous atomic layers. As the inter-layer structure of MoS2 nanosheets exhibits strong 

covalent bonding, whereas the intra-layer structure exhibits weak van der Waals forces which 

can be broken to obtain single layer or few layer 2D nanosheets with fascinating properties. This 

has inspired the scientists to separate the bulk crystal into individual layers for many years. At 

that time, it was unclear about the existence of these individual monolayers but efforts were put 

to push their thoughts into realization and MoS2 monolayer was prepared in a same way as 

graphite by intercalation using tetrabutylammonium  (TBA) and water separately between the 

bulk layers [
174,175

]. But it was not possible to find out the physical parameters such as 

thickness/number of layers isolated from the bulk crystal, which at that time was characterized 

by x-ray diffraction technique [
176

]. After some years, another group of scientists did some 

improvement in analyzing the isolated MoS2 monolayer in a way that they were able to identify 

that after isolation from the bulk crystal a metastable phase has been created from trigonal 

prismatic (2H-MoS2) to octahedral arrangement (1T-MoS2) with different electronic structures 

and structural distortions [
177–179

].  

Basically, the fabrication strategies for MoS2 and other 2D TMDs can be divided into two 

categories as shown in Figure 2.9:- 

a) Top-down approach 

b) Bottom-up approach 

 

Every synthesis technique exhibits some merits and demerits which can be dependent on the type 

of application focused. In top-down approach, larger or bulk materials are removed or exfoliated 
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to create a 2D nanostructure, whereas in bottom-up approach, self-assembly of nanostructures is 

carried out from atomic or molecular precursors which are allowed to grow under certain 

temperature and other growth parameters in a controlled environment [
180

]. 

 

Figure 2.9: Different fabrication approaches employed to produce 2D nanosheets with few 

nanometers of thickness and broad range of lateral sizes of the nanosheets -Top down and 

bottom up approach to exfoliate 2DMs [
51

] 

 

2.2.6. Micromechanical Exfoliation 

The very first isolation of bulk MoS2 crystals to tens of nanometers thickness nanosheets was 

reported by Frindt in 1966 which now has become the famous ‘Scotch Tape method’ [
176

].  In 

2004, A. Geim, K. Novoselov and coworkers approached in a more scientific way and improved 

this micromechanical cleavage method for lamellar crystals with proper assessment of thickness 

and other properties [
26,181

].  Basically, any lamellar crystal is placed between the two pieces of a 

scotch tape and the adhesion between the basal plane of the lamellar crystal and scotch is much 
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stronger than the weak van der Waals forces between the layers, which results in cleavage of 

ultrathin layers continuously. Repeating the same process to freshly cleaved nano flakes 

produces single and few layer 2D nanosheets which after the exfoliation are transferred onto a Si 

substrate for characterization and on the spot device fabrication as shown in Figure 2.10. These 

two Nobel Prize winner physicsts used this technique to isolate graphene from the bulk graphite 

but a number of other lamellar crystals such as 2D TMDs have also been isolated using the same 

approach provided the availability of the bulk lamellar crystal of that material [
26,102,181,182

]. Then, 

the same physicists reported that rubbing of a lamellar crystal onto a desired solid substrate can 

also isolate the nanosheets from the parent crystal [
181

].  

To cover the loop holes by one method or the same method, some new techniques, new materials 

have always been discovered and this is how research works. After six to seven years of the 

discovery of scotch tape method with proper assessment of the thickness by A. Geim and K. 

Novoselov, two other scientists found that viscoelastic stamps can also be used to exfoliate other 

lamellar crystals such as TaSe2, MoS2 and NbSe2 with the same effect as that of Scotch tape 

[
183,184

]. The advantage of this viscoelastic stamp over Scotch tape method is that it does not 

leave behind the traces of the adhesive bound to the surface of cleaved nanosheets [
184

]. Further 

improvement in the micromechanical cleavage was reported with the use of ‘sandpaper’ assisted 

rubbing of the parent crystal which in result produces friction between the fine grains of the 

sandpaper to generate shear forces to exfoliate the bulk crystal to thin layered nanosheets with 

thickness > 100 layers [
185

].  

 

So, in general, micromechanical exfoliation produces high quality, pure single and few layer 

nanosheets which are far much better than those produced by any other fabrication method. The 

best part is that it is facile, cheap and easy to process method which during the exfoliation 
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reduces the unnecessary cleavage of nanosheets which in results give single layer 2D nanosheets. 

Simultaneously, the isolated nanosheets can be used for proof-of-concept device fabrication 

[
39,160,186–194

] which till date has shown excellent results and that’s why most of the researchers 

prefer to use this technique for device fabrication and optoelectronic applications of other 2D 

ultrathin nanomaterials [
195,196

]. 

Every fabrication technique is associated with some disadvantages as well and so is the case with 

micromechanical cleavage method. Usually, the amount of 2D TMD nanosheets produced from 

this technique is very low and more often bi-layer, tri-layer or more nanosheets are isolated 

which increases the thickness and of no use for practical applications. The morphology of the 

single layer flakes is irregular which hampers its use for device fabrication because of the lack of 

assessment and analysis after the exfoliation from bulk crystal. This method in general is not 

scalable and sometimes it is very time consuming in terms of selection of a particular substrate 

for the characterization of isolated 2D TMD nanosheets. Especially, biomedicine and other 

biomedical applications, micromechanical cleavage technique is not favorable because of its low 

throughput, where these applications demand large amount of solution processed 2D nanosheets. 
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Figure 2.10: Procedure of micromechanical exfoliation of graphene using scotch tape method 

and then subsequently depositing it onto a particular substrate [
197

] 
 

 

 

2.2.7. Chemical Vapor Deposition (CVD) 

 
CVD comes under bottom-up technique which is really demanding method for high tech 

electronics and optoelectronics applications of 2D TMDs. The initial picture of a bottom-up 

approach is important to understand how CVD works. Basically, initial precursors containing 

metal and chalcogen are put under a reaction in any phase (solid, liquid or gas) in a controlled 

environment to produce high quality single layer 2D TMD nanosheets as shown in Figure 2.11. 

The chemistry of this process is robust as the reaction of Mn
+ 

and nX
2- 

gives the desired 2D 

nanomaterial and is same in every case whether the reaction is carried out in solid, liquid or gas 

phase. The reaction of these energetic ions requires control over the reaction kinetics and growth 
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of the 2D nanomaterial with proper understanding of the energetics involved in the reaction. One 

advantage of parent 2D TMD is their high anisotropy which aids in the growth of single layer 2D 

nanosheets but at the cost of high temperature conditions, long reaction times and high energy 

process [
108,109

].  

 

Figure 2.11: Steps to grow 2D nanosheets from the precursors followed by nucleation and vapor 

deposition based controlled growth in a specific pattern, high quality monolayer nanosheets 

[
198

]. 

Typically, single- or few-layer nanosheets can be grown onto substrates in a following way:- 

a) Vaporization of metal and chalcogen atom 

b) Co-deposition of the above onto a desired substrate 

c) Metal film deposition onto a wafer heated with chalcogen source 

d) Transition of metal oxide to metal disulfide by sulfurization process 

 

For example, in case of MoS2 and WS2 nanosheets it has been reported that growth of both of the 

materials was performed via the same way but on different substrates, sapphire for MoS2 and 
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SiO2 for WS2 [
199

]. The initial precursor MoO3 layer is deposited onto a given substrate by 

thermal deposition and then the obtained product is sulfurized using sulphur gas at high 

temperature. However, the current method is not scalable and transferrable at industrial level 

because of harsh reaction conditions such as high vacuum, high temperature, specific substrate 

and risk in avoiding damage to the grown layers onto the substrate. So, for biomedical 

applications the current fabrication strategy is not useful as it is more suited for high end 

electronics applications. 

 

2.3. Chemical Exfoliation Approaches 

 

2.3.1. Lithium intercalation technique 
 

Intercalation approach by name suggests the insertion of some molecules between the layers. 

Basically, insertion of species in between the TMD layers expands the interlayer distance and 

weakens the intra layer van der Waals forces which after the aid of ultra-sonication gives high 

yield and high concentration 2D TMD nanosheets than is possible with any other fabrication 

method [
200

]. Usually, the criteria to choose an intercalating specie is based on the reaction of 

that specie to give gas as by product which subsequently increases the interlayer distance and 

provides a delamination force to isolate the bulk crystal to single layer or few layer 2D 

nanosheets. So, direct use of gases, acid intercalation and more commonly lithium is by far the 

most effective intercalatant to exfoliate 2D TMD nanosheets with promising applications [
76,201–

204
]. Most often 2D TMDs have been approached to exfoliate via lithium intercalation [

100,205
] to 

obtain single layer ultrathin 2D nanosheets. The pioneers who first proposed and developed this 

technique have attracted so much attention in today’s era of 2D materials exfoliation for high end 

applications [
175,206–213

]. 
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The simple chemistry which is involved in this fabrication technique is implemented in two steps 

as shown in Figure 2.12:- 

a) Firstly, the treatment of bulk MoS2 or other TMDs with n-butyllithium in an inert gas 

hexane to yield an intercalated compound with a general formula LixMX2. In such a case, 

electron transfer from hexane to bulk TMDs is the driving force which accommodates Li
+ 

ions between the layers to balance the charge effect [
206,212

]. 

 

b) Then, the intercalated LixMX2 compound reacts with water followed by ultrasonication 

which provides an additional mechanical and acoustic energy to exfoliate the bulk 

lamellar crystal to single layer nanosheets. The metal ion reaction with water gives LiOH 

and hydrogen gas which acts as a driving force, when it expands and acts as a driving 

force to peel out the bulk crystal. 

 

c) So, the production of single layer MoS2 or other 2D TMD nanosheets can be attributed to 

the following three parameters involved in this fabrication technique:- 

 

1) Expansion of the interlayer distance and weakening of van der Waals forces upon 

intercalation. 

2) Hydrogen gas a byproduct acts as a driving force to peel out the bulk crystal to 

single layer nanosheets. 

3) Addition of negative charge upon ultrasonication and intercalation results in 

columbic repulsion of negatively charged nanosheets [
214

]. This charge transfer 

changes the phase of MoS2 from 2H- semiconducting to 1T-metallic which has its 
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use in applications such as electro-catalytic activities, hydrogen evolution 

reactions [
115,207,208,215–217

].  

 

4) However, there are certain limitations to this fabrication technique which hampers 

its use in biomedical applications because of use of harsh chemicals and 

experimental conditions [
100,206,218

].  On the other hand, lithiation process proceeds 

very slowly and most often several days are required to complete the process. The 

intercalated compounds are unstable in air and they are highly inflammable [
219

]. 

So, considering my aim in this thesis, the current technique is not favorable to use 

and to study the bio-interactions with living matter. 

 

Figure 2.12: Steps to exfoliate 2D MoS2 nanosheets using lithium intercalation technique [
220

] 

 

 

2.4. Ultra-sonication Assisted Exfoliation Approach 

To outwit the above mentioned loopholes in all other fabrication methods, direct exfoliation of 

layered 2D materials by ultra-sonication in an appropriate solvent appears to be a promising 

route which subsequently can be used for almost all kinds of applications [
101,102,221–230

]. The 
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other fabrication strategies explained in previous sections are not suitable for biomedical 

applications because of their limitation of processing in harsh environments and use of toxic 

solvents, chemicals and expensive setup. The best part of ultra-sonication assisted exfoliation 

technique is that it is versatile, environment friendly, easily scalable and easy to operate. 

Naturally abundant bulk crystals of layered materials such a graphite, MoS2, WS2 and other 

innovative members of the 2D family are easy to exfoliate with optimum preparation parameters. 

The desired lateral size, thickness, concentration and flexible functionalization of the dispersed 

2D nanosheets can be facilitated using this approach [
231,232

]. The intrinsic properties of the 

exfoliated nanosheets remain preserved provided the non-covalent stabilization feature of this 

technique. 

 

So, in principle, the energetic agitation produced by the ultra-sonicator device results in the 

generation of waves which propagate through the given solvent at a fixed value of amplitude and 

power at a time which generates vibration and cavitation inside the liquid environment [
233–235

]. 

The continuous exposure of the sonication induced hydrodynamic forces act as a driving force to 

break the van der Waals forces of attraction to peel out the bulk crystal into thin 2D nanosheets, 

followed by centrifugation a post exfoliation step in the technique [
101,221

]. To make this process 

scalable, it is vital to efficiently enhance the modes of exfoliation i.e. vibration and cavitation 

which can be achieved by optimizing different sonication parameters such as using high power 

sonicator.  
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2.4.1. Mechanism of ultra-sonication in a solvent 

Basically, input of strong acoustic and transverse waves generation is the key point which 

initiates the exfoliation process followed by other parameters as well. High power probe/horn/tip 

sonicator and more commonly bath sonicator are the two important ultra-sonication devices 

which have given a significant attention to the material scientists to exfoliate lamellar crystals 

more easily and within the scope of their lab. In case of high power probe/tip sonicator, the 

generation and propagation of transverse waves into the given solvent results in two different 

modes of exfoliation i.e. vibration and cavitation, which acts as a driving force to isolate or peel 

out the bulk crystal to thin nanosheets, followed by post exfoliation steps. Not only the 

transverse wave but the combination of compressive wave and tensile stress wave at the interface 

of the layered crystal aids significantly in peeling out of thin nanosheets from the bulk material 

[
102

]. Upon increasing the ultrasonic power, not only the ability of the device to exfoliate 

enhances considerably but simultaneously the intensity of the cavitation forces becomes more 

than the vibrational one. In general, cavitation forces carry more energy to exfoliate the layered 

crystal than the vibrational forces. The use of high input power from a specific horn/probe of the 

sonicator creates low-high pressure cycles which produce in-situ generation and impulsion of a 

cavitation bubble within the dispersing medium. Subsequently, this impulsion of a cavitation 

bubble results in very fast and powerful shockwaves that generates high local pressures and 

temperatures which is in the range of kPa to MPa and 100s to 1000s ºC [
234,235

]. As soon as the 

input power is given, the generation of these high-energy cavitation forces from the bubble-

collapse mechanism results in shear exfoliation and complete scission of the bulk crystals to 2D 

nanosheets [
233

].  Basically, the generation of cavitation forces from the bubble collapse 

mechanism exfoliates the bulk crystal far more efficiently than the vibrational forces in terms of 
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higher dispersed concentration but it has some detrimental effects on the lateral dimension of the 

produced nanosheets [
236–241

].   

So, to summarize the above written mechanism ultra-sonication has the potential to produce a 

horde of novel nanosheets with the desired physical parameters based on the optimization of the 

initial precursor materials and device settings. The fragmentation, peeling out or complete 

scission of 2D nanosheets depends upon the cavitation forces formed during the rarefaction cycle 

of ultrasound waves which forms in-situ cavities or stable but transient microbubbles 

[
101,102,224,226,242,243

]. Upon continuous provision of high input power from the probe, these 

microbubbles grow and reach a particular size where they collapse gruffly with an instantaneous 

generation of high local pressure and temperature. Additionally, with this bubble collapse 

mechanism, high intensity shock waves are generated which acts as a driving force to exfoliate 

the bulk crystal to ultrathin poly disperse 2D nanosheets by overcoming the weak van der Waals 

forces of attraction between the layers. Wherever in the dispersed medium, the absence of 

cavitation bubbles fragments the nanoflakes because of frictional forces acting on them [
244

]. 

Whereas, in bath sonication, generation of acoustic waves in particular hot spot regions of the 

bath sonicator overcome the weak van der Waals forces and exfoliate the layered crystal to thin 

nanosheets. Other than these, recently developed jet cavitation and high-shear mixing of bulk 

crystals to ultrathin 2D nanosheets represents another significant phase of exfoliation protocol 

which gives outstanding yields and concentrations of dispersed nanosheets which can be used in 

a number of applications such as thin films, composite materials and ink-printing [
236,245

].  

One strategy under ultra-sonication approach which has become increasingly popular is the 

liquid phase exfoliation of layered crystals (LPE). Similar to the concept of ultra-sonication, LPE 

is applied to a wide range of layered materials in which any layered crystal is immersed into a 
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suitable solvent or aqueous surfactant solution, which is given a high-energy probe/tip sonication 

for a certain amount of time, followed by size selective centrifugation steps to achieve the 

desired 2D nanosheets [
101,221,246,247

]. The thermodynamics of this technique explains that the 

interaction of liquid-nanosheets interface in a suitable solvent or surfactant solution reduces the 

net exfoliation energy and subsequently stabilizes it against aggregation effect [
224

].  The high-

energy input power device aids in overcoming the weak van der Waals forces, whereas the 

aqueous surfactant or solvent acts as a stabilizing agent to avoid the re-aggregation of dispersed 

nanosheets.  

 

2.4.2. What drives the need for liquid phase exfoliation?  / Significance of this 

approach as compared to other techniques 

 As, explained in the previous section that ultra-sonication is the most easier, scalable, 

versatile and green approach to exfoliate 2D layered crystals for the desired applications 

where no pre-treatment, chemical modification using harsh chemicals and toxic 

environment is not required. Similar is with LPE, which is a straight-forward process and 

does not even require expensive setup and extraordinary experimental skills, making it 

viable to the researchers worldwide.  

 Coleman and co-workers are the pioneers who revealed the initial physics and 

thermodynamics of this technique by exfoliating graphite in a wisely chosen solvent [
221

].  

 

 It is one of the most versatile, scalable and cost effective fabrication technique among the 

other synthesis methods to exfoliate 2D nanomaterials [
248,249

]. 
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 Usually, to prepare the hetero-structures and nano-composites lengthy and tedious 

experimental techniques are followed but LPE offers a very simple and feasible approach 

by simply mixing dispersions with dissimilar constituents. Two different materials with 

different properties and structures can form a composite or nano-composite using this 

technique. 

 Versatility of this approach not only covers the lamellar crystals in 2D form such as 

graphite, 2D TMDs, hexagonal boron nitride and black phosphorous but also to more 

bizarre structures such as layered oxides MoO2  [
250

], MoO3 [
251

], Group III-VI 

semiconductors GaS [
252

], InSe [
253

], SnS [
254

], layered silicates [
255

] (talc or mica), 

layered hydroxides (Ni(OH)2  [
256

], Co(OH)2 [
257

] just to name a few! 

 As compared to other techniques, it produces extremely high concentrations exceeding 

the range of 1g/l and even more, which can be used for industrial based implementation 

of this method. The produced dispersions are quite stable and can be avoided against 

aggregation by using suitable solvents and aqueous surfactant solutions [
224

].  

 The flexibility in producing single layer and few layer 2D nanosheets of varied bulk 

layered crystals and a broad range of lateral size distribution differs from material to 

material. For example, mean of the size distribution of MoS2 and WS2 nanosheets is 

considerable smaller than those of graphite and black phosphorous.  

 The best part of this method is that the exfoliated dispersions can be processed into thin 

films and nanostructured materials using inkjet printing [
258,259

], spray deposition [
260

] and 

freeze-drying [
261

] which further can be used in broad range of applications. 
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To briefly define the procedure of LPE so as to get the insight of how it works, 

following steps are as shown in Figure 2.13:- 

a) As the bulk layered crystals have a strong covalent bonding between the layers but 

weak van der Waals forces between the adjacent layers so, to break or to overcome 

these weak forces of attraction, high energy power is imparted directly into the 

dispersed medium.  

b) This, in result generates strong vibration and cavitation forces which act as a driving 

force to break the bulk crystals into thin layers. 

c) Now the peeled or isolated sheets need to be dispersed and quite stable for practical 

implementations of these exfoliated dispersions. For this, suitable solvents, aqueous 

surfactant solutions or stabilizers are required which will be selected on the basis of 

thermodynamics and solubility theory of the dispersions.  

d) The wisely selected solvent or aqueous surfactant or stabilizer will play a dual role, 

one, they will minimize the net exfoliation energy and simultaneously they will 

adsorb to the surface of exfoliated nanosheets to avoid the re-aggregation in the same 

medium. 

e) The as exfoliated nanosheets are poly disperse in nature, means they exhibit varying 

sizes and thicknesses in the same dispersion. These final dispersions are not 

appropriate for various practical applications such as (printed optoelectronics, inkjet 

printing, hydrogen evolution reactions and electrochemical devices) because of low 

monolayer content [
262–265

]. So, to unveil the full potential of as exfoliated nanosheets, 

the foremost important step in LPE is ‘size selection’ by centrifuging the dispersions 

with specific centrifuge parameters. 
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Figure 2.13: Procedure for liquid phase exfoliation of 2D nanosheets exfoliated in a suitable 

solvent/ aqueous surfactant system 

The interesting physics behind the LPE process requires the monitoring and analysis of each 

single step to explore its potential in different areas of applications. The properties of the 

dispersed nanosheets can be attributed to a number of pre and post exfoliation parameters which 

are fundamental to comprehend the role played by each in the successful exfoliation of 2D 

nanosheets. In the last five to six years, a number of studies have been reported on the effect of 

ultrasound physics and sonication parameters such as initial bulk concentration, kind of solvent 

or aqueous surfactant or polymer solution, processing time and volume on the exfoliation 

efficiency of 2D layered TMDs [
127,239–241,266–271,272

].  

To understand the effect of all the sonication parameters in detail along with reference to the 

work done by different research groups worldwide in this field, I have listed and explained each 

parameter one by one. LPE can be performed using tip/probe sonicator with specified output 

power, bath sonicator, house -hold kitchen blender, rotor stator mixer for shear exfoliation, jet 
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cavitation and micro fluidization. The experiments for this thesis have solely been performed 

using tip sonicator. In the following section I will try to explain the influence of ultrasound 

physics on the exfoliation of MoS2 and other layered materials. 

 

1) Influence of ultrasound physics on the exfoliation process 

Generally, ultrasound represents the sound waves whose frequencies exceeds the upper limit of 

audible sound but when these same frequencies interact with solid materials the scenario 

becomes complicated but interesting as well. K. S. Suslick et al. and others have explained very 

nicely the physics behind the ultrasonic waves propagation and its interaction with inorganic 

particles [
273–277

]. As explained already in the previous sections that the intensity of the 

ultrasound irradiation and the subsequent generation of acoustic waves into the dispersed 

medium produce low and high pressure cycles. Depending on the given frequency of the 

sonicator device, these cycles create cavitation and bubble formation which upon continuous 

irradiation grow, pulsate and collapse with each other generating strong shock waves. These 

shock waves act as a driving force in isolating and peeling out of the bulk crystal to ultra-thin 2D 

nanosheets [
239,240,268,273–277

]. These conditions disparagingly affect the lateral size, thickness and 

final concentration of the dispersed MoS2 and other layered nanosheets. So, this ultrasound 

physics breaks down the weak van der Waals forces of attraction which leads to the delamination 

of bulk layers and it also breaks strong covalent bonding between the layers which fragments the 

bulk into nano dimensions as seen from the Figure 2.14. 



55 |  P a g e
 

 

Figure 2.14: Structural representation of MoS2 nanoflakes explaining the two different 

exfoliation mechanisms resulting in separation of bulk crystal into ultrathin 2D nanosheets In 

one part, inter layer van der Waals forces are broken to isolate the bulk crystal into 2D 

nanosheets, whereas in another portion fragmentation occurs via breaking of covalent bonds 

within the bulk [
278

]  

 

Now, at this point the important sonication parameters which play a key role in the successful 

exfoliation of 2D MoS2 and other layered nanosheets are shape of the tip or sonotrode, pressure 

and temperature during the exfoliation, cooling system, ultrasound intensity, density of the 

solvent used, depth of the sonotrode immersed into the same medium, amplitude of the device 

and frequency of the sonicator [
267–269

]. Variation in these parameters drastically affects the 

reproducibility in the results obtained. Especially, for biomedical applications, irreproducibility 
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in the results can create serious discrepancies between the analyses and the subsequent bio-

interaction study with layered materials. On the other hand, though, bath sonicators gives good 

yield but it is very complicated to repeat the experiment with the same conditions, position of 

exfoliation tube in the bath, level of water and so on to get similar results [
266

]. In such a case, tip 

sonicators gives accuracy in the results when the focus of the study is to analyze the properties of 

the exfoliated nanosheets for a number of practical applications such as biomedical science, 

optoelectronics, thin films  and hydrogen evolution reaction to name a few! There are some other 

reports where the authors have utilized both bath and tip sonicators to achieve hetero-

dimensional nanostructures such as MoS2 quantum dots lying onto MoS2 nanosheets [
127

].  

Noteworthy decrease in the lateral size of the exfoliated nanosheets, increase in the dispersed 

concentration up to a certain level and no change in the thickness of the as obtained product can 

be seen by increasing the power of the tip sonicator from 350 W to 500 W [
241

].  Using aqueous 

surfactant solution to exfoliate MoS2 / WS2 nanosheets, a study reported an expected upsurge in 

the concentration with increasing ultrasound power [
269

]. It was also reported that upon 

increasing the ultrasound power up to a certain value, the concentration started to fall but the 

area of nanosheets became slightly larger [
240

].  The reason for the above explanation was 

explained on the basis of two different types of cavitation such as non-inertial and inertial 

cavitation in which the authors have categorized both of the effects on the basis of different 

sonication powers. This subsequently results in large and small lateral size 2D nanosheets. 

Apart from the above mentioned points, the depth of tip immersion into the exfoliation tube 

plays an important role in the generation of cavitation inside the dispersing medium. The most 

effective probe depth to achieve non-inertial cavitation is 0.5 cm from the bottom of the tube. In 

result, additional shear force is generated which peels out the bulk material to thin nanosheets 
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[
270

]. Even in the device manuals it is clearly mentioned that immersing the tip above or below 

the threshold value will not exfoliate the given material and would give damaging results. This 

could even damage the bottom part of tip, if in case high power and continuous mode sonicator is 

used for a long duration.  

 

2) Impact of the nature of the solvent 

The very first question that comes into the mind before designing for any set of experiments 

related to LPE of 2D nanomaterials is the choice of the solvent and on what basis? It is widely 

considered that the birth of LPE took place when the first report on the exfoliation of graphite 

using a wisely chosen solvent was published by Coleman and co-workers in 2008 [
221

]. So, the 

selection of a solvent depends strongly on the material, purpose of its production and the 

principles of the thermodynamic solutions. This has been nicely shown in series of research 

articles by the pioneers of this fabrication technique [
101,246,279,280

]. Some other research groups 

have also explained the choice of solvent for an effective exfoliation of large number of layered 

materials [
281–283,284

]. Wisely choosing a solvent result in effective exfoliation of the given 

layered 2D material which can be ascribed in the following steps:- 

 Solvent should be able to impart the high end acoustic energy from the sonotrode tip [
239

].  

 Appropriate solvent with the correct parameters in a sense to intercalate into the layered 

material and to minimize the net exfoliation energy between the dispersing medium and 

inter-layer forces of the bulk crystal [
101,246

]. 

 Solvent should be able to avoid the aggregation of the nanosheets by steric repulsion 

based on the molecular size of the solvent [
238,285

]. 
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 In general, a huge amount of work has been devoted to understand the criteria for an appropriate 

choice of solvents to exfoliate 2D nanosheets to explain their significant enhancement in the 

efficiency of exfoliation. In most of the works cited above, majority of the research groups have 

formulated different solubility theories to estimate the exfoliating ability of the solvents towards 

layered 2D materials. In order to minimize the net exfoliation energy, quantitative characteristics 

of the desired solvent and that of layered material should have similar values of surface energy 

which is considered as a solubility parameter for the solvent. As reported in some literature 

works that a well suitable solvent will have a common value of surface tension (σ) around 40 

mJ·m
−2

, corresponding to surface energy (γ) value around 70 mJ·m
−2  

[
101,246,283

]. The concept of 

an appropriate solubility parameter to choose an effective solvent works as first screening of the 

solvents. Till date, both for MoS2 and WS2 nanosheets, the best solvents which have given 

highest yield and highest concentration are N-vinyl-pyrrolidinone, DMSO, N-dodecyl-

pyrrolidone, cyclohexyl-pyrrolidinone, dimethyl-imidazolidinone and DMF [
246,283

]. A 

significant contribution on investigating the matching solubility parameters for a broad range of 

solvents has been reported by various research groups which theoretically and experimentally 

reveals the importance of a solvent properties in efficiently exfoliating wide number of layered 

2D materials [
101,102,239,281,286

].  

The criteria and theoretical calculations made to choose an effective solvent was suited best for 

those organic solvents which by nature are highly toxic, expensive and exhibit high boiling 

points. The physical and chemical properties of such solvents often complicate the post 

exfoliation steps when there is a need to evaporate the solvent for thin films or other 

applications. Recently, these so called preferred solvents have been placed on the candidate list 
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of ‘Substances of Very High Concern’ (SVHC) [
287

] by the European Union
4
 under the 

[Regulation (EC) no. 1907/2006] and in USA  [as well because NMP and DMF presents severe 

health risks and reproductive toxicants [
221,288

].  

To circumvent these serious issues, various research groups have made successful attempts by 

exfoliating 2D MoS2/WS2 and other layered materials in low boiling point solvents such as 

ethanol, acetone, water, tetra hydrofuran (THF), isopropanol, methanol etc. The applicability of 

the solubility theories have also been reported for water-alcohal [
281–283,289

], water-acetone [
282

] 

and water-IPA [
290

] mixtures. Particularly, in such solvents molecule size of the solvent is crucial 

in imparting efficient energy to the material upon continuous ultrasound irradiation. 

 

3) Influence of sonication power and type 

As widely adopted and easily accessible, two different types of ultrasonic devices are available- 

bath sonicator and probe/tip sonicator. Other sonication devices such as household kitchen 

blender [
248

], wet jet milling device [
291

], ball milling [
292–294

], fluid dynamics in a hydrodynamic 

apparatus [
295–297

] and rotor stator mixer [
245,298

] have also been reported for efficient exfoliation 

of layered materials at both industrial and laboratory scale. It has been reported that high energy 

tip sonicator produces high quality 2D nanosheets exhibiting appealing concentrations and a 

good amount of yield as compared to a bath sonicator. It is even much better than a bath 

sonicator in terms of processing time as it can disperse high concentration dispersions in shorter 

times in the range of ∼1 g/L in <24 h for initial bulk material concentrations of 30−50 g/L 

[
101,238,299

].  The reason as explained above that the introduction of cavitation and vibration forces 

from the dispersing medium generates cavities or micro-bubbles which in result produces strong 

                                                           
4
 European Chemicals Agency (ECHA) candidate list of Substances of Very High Concern 

(SVHC). Available from:http://echa.europa.eu/candidate-list-table (accessed 10-01-2017) 
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acoustic shockwaves with high speed jets and high local temperature and pressure. This all is 

imparted to the bulk layered crystal which acts as a driving force to peel out the bulk lamellar 

crystal to ultrathin 2D nanosheets. Some authors have studied the impact of different ultrasonic 

powers of a probe sonicator on concentration and morphology of MoS2 nanosheets exfoliated in 

NMP. They observed that the optimal power within the same dispersion which can effectively 

exfoliate MoS2 nanosheets in NMP was in between 250-320 W [
240

]. Below this, the cavitation 

effect is very less which in result produces less exfoliation energy to exfoliate the layered crystal. 

Going above 320 W, high concentration of cavities in the same medium suppresses the cavitation 

forces which actually work as a shielding barrier for the nanosheets. But at high power, lateral 

size and thickness decreases significantly whereas at low power sonication, large lateral size 

flakes are obtained [
241

].  

 

In general, the above cited exfoliation methods should be adopted based on the layered material 

chosen. Graphite, for example can be exfoliated using all of the above methods but other layered 

materials could have different properties and criteria to be ready for exfoliation using these 

methods. 2D TMDs have significant applications in high tech optoelectronics, thin films, 

hydrogen evolution reaction and various biomedical areas where thin and large nanosheets are 

required and in such a case high energy tip sonication will meet the desired outcome rather than 

bath sonication. So, investigation of different exfoliation methods is very essential to test the 

potential of new layered materials to exfoliate. Both bath sonication and tip sonication have 

different potentials to exfoliate lamellar crystals based on their mechanical setup. The former one 

exhibits a bath containing de-ionized water up to a certain level where a glass vial containing the 

layered material is immersed into it at a fixed position where the strong ultrasonic vibrations 
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travels through the bath and vial positioned and acts as a driving force to peel out the bulk crystal 

to thin nanosheets by. It is usually a time consuming method and less reproducible method which 

gives large lateral size with single or few layer nanosheets exhibiting an optimum amount of 

concentration [
221,238,247,285,300

]. Whereas, the latter exhibits a high energy sonotrode or tip which 

is immersed into the dispersing medium up to a certain depth and upon ultrasonic irradiation the 

cavitation physics isolates the bulk crystal to high quality, high concentration and poly disperse 

2D nanosheets with high reproducibility [
101,251

]. It is combined with different varieties of probe 

shapes, sizes and device controllers for other functions such as amplitude setting, frequency 

setting and pulse ON-OFF modes for long terms effective usage of this tip sonicator.   

 

4) Impact of sonication time on the efficiency of exfoliation 

Sonication time has a great influence on the desired outcomes from the exfoliation of 2D TMDs 

and other layered materials. Linear relationship between the final concentration and sonication 

time has been reported in a number of research articles but up to a certain point after which the 

final concentration tends to start decreasing because of the inhibition of cavitation bubbles after a 

saturation point. Prolonged sonication leads to more extensive scission and fragmentation of 2D 

nanosheets which in result decreases both the thickness and lateral size of the exfoliated 

nanosheets. Coleman and co-workers have investigated widely the effect of sonication time on 

the exfoliation efficiency and subsequently on the product parameters [
246,279

]. Even using bath 

sonicator for prolonged hours of sonication, an optimum relation between the concentration and 

lateral size has been observed which marks an important point to control the sonication time for 

the desired product parameters, though with high concentrations. Recently, Piers Turner et al. 

have reported a controlled sonication route for graphene nanosheets with flake size control using 
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advanced cavitation physics based metrology devive via LPE. They have achieved 18% yield 

after three hours of controlled sonication under a controlled temperature and other parameters by 

which they controlled inertial cavitation dose which resulted in consistent ultra-sonication 

throughout the time [
301

].  

 

5) Influence of surfactants/stabilizers on the efficiency of exfoliation 

Generally, surfactants or stabilizers act as a solid support for not only 2D materials but other 

nanomaterials in a given dispersant to enhance the stabilization, to avoid the aggregation and to 

increase the interaction of dispersed nanoparticles with the surrounding medium with optimally 

high concentrations. So is the case with graphite, 2D TMDs and other layered materials. The use 

of surfactants/stabilizers during the exfoliation have stretched the impact of given 2D material in 

various applications making them environmentally safe and reducing the cost as well [
302

]. 

Basically, the role of a surfactant can be summarized in two steps:- 

 

a) It aids in modifying the surface tension of a given solvent to augment the solubility and 

stability of the exfoliated nanosheets [
303

]. 

b) A given surfactant also adsorbs onto the surface of exfoliated nanosheets which in result 

intensify the repulsive forces between the layers and impedes the aggregation in the 

dispersing medium [
304,305

].  

There have been a numerous reports in the literature which embrace the selection of a suitable 

surfactant or stabilizer in aqueous based dispersions and in low-boiling point solvents for 

producing a good amount (high yield), appreciable concentrations, optimum lateral size and 

thickness of 2D TMDs [
69,247,302,305–311,312,313

]. This process can even be applied to scale up the 
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LPE process for various industrial applications [
302

].  Some authors have also tested the 

constinous supply of the surfactants during the exfoliation which resulted in improved yield and 

concentration of the final product [
313

]. Apart from the benefits of adding surfactants, there are 

some demerits as well. It becomes very annoying to remove the surfactant/ stabilizer completely 

from the nanosheets surface for further processing and characterization analysis. This, in results 

deteriorates the properties of the exfoliated nanosheets and retreating their novel potential in the 

desired application. Strategies to remove the surfactant completely from the surface of 

nanosheets are extremely time consuming and furthermore it also leads to the aggregation of 

exfoliated nanosheets which again hampers their potential in practical applications. Nonetheless, 

it is not possible to remove the surfactants/stabilizers completely, some residues still remain 

there. 

 

6) Effective size selection process 

The major obstruction of liquid phase exfoliated 2D nanosheets dispersions is its tendency to 

give broad range of lateral size and thicknesses dispersals in the range of few nanometers to 

micrometers and number of layers attribute to less than 30 and specifically aqueous surfactant 

exfoliated MoS2 nanosheets attributes to a lateral size in the range between 50 nm – 500 nm and 

number of layers between 1-10 [
275,314

]. So this poly-disperse nature of exfoliated 2D nanosheets 

hampers its use in various applications such as catalysis, printed optoelectronic devices, 2D 

material based environment friendly inks where monolayer nanosheets are highly required for 

the best performance in commercial applications [
315–317

] and it accounts for a critical issue 

because the properties of the exfoliated nanosheets are highly dependent on their physical 

parameters obtained. In such a case, it becomes difficult to unveil the potential of these 
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exfoliated nanosheets in particular areas of interest. Therefore, post exfoliation size selection step 

by centrifugation is very crucial to achieve monolayer enriched 2D nanosheets or in general size 

selection based on the desired application. The conventional homogenous centrifugation steps 

attributed to poor control on size and thickness of the exfoliated nanosheets because the 

dispersions were usually separated using one step low centrifugal force, resulting in the 

separation of un-exfoliated material in the sediment and thus supernatant used for further 

characterization [
101,221,224,247

]. 

Usually, centrifugal speed and time are key parameters which separate the exfoliated nanosheets 

based on their lateral size and thickness. This further depends on the viscosity of the solvent. 

Low centrifugal speed at the starting will give both large and small nanosheets whereas; higher 

centrifugal speed will isolate thinner/smaller nanosheets for the desired applications.  On the 

other hand, density gradient based ultracentrifugation technique is solely based to separate the 

nanosheets based on their thickness. Moreover, it is actually very complex technique, giving low 

yield nanosheets and limited to polymer stabilized dispersions [
318

].  

So, to circumvent the above issues, Claudia Backes et al. [
319

] has developed a scalable, high 

yield and efficient centrifugation based technique called as liquid cascade centrifugation  (LCC), 

which is performed in a cascade with increasing centrifugation acceleration, allowing the 

dispersed nanosheets to be separated by lateral size and thickness in a controlled way. Various 

cascades can be designed according to the desired application. Basically, based on the Claudia 

Backes et al’s demonstration of this process, it is a multistep process whereby each cascade is 

opted with higher centrifugal speed than the preceding step. Except the first step, after each step 

sediment of the centrifuged dispersion is retained and the supernatant is subjected to next higher 

centrifugal speed. Each retained sediment contains nanosheets with a range of lateral size trapped 



65 |  P a g e
 

between the two centrifuge steps with different speeds and this sediment can be re-dispersed into 

the similar fresh solvent/aqueous surfactant solution with a mild sonication to achieve the desired 

concentration of a nanosheet. Depending on the desired final concentration, there is also 

flexibility in choosing the re-dispersed concentration of fresh solvent/aqueous surfactant 

solution. Complete removal of the supernatant, long centrifugation time (say for 2 hours) to 

achieve a pellet like sediment at the bottom of the tube or vial and subsequently the filling height 

of the dispersions are some of the crucial factors to keep in mind while following LCC. A 

number of 2D TMDs such as MoS2, WS2, layered hydroxides, sulphides and other members of 

the 2Dmaterial family have been subjected to LCC with very interesting size and monolayer 

enriched thickness selections [
252,256,319,320

].  The LCC obtained nanosheets are enriched with 

significant spectral properties with high monolayer content and specific size selected 2D 

nanosheets, in result of which the same group has derived some metrics to get in-situ information 

of average number of layers, concentration and lateral size of nanosheets by UV-Vis 

spectroscopy. This technique now has been adopted widely by a number of research groups 

working with LPE to get size and thickness selected desired nanosheets of various layered 

materials with some adjustments based on the density of the material and density and viscosity of 

the dispersing medium.  

 

So, in general, LCC is very flexible, versatile, scalable and universally applicable technique to 

get size selected 2D nanosheets. The best part of this technique is that it gives high yield, 

controlled way to get the desired concentration of a particular size selected dispersion and 

completely no wastage of the material during centrifugation process. For the post exfoliation 

steps in this thesis, we have employed LCC to tune the final concentration and other physical 
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parameters of exfoliated MoS2 nanosheets to understand the interaction of these nanosheets with 

live matter. 
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2.5. Characterization Tools 

2.5.1. Introduction 

For so many decades, the involvement of nanotechnology has given wonders to the society 

worldwide. The use of different nanomaterials or nanostructures have attracted a great attention 

in scientific and subsequently in commercial field. For the last twenty years or so, over dozens of 

Nobel Prize have been awarded for the significant discovery of different nanomaterials, 

characterization techniques and so on. On one hand, a wide number of fabrication protocols exist 

for the synthesis of different nanomaterials, there is an equal need to analyze those materials with 

novel characterization tools to understand their structure, morphology, elemental composition, 

chemical changes and a broad range of other physical properties in depth. A reliable 

characterization analysis of any fabricated nanomaterial will enhance the reproducibility in the 

fabrication process of nanomaterials for the intended application in focus. The increasing 

demand of novel nanomaterials worldwide demands a smooth and easily accessible 

characterization process to circumvent the inadequacy in analyzing different samples for various 

reasons such as the inherent difficulty of nanomaterials or nanostructures (too small size, too less 

concentration, less quantity and so on) to be examined appropriately[
1
]. So, material properties 

analyses, flaws in the fabrication procedure, optimization of characterization protocol depending 

on the type of nanomaterial or bulk to name a few, are important to get a deep insight into the 

multi-disciplinary field of nanoscience and nanotechnology. 

 

Particularly, in this chapter I will explain the working principle of only those characterization 

tools which I have used to analyze my fabricated samples for this thesis. Irrespective of the 
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proposed applications of LPE exfoliated 2D nanosheets, spectroscopic and microscopic 

techniques are necessary to understand the size selection and thickness based distribution of the 

nanosheets. In the following sub-sections, UV-Visible spectroscopy and Raman spectroscopy 

will be discussed to get the very first confirmation of the successful exfoliation of the 2D 

nanosheets, zeta potential, to get insight into the surface charge and stability of dispersed 2D 

nanosheets in the given medium, scanning electron microscopy and transmission electron 

microscopy for morphological information and details and atomic force microscopy to get 

confirmation on morphology and thickness of  exfoliated 2D nanosheets. 

 

2.5.2. UV-Visible / Optical Absorption Spectroscopy 

Interaction of a light with the matter can be studied in different ways and it is actually a 

fundamental process which has been under exploration for centuries. This specific interaction of 

light with the matter is extremely useful in gaining insights into the material properties and 

significant involvement in various applications, especially biomedical science. Basically, the 

incident light after interaction with the matter can alter its path either by reflection or refraction 

and the interesting point is its behavior and propagation inside the medium. In the present work, 

absorption spectroscopy has been used to study the basic physical properties of exfoliated 2D 

MoS2 nanosheets in de-ionized water. Generally, when a beam of incident light passes through 

any liquid medium, accounting for different densities from one medium to another, it is partially 

scattered or absorbed by the particles of the same medium. This, in result leads to decrease in the 

intensity of the incident light as shown in Figure 2.15. This variation in the intensity attributes to 

the measurement of the attenuation of incident beam light which is in actual is the sum of both 
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scattering and absorbance processes. Significant information on the particle size, electronic 

structure, and change in the concentration of the sample can be extracted from the UV data. 

Generally, scattering can be defined as the change in the direction of incident photons upon 

interaction with the heterogeneous media inside the specific cuvette. It is categorized into two 

types:- elastic and inelastic scattering, where the former involves no energy exchange between 

the photons and the interacting medium and the latter exhibits the opposite nature. Absorption, 

on the other hand occurs when electronic transitions of the interacting medium matches with the 

frequency of the incident light or in other words, the photon energy matches that of rotational 

and vibrational energy modes inside the sample. Particularly, UV-Visible spectrophotometer 

measures the electronic properties of a given material over a wide range of wavelengths covering 

the electromagnetic spectrum UV (200-400 nm), visible (400-800 nm) and near infrared (800-

2500 nm). The characteristic spectra obtained confirms a prior check of the successful 

fabrication of the material or dispersed nanomaterials with its inherent properties being tested, 

which further can be used for other characterization tools [
2
].  

Mostly, for liquid based samples it is very quick and easy analysis to determine the sample 

concentration because the measurement of the attenuation in this case at a given wavelength 

increases with increase in the concentration of number of scattering/absorbed particles. This is 

generally explained by Beer-Lambert law [
3
]. The more common form of Beer-Lambert equation 

is:- 

 

                                                        A = αCl                                                          (2.1) 

Where A = absorbance 

α = extinction coefficient (in L.g.m
-1

 units) 
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C = concentration of the sample (to find) 

l = path length of the cuvette 

 

 

 

 

 

 

 

 

 

 

Figure 2.15: Schematic of Beer-Lambert law indicating an incident light with intensity I0, length 

of the cuvette with l and the absorbed light with intensity I1. 

 

Extinction coefficient (α), is actually wavelength dependent and knowledge of its value at a 

given wavelength is pretty useful in determining the concentration of the layered 2D material, of 

course with known absorbance. Usually, the measured attenuation is the sum of both scattering 

and absorbance so; to analyze the characteristic spectra it is very crucial to both of the 

components. This can be done by extrapolating the scattering component from the redundant 

regions of the absorbance in a way, (absorption = extinction - scattering).   
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UV-Visible spectroscopy is the basic characterization to get insight into the optical and electrical 

features of layered 2D materials. The spectral region under study in this thesis is mainly UV-

Visible (100-700 nm) for MoS2 nanosheets, which measures the characteristic absorption peak at 

specific wavelengths in the spectra. Claudia Backes et al. have formulated some matrix to find 

out the correlation of extinction spectra with the concentration, thickness and lateral size of the 

MoS2 and WS2 exfoliated nanosheets in aqueous surfactant solution (sodium cholate (SC)), 

accounting it for edge and confinement effects because of strong exfoliation process [
2,4

]. So, 

basically UV-Visible spectroscopy is capable to investigate very useful information on the LPE 

exfoliated 2D MoS2/WS2 and other layered materials, providing the structural integrity of the 

exfoliated nanosheets through the strong excitonic transitions upon the irradiation of the incident 

beam of light [
5,6,7,8,9

]. Then, concentration of the dispersed nanoflakes using the extinction 

coefficient which in result is size dependent and it contains both scattering and absorption 

components, after which the former one  is subtracted to get the desired characteristic peak 

[
2,4,8,10,11

]. The change in the magnitude and position of the characteristic peak can be attributed 

to the edge and confinement effects introduced upon exfoliation. Moreover, the variation in the 

excitonic transitions and the subsequent alteration in the electronic band structure works as a 

function of thickness and lateral size of exfoliated 2D nanosheets [
2,12,13

]. It is because the 

absorption/extinction coefficients of the edges is different from the basal plane of the nanosheet 

which can be analyzed using ratio of different absorption intensities using UV-Visible 

spectroscopy [
13

]. Same authors then developed a matrix formula to calculate the mean nanosheet 

length using the peak intensity ratios for MoS2 and WS2 and this is valid for various other 

layered materials because of its robustness [
2,4

]. Following is the equation for mean nanosheet 

length calculation:- 
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               L = 
𝟐.𝟑𝟎− 

𝑬𝒙𝒕𝑴𝒂𝒙−𝑯𝑬
𝑬𝒙𝒕𝑴𝒊𝒏

𝟎.𝟎𝟐 
𝑬𝒙𝒕𝑴𝒂𝒙−𝑯𝑬

𝑬𝒙𝒕𝑴𝒊𝒏
−𝟎.𝟎𝟏𝟖𝟓

       (2.2) 

Where, Extmax – HE signifies the intensity at local maximum at high energy (270 nm for MoS2) 

and Extmin signifies the intensity at local minimum (345 nm for MoS2).  

 

Similarly, they also have formulated the spectral information on MoS2 nanosheet thickness from 

the absorbance spectra via the following equation:- 

 

                       𝑵 =  𝟐. 𝟑 𝒙 𝟏𝟎𝟑𝟔𝒆
−𝟓𝟒𝟖𝟖𝟖

𝝀𝑨 = 𝟐. 𝟑 𝒙 𝟏𝟎𝟑𝟔𝒆−𝟒𝟒.𝟑𝑬𝑨        (2.3)  
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2.5.3. Equipment used for the measurement 

 

 

 

 

 

 

 

 

 

Figure 2.16: UV-Vis spectrophotometer of Jasco V-530 model with double beam slots for 

reference and sample used in this thesis. 

 

The UV-Visible spectrophotometer model used for the experiments in this work is the Jasco V-

530 UV/VIS Spectrophotometer as shown in Figure 2.16 with double beam slots for sample and 

reference respectively as shown in the schematic in Figure 2.17, which is is designed to measure 

the absorption spectrum of a sample at wavelengths in the range 190 to 1100 nm. The light 

sources used in the V-530 are a deuterium (D2) lamp (190 to 350 nm) for the UV region and a 

halogen (WI) lamp (340 to 1100 nm) for the VIS/NIR region. Optical extinction spectra for the 

exfoliated samples were acquired on the same using 1 cm path length optics quartz cuvette. 

Initially, baseline was run for the given solvent placed in both of the cuvettes at a specific 

wavelength range and then spectra of the sample and the solvent at a time was acquired in the 
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range of 200 – 800 nm. Absorbance was measured by subtracting the baseline contribution taken 

initially. The extinction spectra of MoS2 dispersion was analyzed to determine the in-situ Mean 

layer number (N), Mean lateral size (L) and Mean concentration (C) of the nanosheets by metrics 

as explained by Backes et al [
2,4

]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.17: Schematic of double beam UV-Visible spectrophotometer
5
  

 

2.5.4. Raman Spectroscopy 

Generally, there are numerous forms of light-matter interactions such as fluorescence and 

phosphorescence where absorption and subsequent emission of light is measured. As mentioned 

in the previous section that interaction of an incident light beam with matter gives interesting 

information on the material properties and structure. In case of UV-Visible, attenuation in the 

light beam is measured as the sum of scattering and absorbance components. Scattering, in 

                                                           
5
 [https://orgspectroscopyint.blogspot.com/p/basics-of-uv-visible-spectroscopy.html] 
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general can be classified into two categories such as elastic scattering and inelastic scattering 

based on the change in wavelength of the light beam upon interaction with the matter/sample. 

The former one involves no change in the wavelength of incident light and can be signified as 

Rayleigh scattering by atoms or molecules and Mie/Tyndall scattering by dust particles, whereas 

the latter involves change in the wavelength of incident light and can be signified by Raman 

scattering by molecules and phonons, Compton scattering by charged particles [
14

] as shown in 

Figure 2.18. So, this section will highlight the basic principle and significance of Raman 

spectroscopy in probing optical phonons and to characterize different 2D materials by this 

fingerprint technique. 

 

It is the most powerful analytical tool to characterize different materials and chemical species, 

serving as a fingerprint technique to identify a particular material via its vibrational/rotational 

modes and its implementation in broad range of applications such as pharmaceuticals, cosmetics, 

geology, mineralogy, carbon materials, semiconductors and extensive application in life science 

applications[
15

].  Sir C. V. Raman was the inventor who experimentally developed the basic 

principle of Raman spectroscopy in 1928 and two years after he was awarded with the Nobel 

Prize in Physics [
16

]. Basically, photon of a light interacts with the sample (liquid or powder or 

thin film) to produce scattering with different frequency.  
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Figure 2.18: Represents the Energy level diagram of Raman scattering [
17

]  

 

In principle, when a monochromatic source of light (laser light of known wavelength) interacts 

with the sample, some portion of the incident light gets scattered and subsequently it shows shift 

in the wavelength. This shift is the key parameter which makes this powerful technique to be 

eminent one in material science and which marks as a fingerprint technique to investigate and 

analyze that shift in wavelength in terms of the change in molecular vibrations and rotations of 

the sample being tested. The major difference between infrared absorption spectroscopy and 

Raman spectroscopy is that the former is a single photon process which shows resonance with 

the incident frequency of light and change in the vibrational spectra of the molecule, whereas the 

latter is a two photon process which apart from the vibrational spectra also involves polarization 

factor of the sample as well.  
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So, absorption of an incident photon results in excitation of that photon to a virtual energy state 

and emission of another photon to a different vibrational state with higher energy state than the 

starting one or with the lower energy state than the starting. The difference in these two energy 

states with the ground state is termed with Stokes and anti-Stokes Raman scattering process 

where the former is much more intense than the latter. On the other hand, resonant Raman 

scattering occurs when the frequency of incident photons matches with that of electronic 

transitions and subsequently it enhances the sensitivity of the measurement process [
18

].  

Basically, a Raman spectrum is a plot or characteristic peak of Raman scattering intensity versus 

Raman shift υ:- 

 

                                           υ = 
𝟏

𝛌𝐢
 - 

𝟏

𝛌𝐬
                                            (2.4) 

Where, λi is the wavelength of incident light and λs is the wavelength of scattering light. To be 

Raman active, the polarisability of a bond of any specific molecule must change upon interaction 

with the incident light because the fingerprint concept of this technique is based on the Raman 

shift for that bond based on the change in the vibrational energy of the same.  In such a case, 

external factors like temperature have a significant influence on the frequency of the incident 

light which brings some change in the vibrational energy of the molecule.  

 

Raman spectroscopy has proven to be very prominent and powerful tool in characterizing 

different 2D materials such as graphene [
19–21

], 2D TMDs [
22–24

]] and the typical of this 

technique, measurement of phonon modes in crystals [
14,25–27

]. Specifically, for bulk 2H-MoS2, 

four Raman active modes exist; A1g, E1g, E1 2g and E2 2g. The two main characteristic features 

of MoS2 nanosheets are E1 2g and A1g at 383 cm
-1

 and 409 cm
-1

 respectively [
23,28

]. E1 2g 
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corresponds to the in plane vibrations whereas A1g corresponds to out of plane vibrations. The 

shift in the characteristic Raman peak could be attributed to the difference in number of layers or 

thickness of exfoliated MoS2 nanosheets and was first reported by Lee et al [
23

]. With decreasing 

number of layers, change in frequency of these in plane and out of plane modes is observed and 

this marks the robustness and quick means to explore and to find the thickness of MoS2 

nanosheets using Raman spectroscopy. Generally, Raman spectroscopy combined with 

photoluminescence measurement makes the analysis more comfortable in investigating the purity 

of exfoliated samples and functionalization of the same. Photoluminescence (PL), in general for 

2D materials is preferable to explore the excitonic transitions in a specific region of the 

wavelength which differs for every 2D material. Any kind of surface modification or 

introduction of defects can be probed using PL spectroscopy [
2,29–31

]. Primarily, bulk 2H-MoS2 

as an indirect band gap material shows phonon assisted process and has negligible quantum yield 

but when the same material is exfoliated in to thin momolayer and few layer nanosheets a bright 

PL is detected which confirms its transition from indirect to direct band gap semiconductor [
32–

35
].  
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2.5.5. Equipment used in the experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19: Raman microscope used in this thesis 

 

A confocal Raman microscope (Jasco, NRS-3100) was used to obtain Raman spectra as shown 

in Figure 2.19. The 514 nm line of an air-cooled Ar+ laser (Melles Griot, 35 LAP431 220), was 

injected into an integrated Olympus microscope and focused to a spot diameter of approximately 

3 μm by a 20x objective with a final 4 mW power at the sample. A holographic notch filter was 

used to reject the excitation laser line. The Raman backscattering was collected using a 0.1 mm 

slit and a diffraction lattice of 1200 grooves/mm, corresponding to an average spectral resolution 
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of 8 cm
-1

. Solutions were left evaporating on Si substrates, and it took 60 s to collect a complete 

data set by a Peltier-cooled 1024 x 128 pixel CCD photon detector (Andor DU401BVI). Raman 

measurements were at least triplicated for scope of reproducibility. Wavelength calibration was 

performed by using cyclohexane as a standard.  

 

2.5.6. Zeta Potential 

Zeta potential (ζ - potential), in general is the fundamental indicator of the stability of the 

particles in colloids. The surface charge of a nanoparticle dispersed in solution will explain the 

whole story of its stability in the same medium. In other words, it basically measures the 

effective electric charge on the nanoparticle’s surface which further will indicate the role of a 

solvent or any surfactant or stabilizer in maintaining the colloidal stability of the nanoparticle. 

So, the magnitude of the surface charge basically indicates the degree of electrostatic repulsion 

between similarly charged and adjacent charged particles in the same medium. Normally, 

fabrication of a nanoparticle results in net surface charge on its surface and furthermore the 

screening of this net surface charge is done by the relative concentration of oppositely charged 

ions in the same medium. This creates an electric double layer of oppositely charged ions and 

generates an electric potential at the boundary of this layer. So, the measurement of this electric 

potential gives us the magnitude of surface charge or ζ – potential.  Usually the colloidal stability 

of a nanoparticle is governed by a certain value of ζ – potential in the range of greater than +25 

mV or less than -25 mV, whereas low value of ζ – potential results in aggregation or flocculation 

of the colloidal particles  in the solution.  
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So, in case of 2D nanosheets, role of a solvent or surfactant is mainly administered by the 

magnitude of surface charge on exfoliated 2D nanosheets. An electric field is applied to the 

dispersing solution containing nanosheets to confer their degree of movement in that medium. 

This process of applying an electric field is known as electrophoresis  [
36,37

]. The following 

equation relates the particle mobility with the applied electric field which confers the magnitude 

of the surface charge on it:- 

 

                                             υ = μE                                                   (2.5) 

Where, μ corresponds to mobility of the particle, E corresponds to applied electric field and υ 

corresponds to drift velocity of the particle in the dispersing medium. There is another equation 

which defines the relation between ζ – potential and mobility of the particle in the following 

form:- 

 

 

ζ = 
𝟑𝜼𝝁

𝟐𝜺𝜺𝟎𝒇(𝜿𝒂)
        (2.6) 

Here, zeta potential (ζ), depends upon the viscosity (η), mobility (μ), permitivity (εε0), and 

Henry’s function (f(κa)), where κ and a are the Debye length and the particle radius respectively 

[
37

]. The above equation also corresponds to Smoluchowski expression which holds for plate like 

morphology of particles [
38

]. Basically, to measure the zeta potential of any dispersion, velocity 

of the dispersed particles is calculated using the concept of Doppler velocimetry [
39

]. Under 

applied voltage, two beams are allowed to pass through the solution. In such a case, incident 

beam passes through the solution and the reference beam passes through the electrode containing 
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cell as shown in Figure 2.20. In such a way, the scattered laser light is analyzed through the cell 

which in result produces a signal, the frequency of which is proportional to the speed of the 

particles in the solution. 

 

 

 

Figure 2.20: A) An electrophoretic mobility of the particles measured in a specific cuvette 

designed for zeta potential with two electrodes which works when an electric field is applied 

form outside. B) Represents the mobility of different ions in the designed capillary of the cuvette 

on applying an electric field from outside [
38,40

].  

 

 

 

 

 

 

A) B) 
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2.5.7. Equipment used in the experiments 

 

 

 

 

 

 

 

 

 

 

Figure 2.21: Malvern Zeta sizer nano used in this thesis  

 

Electrostatic stabilization is an important parameter to analyze the stability of the liquid 

exfoliated dispersions. The surface charges generated during the exfoliation can be attributed to 

electrophoretic mobility measurements (µ). So, these (µ) measurements were carried out on laser 

interferometric technique (Malvern Zetasizer Nano system) with irradiation from 633 nm He-Ne 

laseras shown in Figure 2.21. The samples were injected in folded capillary cells, and the 

electrophoretic mobility (µ) was measured using a combination of electrophoresis and laser 

Doppler velocimetry techniques [
41

]. The Henry’s equation was used to estimate the zeta 

potential from the electrophoretic mobility data. For the possible upper and lower limits of the 

zeta potential values, Henrys equation was approximated to both the Huckel and Smoluchowsky 

limits. The reason for this approximation is due to the particular solvent-sample relationship; 
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Henrys equation is approximated to get an estimate of surface charge values of exfoliated 

nanosheets. All the measurements were carried out at 25 ºC.  

 

2.5.8. Electron Microscopy Tools 

In today’s world we can imagine to look upon the smallest dimension of anything using 

advanced electron microscopy techniques whether it could be one single hair, tip of a pin, 

different pathogens such as bacteria, viruses, molecules or atoms in crystals. What we are 

looking today is actually not just a single technique but it is a multitude of different techniques 

which contributes specifically to investigate the deep dimensions of structural aspect, topology, 

morphology and composition of a material. It is actually one of the most broadly used techniques 

to explore the world of different nanomaterials.  Informational prosperity achieved from different 

electron microscopic, imaging or spectroscopic techniques makes these characterization tools 

more demanding because they can be used in a wide range of applications such as biomedical 

science, mineralogy, geography, material science and pharmaceutical world to name a few. So, 

the basic interaction of electrons with the sample generates horde of signals which are 

responsible for creating the desired imaging of the given sample [
42,43

]. 

 

2.5.9. Basic parts of an Electron Microscope 

Basically, an ordinary microscope has four different and important parts such as a) source of 

light at the bottom which shines in the upward direction through a thin slice of specimen, b) 

specimen to be tested, c) lens to visualize magnified image of the specimen and d) magnified 

image itself by the bending or refraction of the incident light. Usually to investigate about the 

morphology or any other size related properties of nanomaterials, conventional optical 
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microscopes with very low resolutions were unsuitable for the desired purpose. Generally, 

resolution of any microscope can be formulated from the following equation:- 

 

                                               δ = 0.6λ                                                      (2.7) 

λ is the wavelength of the incident radiation and δ corresponds to the resolution of the 

microscope [
44

].  

Whereas, in an electron microscope a) instead of the source of light, a beam of fast moving 

electrons hits the specimen, b) a specific preparation of the sample is required and it has to be 

tested in vacuum chamber because of the beam of fast moving electrons, c) Instead of lenses, a 

series of coil-shaped electromagnets are utilized via which the electron beam travels and these 

electromagnets are responsible for the bending of moving electrons to produce a magnified 

image of the sample and d) image is directly produced as a photograph.  It was in the late 1920s 

after de Broglie postulated that electrons have a dual character, wave and particle. So, this 

marked the beginning of the research was focused to develop imaging techniques working on the 

principle of high energy electrons rather than photons. De Broglie gave an equation explaining 

the relation between wavelength of electrons and their energy:- 

 

                                                λ = 
𝒉

𝒎𝒗
           (2.8) 

Here, h is the planks constant, m and υ corresponds to mass and velocity of the electrons 

respectively [
44

]. So, basically the electrons are the only component which segregates between 

the two main types of electron microscopies:- Scanning Electron Microscopy (SEM)and 

Transmission Electron Microscopy (TEM). 
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2.6. Scanning Electron Microscopy (SEM) 

SEM is basically a surface sensitive technique in terms of a focused beam of electrons is scanned 

across the sample surface and then backscattered electrons are employed to work onto the image 

processing of the focused area as shown in Figure 2.22. Along with transmission electron 

microscopy tool, it is also a widely used versatile tool to image not only the nanomaterial’s 

surface but even bulk crystals expanding its frontier in medical science, biological observations, 

semiconductors, ceramics, metals and in general revolutionizing the material science field. Basic 

principle is simple and similar to the above as explained that fast beam of electrons are 

accelerated through a voltage in the range between 2 and 10 eVand then to focus these electrons 

like in optical microscope (bending of light to image the specimen) coil shaped electromagnets 

are used for imaging purpose. The schematic of SEM is shown in Figure 2.23. The fast moving 

beam of electrons penetrates the sample surface resulting in a teardrop shaped interaction volume 

as shown in figure. After its interaction with the sample, backscattered electrons (BSE) and 

secondary electrons (SE) are employed upon raster scan of the surface to generate an image. BSE 

in general consist of high energy electrons scattered elastically from the sample surface making 

them less sensitive to the surface but they are pretty useful in investigating the composition of 

the sample surface being raster scanned with escape depth in microns. On the other hand, SE are 

scattered in-elastically from the sample surface and exhibit lower energy (3-5 eV) than the BSE 

making them more sensitive to the surface imaging process with micron depth in nanometers 

[
42

]. It is much easier with SEM sample preparation as it hardly takes 5 minutes to prepare the 

sample and then immediately scan it for the desired purpose. Specifically, in case of 2D 

materials, coating of some samples is required for the charge dissipation. In our case, MoS2 
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nanosheets thin film deposited onto either a glass substrate or silicon substrate is first gold coated 

to increase the contrast in imaging the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22: Fundamental scheme of electron-matter interaction when an high energy electron 

beam hits the surface of the sample and subsequently different signals are received.  
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Figure 2.23: Schematic of scanning electron microscope 
6
 

 

2.6.1. Equipment used in the experiments 

Morphological analyses of samples were performed with a scanning electron microscope (SEM) 

JEOL-JSM 5310 (CISAG laboratory, at University of Naples, Federico II). The SEM operating 

at 15 kV, is equipped with energy dispersive X-Ray spectroscopy (EDS); data were processed 

                                                           
6
 https://www.springer.com/gp/book/9783319929545 
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with INCA version 4.08 (Oxford Instruments, 2006). The samples were metalized with gold by 

using a sputter coater. Oxford Instruments (2006): INCA - The microanalysis suite issue 17a + 

SP1 - Version 4.08. Oxford Instr. Anal. Ltd., Oxfordshire, UK. 
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2.7. Solubility Theories 

 

2.7.1. General Introduction on Solubility Theory 
 

The successful fabrication of nanoparticles and their subsequent stability in any medium is the 

key factor for their potential applications in various fields. Generally, the solubility of numerous 

pristine nanoparticles in water is very low due to their unfavorably surface chemistry. Apart from 

this, thermodynamics of the mixtures (solute and solvent parameters) and surface energies play 

an important role in stabilization of the dispersion.  

 

Basically, there are a number of factors which govern the choice of a solvent for a particular 

experiment such as solution viscosity, evaporation rate, subsequently environmental and health 

concerns. The ability of a solvent to dissolve or colloidally stabilize a material can be described 

in the framework of solution thermodynamics. For large and rigid objects such as nanomaterials, 

the entropic term to the Gibbs free energy of mixing can be neglected so that it is particularly 

important to minimize the enthalpy of mixing. This can be achieved by matching the solubility 

parameters of solvent and solute. There exists two main theories to describe solubility parameters 

which perhaps are the most widely applicable of all the systems, initially by Hildebrand and then 

by Hansen. So, Hildebrand developed a solubility parameter known by his name which is 

actually a numerical value which indicates the relative solvency behavior of a particular solvent. 

This solubility parameter has a strong relationship between heat of vaporization of the solvent, 

van der Waals forces and the subsequent solubility. So, in 1936, he proposed the solubility 
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theory which initially was known as solubility parameter but after a decade it was officially 

known by his name [
1
].  

Then, after speculating various factors in the Hildebrand solubility parameter in 1966 Charles M. 

Hansen developed three parameter system which actually divides the obtained Hildebrand value 

(∂t
2
) into three categories such as a) dispersion component (∂d

2
), b) a hydrogen bonding 

component (∂h
2
) and a polar component (∂p

2
) and these can be represented as [

2
]:- 

 

                               ∂t
2 = 

∂d
2 + 

∂p
2 + 

∂h
2
                                                    (2.9) 

 
These solubility parameters can be used to screen the solvent stability, to investigate the 

solubility of nanomaterials in different solvents and to understand the chemistry of mixing and 

chemical resistance [
3–6

]. So, the correct matching of the surface energies of a given nanomaterial 

and solvent will give stable dispersion, whereas mismatchment in the solubility parameters will 

result in aggregation of the nanomaterial and subsequently it will sediment to the bottom. 

Similarly, to understand the interaction of 2D nanosheets and a suitable solvent for an excellent 

dispersion, it is important to consider the basic thermodynamics involved in solubility 

parameters which have been widely studied for various materials such as carbon nanotubes[
3,7–9

].  

 

 

2.7.2. Thermodynamics of the solution by minimizing the enthalpy of mixing 

for a stable dispersion 

 
The fundamental concept of solubility thermodynamics is based on the Gibbs free energy of 

mixing (ΔGmix). The energetics of the mixtures as governed by Gmix is a function of change in 

enthalpy (ΔHmix) and change in entropy (ΔTSmix) of the whole system with T as an absolute 

temperature. So, the solubility of two materials under isothermal conditons can be expressed by 

the following equation:- 
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                                    ∆ 𝑮𝒎𝒊𝒙 =  ∆ 𝑯𝒎𝒊𝒙 − 𝑻∆𝑺𝒎𝒊𝒙       (2.10) 

 

Particularly for the liquid phase exfoliation process to occur spontaneously, ΔHmix < ΔTSmix 

which will result in negative value of Gmix. This condition implies that we will have a solution 

i.e. a spontaneous dissolution of the material up to a certain maximum concentration but if the 

other case happens where ΔHmix > ΔTSmix , the resulting product will be a metastable dispersion. 

The energy required for an exfoliation to occur is represented by ΔHmix per unit volume of the 

solvent. When this factor is minimized a well dispersed concentration of 2D nanosheets can be 

obtained which will confer that the surface energy of the solvent matches with that of the solute. 

This concept has been introduced as Hildebrandt Scatchard equation in the 1930s and adapted for 

carbon nanotubes in 2009 [
7
].  

Basically, a number of authors have reported the successful stabilization of 2D materials such as 

for graphene and 2D TMDs in high boiling point solvents such as N-methyl pyrrolidone (NMP) 

and dimethylformamide (DMF) to achieve stable dispersions at high nanosheet concentration in 

the range of g/L. This has been rationalized on the basis of solubility theories considering the 

models relevant for 2D nanosheets as well [
7,10–13

]. Initially, a model was proposed by Bergin et 

al. to explain the solubility of single walled carbon nanotubes in some common solvents [
3
] , 

which in 2008 was also validated by Hernandez et al. for exfoliation of graphite to achieve high 

yield production of graphene using LPE [
14

]. In this particular case, the authors have formulated 

Hmix from the following equation:- 

 
∆𝑯𝒎𝒊𝒙

𝑽𝒎𝒊𝒙
 ≈  

𝟐

𝑻𝒇𝒍𝒂𝒌𝒆
 (𝝏𝒏𝒂𝒏𝒐𝒔𝒉𝒆𝒆𝒕 − 𝝏𝒔𝒐𝒍𝒗𝒆𝒏𝒕)𝟐 ∅     (2.11) 
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Where, Vmix denotes the mixture volume, tnanoflake denotes the thickness of nanosheet, 

𝝏nanosheet and 𝝏solvent represents the total surface energies of nanosheet and solvent, 

respectively. In addition, ϕ represents the total volume fraction of the dispersed nanosheets. A 

general definition of the volume fraction of dispersed material can be expressed by, C = ρp ϕ, 

where C is the dispersed concentration and ρp represents the density of nanosheets in that 

solvent. So, when the surface energy of the solute and solvent are well matched, this 

thermodynamically favors the mixing process and subsequently a colloidaly stable dispersion 

with reasonable concentration is achieved after minimizing the net energy cost of the exfoliation. 

This approach was successful for only good and well suitable solvents but not for all. 

On the same track, Hildebrand theory of solubility revolves around the same principle of 

minimizing the energy cost for exfoliation by reducing the energy for enthalpy of mixing to yield 

high dispersed concentrations of 2D layered materials. In this case, his theory takes into account 

all solute-solvent interactions by considering the cohesive energy density (ET) of the whole 

system, for solvent and for mixtures [
10,12

]:- 

 δT  = √
𝑬

𝑽
         (2.12) 

Next step was taken by Charles M. Hansen in a way to cover the loopholes in Hildebrand 

solubility theory. Basically, he proposed the use of three different forms of cohesive energy in 

organic solvents to complement Hildebrand’s theory of solubility. Hansen differentiates between 

polar (δP), dispersive (δD) and H-bonding interactions (δH) which add up to the Hildebrand 

parameter in the following way:- 

 

                                                    𝜹𝟐 =  𝜹𝑫
𝟐 + 𝜹𝑷

𝟐 +  𝜹𝑯
𝟐       (2.13) 
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So, the energy of exfoliation will be minimized when all the three parameters of the solvent must 

match with that of the solute and there must be an equilibrium among solvent-solvent, solvent-

solute and solute-solute binding energies [
8,10

]. In such a case the enthalpy of mixing is related to 

Hansen solubility parameters by the following equation:- 

 

 
𝑯𝒎𝒊𝒙

𝑽
 = 

𝟐

𝒕𝒑
[(𝜹𝑫𝒔𝒐𝒍𝒗𝒆𝒏𝒕

− 𝜹𝑫𝒏𝒂𝒏𝒐𝒇𝒍𝒂𝒌𝒆
)

𝟐
+ (𝜹𝑷𝒔𝒐𝒍𝒗𝒆𝒏𝒕

− 𝜹𝑷𝒏𝒂𝒏𝒐𝒇𝒍𝒂𝒌𝒆
)

𝟐
+ (𝜹𝑯𝒔𝒐𝒍𝒗𝒆𝒏𝒕

− 𝜹𝑯𝒏𝒂𝒏𝒐𝒇𝒍𝒂𝒌𝒆
)

𝟐
]∅  (2.14) 

 
 

 

 

 

2.7.3. Solubility theories applied to 2D nanosheets in water 
 

Specifically, the present experimental work in this thesis has been carried out on the exfoliation 

of MoS2 nanosheets in de-ionized water only with an aim to utilize those dispersions directly to 

understand the biological interactions of the dispersed nanosheets with the living matter such as 

different bacteria and human cells (normal and tumoral). It is true that all of the above mentioned 

solubility theories in the previous sections not hold true for MoS2/water based system because in 

this case the surface energy of the solute and solvent do not match. Different surface energy 

values for MoS2 nanosheets has been reported such as 75 mJ m
-2  

[
13

], 250 mJ m
-2  

[
15

] and 45 mJ 

m
-2  

[
16

]. On the other hand the surface tension value of water is 72 mJ m
-2 

and Bergin et al. have 

reported the surface energy value of water near about 102 mJ m
-2

, which does not match the 

surface energy of MoS2 nanosheets. This results poor dispersion quality of MoS2 nanosheets. 

Generally, water is considered as a poor solvent to exfoliate 2D TMDs because of the 

mismatchment in the surface energy values of solute and solvent. So, the theories described 

above cannot be explained for the MoS2-water system [
12

].  

 



129 |  P a g e
 

Despite of that, we have employed water as our main solvent which comes under the category of 

green solvents. From the application point of view for my thesis work, it has proven to be an 

interesting solvent with significant results. Also, there is a room to scale up this protocol using 

water as a solvent because a number of authors have reported a significant exfoliation of 2D 

TMD nanosheets in water for different applications. Though, the dispersed concentration 

achieved in this thesis work is much lower than the one revealed in the exfoliation of MoS2 

nanosheets [
17

] in toxic and high boiling point solvents [
10,18,17,19

]. Experimental details are 

discussed in chapter-5 of this thesis. 
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Chapter-3 Results and Discussion 

 

3.1. Introduction  

Basically, the current chapter will put some light on the two dimensional (2D) MoS2 nanosheets 

preparation by ultrasound mediated liquid phase exfoliation technique. A series of experimental 

procedures for the given sample preparation and further characterization of the fabricated 

samples will be discussed. Liquid phase exfoliation (LPE), which is one of the most versatile, 

scalable and cost effective methods has been adopted to exfoliate the bulk MoS2 into 2D 

nanosheets by optimizing various pre-sonication and post-sonication parameters. It is worth to 

mention that several exfoliation parameters play a key role in producing high quality, stable 

dispersion 2D TMD nanosheets. Now, based on the Hansen solubility parameters water is 

considered as a poor solvent in exfoliating 2D TMD nanosheets and on the other hand, MoS2 

bulk powder or crystal itself is hydrophobic in nature. In such a case, a very careful optimization 

of the sonication parameters such as initial concentration of the dispersion, shape of the 

sonication vial, sonication time, amplitude of the sonicator signal and type of probe or tip used to 

exfoliate 2D TMD nanosheets (flat head, narrow head or tapered). Among these parameters, the 
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concept of ‘dead zones’ as explained by J. L. Capelo et al. is of paramount importance to have a 

minimum distance between the probe and the bottom of the tube used for exfoliation. The larger 

the contact area of the probe with the material the more effective the exfoliation and the transfer 

of acoustic energy and ultrasonic intensity through the probe [
1
].  Additionally, post exfoliation 

steps such as centrifugation speed, time, rotor angle, temperature during the centrifugation and 

filling height of the liquid are additional factors that need to be considered prior to studying the 

biological interactions of MoS2 nanosheets with live matter.  

 

To exfoliate MoS2 bulk powder into thin 2D nanoflakes directly in de-ionized water, we have 

carefully chosen all of the above cited sonication parameters and performed a series of 

experiments to achieve an optimum value of the sonication parameters for a stable dispersion. 

Few years back, Long Pan et al reported a facile and water-borne exfoliation route for WS2 

nanosheets having number of layers in the range of one to five with stability maximum up to one 

week which was state-of-the art prior to our own work [
2
]. In our case as it will be shown in the 

results section below that we were able to exfoliate 2D MoS2 nanosheets in de-ionized water with 

maximum stability up to 3 - 4 weeks which is non-trivial and holds a strong potential to be used 

for various biomedical applications. 

 

Apart from this, a small review on the literature similar to the experimental work presented in 

this thesis will be outlined to focus our motive of adopting the present fabrication protocol. High 

energy tip/probe sonication is employed to isolate the bulk crystals into thin 2D nanosheets. 

After sonication and centrifugation, the decanted supernatants are subjected to various 

characterization tools such as UV-visible spectroscopy for the optical properties, zeta potential 
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for surface charge and stability analysis, Raman spectroscopy for thickness identification, 

Scanning electron microscopy (SEM) for morphological analysis, and transmission electron 

microscopy (TEM) for detailed morphological analysis. 

 

3.1.1. Preparation of water based MoS2 dispersions
1
 

 Initially, the precursor commercialized bulk MoS2 powder was purchased from Sigma 

Aldrich with the following powder details:-  

Product number – 69860 (Sigma Aldrich), 

Particle size – 6 μm,  

Density - 5.06 g mL
−1

 at 25 °C 

 Exfoliation was carried out using a tip/probe sonicator with the following details:- 

Sonicator Model - Bandelin Ultrasound SONOPLUS HD3200 

Maximum power – 200 W 

Working frequency – 20 kHz 

Tip model – KE- 76 (tapered tip, 6mm diameter) and MS-72 (micro tip, 2mm  

diameter).  

Amplitude chosen for the experiments – 12% to 50 % 

 Centrifugation steps were performed using:- 

Eppendorf Bench top Centrifuge 5810 R, Rotor F-34-6-38. 

 Temperature for sample storage - 4°C 

                                                           
1  The contents of this section 3.3.1.  is based on our published article, Jasneet Kaur, Manjot 

Singh et al. “Biological interactions of biocompatible and water-dispersed  MoS2 nanosheets 

with bacteria and human cells”, Scientific Reports, 2018, 8:16386 | DOI:10.1038/s41598-018-

34679-y with major and equal contribution in all experimental and characterization analyses. 
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To optimize a relevant value for all sonication parameters, it was important to perform a series of 

exfoliation runs to achieve a stable dispersion, which then can be used to study the biological 

interactions with the human cells and different pathogens for various analyses. In a typical 

experiment, commercialized MoS2 bulk powder was added into 12 mL or 15 mL (in some cases) 

of de-ionized / Elix water with the optimized initial concentration of 5 mg/mL (after trying 

different initial concentrations such as 2 mg/ml, 4 mg/ml, 8 mg/ml which gave very low final 

concentration) in a cylindrical glass tube (12 cm height and 2 cm diameter). The above system 

was sonicated for 3 hours using KE-76 tapered tip at amplitude of 12 % to 15 % under a 

controlled ice-water bath setup to avoid the over- heating caused during the exfoliation as can be 

seen from the Figure 3.1 below. A regular check of the exfoliation energy {in kilo joules (kJ)} 

and the subsequent power output {in Watts (W)} after every 30 minutes of the sonication was 

maintained to have an idea about the homogeneity in the exfoliation for the whole duration. An 

error of ±2-3 W was taken into account because of the change of ice-water bath after every 40 

minutes. To have reproducibility in the results, we tried our best to use same parameters every 

time and moreover the distance of the tip was kept 1 cm above the bottom of the vial to generate 

homogenously the high energy shock waves in the compression and rarefaction cycles.  

Then, to select the obtained poly-disperse 2D nanosheets on the basis of their size and thickness, 

a successive step-wise controlled cascade centrifugation was applied as introduced by Backes et 

al. [
3
] using eppendorf Bench top Centrifuge 5810 R, Rotor F-34-6-38. Controlled centrifugation 

was performed at 40g, 160g, 620g and 1000g/ 1400g for 45 minutes each to analyze the 

supernatants. After optimizing a range of initial concentrations and various exfoliation 

constraints, a stable dispersion for up to three to four weeks was achieved. This was in good  
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Figure 3.1:  Represents the proper setup of sonicator device with an ice-box. 

 

consideration to utilize this material for biological applications without the use of any organic 

solvent or any stabilizer. Direct exfoliation of 2D TMDs (MoS2 and WS2 nanosheets) in water is 

itself a big challenge because the surface tension of water is too high as compared to the surface 

tension of MoS2 nanosheets. This, in result makes very difficult to exfoliate the bulk crystal into 

thin nanoflakes with a considerable amount of stability and concentration. Though, the 

concentration we achieved in our experiments is not too high as that of in organic solvents such 

as N-methyl 2-pyrolidone (NMP), dimethyl sulfoxide (DMSO) etc. But depending on our need, 

the obtained dispersion was sufficiently good and it gave very interesting results on the 

interaction pathways of MoS2 nanosheets with live-matter. The biological experiments were 

performed at different MoS2 dispersion concentration achieved in the range of 10 µg/mL to 50 

µg/mL.   
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3.1.2. Characterization Results 

Building on literature, we first centrifuged the stock dispersion at very low centrifugal force 

(40g) for 45 minutes to remove the un-exfoliated 2D MoS2 nanosheets. Then, the supernatant 

was subjected to higher centrifugal speed (160g) for 45 minutes. In almost all cases we discarded 

the sediment obtained at 160g and began collecting the material for analyses above this 

threshold. The obtained supernatant was subjected to higher centrifugal speed (620 g). Now, the 

sediment was separated obtained at 620g and re-dispersed into fresh solvent of volume 3-5 mL. 

At this step, we separated half part of the dispersion for basic characterization of the material and 

the remaining was centrifuged at further higher centrifugal force at 1000 g for 45 minutes. The 

cascade was completed by repeated centrifugation in the same way at 1400g, 2700g and 3500g 

for the same duration. Figure 3.2. shows the supernatants of water exfoliated MoS2 nanosheets 

dispersion centrifuged at different speeds. As we can see from the Figure 3.2., the color of MoS2 

nanoflakes dispersion starts to diminish from dark green to light green. Moreover, as the 

centrifuge speed increases, thinner flakes are obtained which remains in the supernatant. Figure 

3.3 in G) shows the un-exfoliated MoS2 powder after the sonication which did not completely 

mixed up during the sonication. In such a case, we have observed in our experiments that the 

subsequent centrifuged supernatant samples produces very low final concentration of the 

dispersed 2D MoS2 nanosheets. Though, the basic hydrophobic nature of MoS2 bulk powder is 

one of the reasons for the remaining un-exfoliated powder after the sonication but apart from that 

heterogeneity in the sonication parameters also lead to poor exfoliation when de-ionized/elix 

water is used as pure solvent.  Figure 3.4 shows the UV visible extinction spectra of MoS2 

nanosheets at 620 g, 2700 g and 3500 g after the immediate preparation and up to three weeks of 

storage. Higher centrifuged dispersions revealed much improved stability which was achieved by 
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optimizing various parameters after a number of experimental trials. The produced water 

exfoliated dispersions of MoS2 nanosheets, which are highly stable in pure water, are 

biocompatible and thus can be useful for various biomedical and biotechnological applications.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Panel (A-F) represents water-dispersed 2D MoS2 samples centrifuged at A)160 g, 

B) 620g, C) 1000g, D) 1400g, E) 2700g and F) 3300g. As the centrifuge speed increases, the 

color of the supernatant starts to diminish from dark green to light green (A-F).  

 

 

 

A) 

F) E) D) 

C) B) 
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Figure 3.3:  Represents the tapered tip (KE-76, 6mm diameter) used for the exfoliation.  

Particularly, it shows the remaining and un-exfoliated MoS2 powder cum semi-paste after the 

exfoliation.  
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Figure 3.4: UV-Visible absorbance spectra of water-dispersed MoS2 nanosheets at centrifuged 

at different speeds, 620g, 2700g and 3500g for 45 minutes each. Higher centrifuged sample were 

kept under gravitational storage and at 4°C for three weeks just after the exfoliation. The above 

graph represents a good stability of water exfoliated samples which is crucial for further studies.  

 

3.1.3. Yield estimation 
 

After exfoliation and size selection as described above, we let the samples dry by vacuum 

evaporation overnight to obtain a powder. Then, we weighed the obtained powder and used the 

following formula
4
 to estimate the final yield: 

                                                             𝜶 =
𝑪𝟏

𝑪𝟎
× 𝟏𝟎𝟎%      (3.1) 
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where  is the overall yield and c1 and c0 are the final and initial concentrations of MoS2 

nanosheets dispersion, respectively.  

The final estimated yield for c0=5 mg/mL of MoS2 nanosheets is  0.6%. This value is lower 

than typically obtained in organic solvents and their mixtures, where it is possible to achieve  2-

5% [
5
].  This is due to the solubility of MoS2 nanosheets in pure water that is poorer than in 

organic solvents. However, by adding some biosurfactants or biomolecules such as 

hydrophobins, more concentrated and more stable MoS2 based dispersions can be produced in 

eco-friendly and biocompatible solvents, which can be useful for multiple applications. 

 

3.1.4. UV-Visible Extinction Spectroscopy 

Even though, UV-Visible spectroscopy is a very basic measurement technique, in general useful 

information can be extracted from such colloidal dispersions. The extinction spectra in the UV-

visible region of MoS2 samples contain the contribution from both absorbance and scattering 

components. Both of these components are size dependent. In our experiment protocol, at lower 

centrifugal forces 40 g and 160 g, scattering component was more dominant with high extinction  

peaks at 750–800 nm (See Figure 3.4 confirming the presence of large particles). Whereas, at 

higher centrifugal forces 620 g and 1000 g, the characteristic excitonic transitions are observed 

and the scattering background is reduced. In addition, the A-exciton peak shifted towards the 

lower wavelength region which is related to decreasing layer number. With the increase in  

centrifugal force, number of layers per flake decreases which results in few layered enriched 

dispersions. The extinction spectra of MoS2 after the final steps of centrifugation at 620 g and 

1000 g are shown in Figure 3.5 A). Extinction parameters based on the formulation [
6–8

] as 
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shown in equations 3.2 and 3.3 obtained immediately after the exfoliation of MoS2 nanosheets 

and after three weeks of storage are shown in Table 1. The physical parameters of MoS2 

dispersion at different centrifugal forces are shown in Table 2.  

 

                𝑵 =  𝟐. 𝟑 𝒙 𝟏𝟎𝟑𝟔𝒆
−𝟓𝟒𝟖𝟖𝟖

𝝀𝑨 = 𝟐. 𝟑 𝒙 𝟏𝟎𝟑𝟔𝒆−𝟒𝟒.𝟑𝑬𝑨                     (3.2) 

      

              𝑳 (𝝁𝒎) =
𝟑.𝟓𝑬𝒙𝒕𝑩 / 𝑬𝒙𝒕𝟑𝟒𝟓−𝟎.𝟏𝟒

𝟏𝟏.𝟓− 𝑬𝒙𝒕𝑩 / 𝑬𝒙𝒕𝟑𝟒𝟓
                                              (3.3) 

 

 

 

 

 

 

Table 1: Mean value of dispersion concentration, number of layers, lateral size and A-exciton 

wavelength obtained from the optical extinction spectra just after the exfoliation and kept for 

three weeks of storage based on the metrics [
3
] . 

 

Parameters achieved after 

the exfoliation 

Values of the parameters 

after the exfoliation 

Values of the parameters 

after three weeks of 

storage 

 A - exciton value 662 nm 662 nm 

Number of layers            (N) 2 2 

Concentration (µg/mL)    (C) 10 µg/ml 10 µg/ml 

 Lateral size                     (L) 76 nm 71 nm 
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Figure 3.5: A) UV-Visible extinction spectra of 2D MoS2 nanosheets dispersion at 620g and 

1000g. B) Raman spectra of the two main vibrational modes 𝐸2𝑔 
1 𝑎𝑛𝑑 𝐴1𝑔 of MoS2 nanosheets 

centrifuged at 1000g and 1400g. Raman shift in the region from 380 - 412 cm
-1

 range represents 

MoS2 nanoflakes in the range from 2-4 layers. 
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S. No. Centrifugal Force 

(C.F) 

Mean Layer Number 

<N> 

Mean Lateral Size  

                  <L> 

1. 

2. 

3. 

620g 

1000g 

1400g 

5 

2-3 

2 

220 nm 

160 nm 

100 nm 

4. 

5.  

2700g 

3500g 

          3 

          2 

90 nm 

70 nm 

 

Table 2: Mean value of number of layers and lateral size at the given centrifugal speeds. The 

given values are obtained from the UV-Visible optical extinction spectra using the metrics as 

reported by Backes et al. [
3
].  

 

3.1.5. ζ- Potential Measurements 

Generation of surface charges over the surface of 2D nanosheets plays a crucial role to 

understand the stability of liquid exfoliated dispersions. To identify these surface charges, 

electrophoretic mobility measurements (μ) are performed in general. These (μ) measurement 

works as a quantifying tool to understand the electrostatic stabilization between the nanosheets 

by estimating the zeta potential (ζ). In case of 2DMs, dynamic interactions among the nanosheets 

and their electrostatic stabilization play a fundamental role to anticipate the stability of liquid 

dispersions. It was observed that after the exfoliation, the MoS2 flakes exhibit high surface 

charge density depending upon the different centrifugal forces applied as seen from the Table 3.  

Generally, defect free MoS2 nanosheets are neutral and nanomaterial with no surface charge will 
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precipitate in the end. Exfoliation of MoS2 nanosheets in water might have generated charged 

edges which were responsible for the stabilization of dispersed nanoflakes in pure water.  

 

 

Table 3. ζ- Potential values of MoS2 nanosheets dispersion at different centrifugal forces. 

 

3.1.6. Raman Micro-spectroscopy of MoS2 nanosheets in absence of cells  

Raman spectroscopy is a widely employed tool to estimate the thickness of TMD nanoflakes [
9–

12
].The Raman spectrum of MoS2 shows two characteristic bands at 𝐸2𝑔 

1 𝑎𝑛𝑑 𝐴1𝑔, which 

corresponds to the in-plane and out-of-plane vibrational modes, that for bulk fall at about 380 

 

Centrifugal Force (g) 

 

Zeta Potential (ζ) mV 

 

Electrophoretic mobility (µ) 

 

620g 

 

-23.9 ± 0.6 

 

- 1.88 ± 0.04 

 

1000g 

 

−29.2 ± 1.3 

 

−2.9 ± 0.1 

 

1400g 

 

-25.6 ± 0.700 

 

-2.008 ± 0.05736 

 

2700g 

 

-23.4 ± 0.346 

 

-1.835 ± 0.02536 

 

3500g 

 

-16.5 ± 1.51 

 

-1.294 ± 0.1174 
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cm
−1

 and 403 cm
−1

 respectively [
10

] . MoS2 nano-structuring modifies the Raman features of the 

bulk with an increase for the 𝐸2𝑔 
1  frequency and a corresponding decrease of the 𝐴1𝑔. 

 

                                                            ∆𝝑𝑴𝒐𝑺𝟐 =  𝝑𝑨𝟏𝒈
−  𝝑𝟐𝒈

𝟏      (3.4) 

 

The frequency shift allows for an identification of the number of layers in the nanoflakes [
10,11

]. 

In Figure 3.5 B), the Raman spectra of MoS2 nanoflakes in absence of cells centrifuged at 1000 

g and 1400 g are shown, with laser excitation at 514.5 nm. We observed similar modification in 

the Raman spectrum compared to bulk for both centrifugal protocols, with a common range of 

frequency shift Δ𝜗𝑀𝑜𝑆2 of peaks ranging in the 23–24.6 cm
−1

 window. The Δ𝜗𝑀𝑜𝑆2 range 

observed via Raman micro-spectroscopy corresponds to a nano-structuring spanning from 4 to 2 

layers. These micro-Raman spectroscopy results look consistent with the range of nano-

structuring indicated by UV-Vis extinction spectroscopy. For more Raman spectra please refer to 

the Appendix section of this thesis. 

 

3.1.7. Scanning Electron Microscopy (SEM) Images of water dispersed MoS2 

nanosheets 

The following SEM images displayed in Figures 3.6 and 3.7 have been obtained from the water-

dispersed 2D MoS2 nanosheets centrifuged at 3000g for 45 minutes. For the SEM sample 

preparation, the dispersion was drop-casted onto the silicon substrate and was put under vacuum 

to dry for 15 minutes and the following day SEM measurement was performed.  
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Figure 3.6: Pannel (A-D) represents two different scales of SEM obtained for water-exfoliated 

2D MoS2 nanosheets dried under vacuum for 15 minutes and centrifuged dispersion at 2000g. 

(A) Shows small islands of an ensemble of 2D nanosheets which aggregated on drying. (B-D) 

shows large and small chunks of 2D MoS2 nanosheets at 1 µm scale which clearly signifies the 

ability of water to act as a considerable solvent to exfoliate 2D TMDs for some specific 

applications where few layer and multi-layer nanosheets are required. 

 

 

 

D) 

D) C) 

B) A) 
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Figure 3.7: Pannel (E-H) represents another panel of SEM images at 1 µm scale dried under 

vacuum for 15 minutes and centrifuged dispersion at 3000g. E) Shows a homogenous 

distribution of water exfoliated MoS2 nanosheets over the silicon substrate. F) Shows a peculiar 

kind of sharp knife type morphology of MoS2 nanosheets and the surrounding homogenous 

distribution of small lateral size 2D nanflakes. (G-F) Represents small and large chunks of water 

exfoliated  few layer 2D MoS2 nanosheets.  

 

 

 

F) 

E) F) 

H) G) 
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3.1.8. Transmission Electron Microscopy (TEM) Images  

 Particularly, we collected the TEM images of water exfoliated 2D MoS2 nanosheets based on 

their centrifugal speeds at which we have achieved a significant amount of stability on the 

exfoliated dispersion as explained in section 5.6.2. (UV-Visible Extinction Spectroscopy) The 

obtained TEM images revealed the fabrication of very thin few layer MoS2 nanosheets at 

different centrifugal speeds such as 620g, 1400g and 3500g. Figure 3.8(I) shows large few layer 

ultrathin MoS2 nanoflakes with a wrinkled surface. Figure 3.8 (II) shows the magnified image of 

a particular portion over the copper grid where MoS2 dispersion is deposited. The intensity of the 

flakes deposited in this particular region is not very high, whereas some other regions of the 

MoS2 nanoflakes deposited copper grid shows a considerable amount of 2D nanoflakes with 

some aggregation. In Figure 3.9 (I), magnified view of few layer MoS2 nanosheets is visible 

stacked diagonally upon each other, whereas the rest of the portion shows the aggregated flakes. 

In Figure 3.9 (II), a high population of single layer and few layer thin 2D MoS2 nanoflakes can 

be seen which due to increase in centrifugal force decreases the thickness of exfoliated 

nanoflakes.  
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Figure 3.8: Represents the TEM image of water exfoliated 2D MoS2 nanosheets at 620 g. 

 

Figure 3.9: Represents the TEM image of water exfoliated 2D MoS2 nanosheets at 1400 g. 

 

 

I) II) 

II) I) 
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3.2. Experimental Details 

3.2.1. Ultra-sonication Technique 

Ultra-sonication is a term which refers to the transfer of sound energy to mechanical energy for 

various applications such as membrane cell disruption, nanoparticles dissolution, production of 

biofuels, polymer processing, de-agglomeration of nanomaterials and exfoliation of layered 

crystals to name a few. It has been considered as one of the green fabrication technology to 

synthesize different nanoparticles in a wide range of solvents which in result provide control 

over their size, morphology, concentration and other physical parameters. The generation of 

intense ultrasonic waves in a given liquid is configured by two different routes:- ultrasonic bath 

and probe/tip sonicator. Basically, in an ultrasonic bath, rectangular shaped metal liquid 

container with a free surface over the top is attached with several transducer elements which 

produces plane standing wave pattern in a given liquid (usually de-ionized water). On the other 

hand, probe/tip sonicator consists of a metal tip with different diameters which in the end are 

dipped into the given medium with specified amplitude to be run for a given amount of time. 

Generally, the passage of ultrasonic waves produces high pressure and low pressure waves in a 

given medium which results in the formation and collapse of large number of microbubbles for a 

very short time say for about few microseconds. The formation, growth and collapse of the 

microbubbles creates cavities in those regions and furthermore high speed jets and thermal shock 

waves which acts as a driving force for peeling out or de-agglomeration of various 

nanomaterials. Both kinds of ultra-sonication are material dependent and furthermore, physical 

parameters of the fabricated nanomaterial can be tuned/controlled by varying the operating 

parameters of the ultra-sonicator device such as final output power, amplitude of the probe 

sonicator, pulse modes with tunable time selection, sonication time and sonication vial.  
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The basic principle behind the exfoliation of bulk layered crystals using LPE is to overcome the 

weak van der Waals forces of attraction and to break the strong covalent bonding between the 

layers so as to separate them into thin nanosheets. Subsequently, this step is aided by adding 

suitable solvents/surfactants to avoid the aggregation of exfoliated 2D nanosheets.  

Though, there are different other routes as well to achieve the desired 2D nanosheets but ultra-

sonication is the most versatile route to separate the bulk layers via physical/mechanical 

vibration as a result of the conversion of electrical signal to mechanical energy by exciting the 

piezoelectric crystals. This in results generates a vibration/motion travelling through the 

tip/horn/probe of the sonicator device to produce high energy pressure waves in the given 

dispersing liquid. Due to this vibration, micro-cavities or millions of bubbles are introduced into 

the liquid which implode violently and generates high energy jets or shock waves to peel out the 

bulk crystal very efficiently. This in general is known as compression and rarefaction cycles 

because of the generation of millions of shock waves in the given medium. As a result, the local 

pressure and temperature of the medium elevates substantially at the imploding sites which in 

result is able to overcome the weak van der Waals forces of attraction to cleave the individual 

layers from the bulk crystal. A range of materials have been successfully isolated into ultrathin 

2D nanosheets such as graphene [
13–16,17–19,20

], 2D TMDs [
21–23

] and carbon nanotubes [
13,24–28

].  

 

Now, two different devices can be employed for this purpose, one is ultrasonic bath which 

operates with a power output of 40 W or more. On the other hand, tip/probe sonicator is a high 

energy device with an output power of up to 750W. In view of this, the latter processes the 

material efficiently in much shorter time. Apart from this, reproducibility using ultrasonic bath is 

very hard to achieve because the position of the sample vial should be at the same position every 
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time, whereas in tip sonication the mechanical vibration is transferred longitudinally to the 

sample dipped into the liquid medium. An important point in both cases is to provide either 

continuous supply of circulating cooled water or performing the exfoliation in a covered ice box 

so as to avoid the over-heating of the sample which in result can degrade the quality of exfoliated 

nanosheets.  

 

3.2.2. Liquid Phase Exfoliation (LPE) of MoS2 nanosheets in pure water 

To unravel the full potential of 2D TMDs nanosheets, it is very crucial to have proper control 

over their production route. To accomplish this, a more versatile and scalable technique is 

apparent. In view of this, one of the most versatile ultra-sonication method to exfoliate various 

2DMs in a wide range of solvents is liquid phase exfoliation technique which from the 

application point of view is much flexible and scalable technique. [
29,30

]. Recently, Han Ma et al. 

have reported the cavitation induced thinning and fragmentation of  MoS2 nanoflakes directly 

exfoliated in water. In this work, it is mentioned that the smaller lateral size nanosheets  induce 

stability to the dispersion due to enhanced edge effects on the basis of Hemi-wicking model [
31

]. 

Mohammad Heiranian et al have reported a theoretical study to develop the force field 

parameters for MoS2 nanosheets – water interaction studies which the authors proposed could be 

extremely useful in DNA/RNA interaction, drug delivery and other biomedical applications [
32

].   

 

The appealing biocompatibility and bio-interactions of MoS2 nanosheets embraces its potential 

in terms of environmental impact and toxicity to the cell world.  The main objective of my thesis 

project is to study the biological interactions of water dispersed 2D MoS2 nanosheets with live-

matter such as human cells and different pathogens. So, to execute this aim, it was very 
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important to fabricate a good quality of MoS2 nanosheets in a green and biocompatible solvent 

which can be directly used in the physiological medium, which in my case is de-ionized water 

which serves as an ideal solvent other than the toxic organic solvents for the given application. 

Additionally,  a concrete optimization of the sonication parameters such as, choice of green 

solvents, initial concentration of the solution, exfoliation time and controlled centrifugation for 

size and thickness selection of 2D nanosheets is required to achieve the desired results and to 

understand the fate of LPE exfoliated 2D nanosheets in biological media [
33–35

].  

 

Therefore, water dispersed, defect free and biocompatible 2D MoS2 nanosheets are an appealing 

and demanding option to study different biological interactions and their behavior with the living 

cells, tissues and different pathogens to name a few. Moreover, to the best of our knowledge, a 

thorough study on the different interaction pathways of naked MoS2 nanosheets with different 

human cell lines and various pathogens is highly needed and still missing in the most important 

case, namely for nanosheets produced by eco-friendly methods and dispersed into water based 

media that is the native surrounding of biological matter.  

 

3.2.3. Research attempts on direct LPE of 2D TMDs in pure water 

Considering the significance of MoS2 nanosheets in biomedical field, it is very important to 

understand its behavior, toxicology, biocompatibility and environmental impact in that 

surrounding [
36,37

]. Achieving a considerable understanding on these issues will finally open 

some doors to use MoS2 and other 2D TMDs for various in-vivo and clinical trial studies. To 

accomplish this goal, green and scalable fabrication of MoS2 nanosheets is extremely important. 

In view of this, there have been several attempts made to stabilize MoS2 and other 2D TMDs 
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using different biomolecules such as, proteins [
38–40

], polysaccharides [
41,42

] and DNA/RNA 

nucleotides [
42,43

] to name a few. The above cited biomolecules acts as a stabilizer or surfactants 

to minimize the net exfoliation cost to make the dispersion stable for a long time. On the other 

hand, when the exfoliated 2D TMD nanosheets are dispersed in water for their actual purpose, 

the remaining impurities from these cited compounds inevitably bring adverse effects to the 

ultimate performance of 2D TMDs in bio applications. Though, there are different biomedical 

paths where 2D TMDs are employed such as drug delivery, tissue engineering, biosensors and 

biocompatible scaffolds for cancer treatment to name a few [
44–49,50

]. But to understand the 

cellular level interactions and the impact of MoS2 nanosheets on the outer membrane of various 

live-matters such as human cells and different pathogens, bacteria and viruses, it is crucial to 

fabricate the 2D nanosheets without the use of additives.  

Very few studies have been reported so far on the direct exfoliation of MoS2 and other 2D TMD 

nanosheets in pure water, which on the other hand do not focus on the cellular level interaction 

of MoS2 nanosheets, rather on energy storage, catalysis and other applications [
2,51–54

]. Few years 

back, Forsberg et al reported a combination of mechanical and liquid exfoliation of MoS2 

nanosheets in pure water with a final concentration of 0.14 mg ml
-1

 [
54

].  The authors have 

explained the reason for the stabilization of 2D nanosheets because of generation of electrical 

charges upon electrophoretic mobility measurements. In another study, authors made an attempt 

to exfoliate MoS2 nanosheets in pure water by using lab made MoS2 as a parent material. 

Though, the exfoliation was successful but the major loophole in their attempt was that it did not 

work for commercial samples and moreover, their produced 2D TMD nanosheets were highly 

defective [
55

].  In one of the studies, authors have reported the successful exfoliation of MoS2 

nanosheets in water by generating additional shear forces apart from the ultra-sonication by 
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using magnetic stirring [
56

]. Kim et al have reported a detailed study of the exfoliation of MoS2, 

WS2, MoSe2 and other 2D layered compounds in pure water without any functionalization [
34

]. 

Control over the storage and preparation temperature played a key role in stable dispersions of 

these layered materials.  In another study, authors made an attempt to exfoliate MoS2 nanosheets 

in alkaline environment and the stability of the produced 2D nanosheets was much better than in 

alkali-free medium because of the intercalation of K+ ions into the interlayer spaces of MoS2 

bulk material which assists in exfoliation and reduces the net exfoliation cost [
57,58

]. 

 

3.2.4. Sonicator equipment details for this thesis 

Basically, for all sonication experiments employed in this thesis have been performed by a tip 

sonicator (Bandelin Ultrasound SONOPLUS HD3200) which has a fixed frequency output of 20 

kHz and maximum power of 200W as shown in the Figure 3.1. To exfoliate bulk MoS2 powder 

into thin nanosheets, two different probes/tips (MS-72, a micro tip with 2mm diameter and KE-

76, a tapered tip with 6mm diameter are employed, depending on the volume of the sample to be 

exfoliated. Certain values of amplitudes have been chosen for different time durations to 

optimize the sonication parameters and subsequently the exfoliation efficiency of MoS2 

nanosheets. Each exfoliation experiment was accompanied by a chilled ice bath to avoid the 

over-heating of the samples. As suggested by Paton et al. [
1
]that larger diameter of the tip can 

process larger volumes and hence higher yield but the relation is not proportional because 

increasing the volume and subsequently the parameters of the sonicator will saturate at a certain  

point and no more separation/isolation of the bulk crystal will occur. The following equation (1) 

gives an idea on the production rate and concentration of the exfoliated nanosheets:- 
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                                                  𝑷𝑹 =
𝑪𝑽

𝒕
        (3.5) 

Where PR is the production/exfoliation rate, C is the final concentration of the dispersed 

nanosheets, V is the volume of the liquid and t is the sonication time. So, this production rate is 

also dependent on the sonicator parameters chosen such as amplitude and the final output power 

of the device. Operating at low amplitude will give low intense exfoliation and vice versa. To get 

higher reproducibility in results using tip sonicator certain parameters such as, amplitude setting, 

volume of the liquid, sonication vial, viscosity of the medium and temperature must remain 

constant [
59,60

].  After the sonication, the most important step is the centrifugation of the as 

exfoliated poly-disperse 2D nanosheets so as to select them on the basis of their size and 

thickness for the desired application.  

 

3.2.5. Centrifugation 

The fundamental disadvantage of LPE of 2DMs is that it gives poly disperse nature of exfoliated 

2D nanosheets in the given medium. These consist of un-exfoliated material, unstable dispersed 

nanosheets and of course separated and exfoliated nanoflakes which are poly-disperse in nature 

of various dimensions depending upon the wisely chosen solvent for exfoliation and the 

corresponding matching of surface tension with that of the solute material. The larger dense 

particles tend to sediment faster than the less dense under the earth’s gravitational field. 

Basically, for a spherical particle certain important parameters account for its sedimentation in a 

given medium such as viscosity of the liquid (n), gravitational force (g), density of the particle 

(𝜌𝜗) and given medium (𝜌𝑚), velocity of the particle to sediment (V) and diameter of the particle 

(d). These parameters can be represented in a following equation which is known as Stokes 

Equation:- 
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                                               𝑽 =  
𝒅𝟐

𝟏𝟖𝒏
 (𝝆𝝑 − 𝝆𝒎)𝒈        (3.6) 

 

Depending on the density of the particle and medium, in some cases natural sedimentation to the 

bottom of the vial would not occur. So, in such as case, to enhance the magnitude of gravitation 

force artificially to improve the sedimentation of un-exfoliated or unstable particles in the 

medium, centrifugation is extremely important. Three different forces are balanced in the given 

environment during centrifugation such as force due to gravity (Fg), force due to buoyancy (Fb) 

and force due to viscous drag (Fd) as shown in the Figure 3.10. 

 

 

 

 

                                                Fb                                                      Fd 

 

                                                       

 

                                                                      Fg 

 

                                                                 

 Figure 3.10: Different forces acting on a particle in the given medium. 
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Basically, when the dispersed particle will have higher density than that of the medium, it will 

move towards the bottom of the vial and subsequently the viscosity of the medium will decide 

the time it takes to reach at the bottom [
61,62

]. Though, the above equation is applicable only to 

spherical particles but several authors have explained the sedimentation of 2D nanosheets using 

the first approximation of the Stokes Equation even though an advanced theory to completely 

understand the sedimentation of anisotropically shaped nanosheets has not been developed yet. It 

is because during the centrifugation buoyancy and friction of nanosheets with the medium are 

morphology dependent. So, the concept of centrifugation for 2D nanosheets has been explicitly 

explained by several authors based on its mass [
63–68

], even though the concept has been 

described in a very simple way.  

 

Being inspired by the work done on liquid cascade centrifugation (LCC) of aqueous surfactant 

exfoliated various 2D nanoflakes by Backes et al. [
3
], and thanks to the flexibility to tune any 

cascade step according to the desired application, we have adopted LCC to achieve thin and few 

layer MoS2 nanoflakes to understand the interaction of different lateral size selected 2D 

nanosheets with the live matter in de-ionized water. 

  

3.2.6. Centrifugation equipment details for this thesis 

In our experiments, eppendorf bench top centrifuge with a specific rotor FA-45-6-30 (6x50 mL) 

with QuickLock lid is employed as shown in the Figure 3.11. This fixed motor has the capacity 

to hold 6 samples at a time with the ability to tune the angle of rotor up to 45°. There is also a 

provision to choose a particular temperature at which the samples have to be centrifuged with 

flexible acceleration and de-acceleration values from 1-9. Maximum speed 20,130 × g (12,100 
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rpm) in Centrifuge 5810 R or 16,639 × g (11,000 rpm) in 5804/5804R/5810. Basically, we have 

employed controlled centrifugation steps inspired by Backes et al. [
3
]. Particularly, the as 

exfoliated poly disperse sample was centrifuged at different speeds such as 40g, 160g, 620g, 

1000g, 1400g and in some cases 2000g – 3500g as well, shifting the supernatant which is de-

ionized water in this case, to next cascade step at each step and re-dispersing the sediment after 

the second step to reuse the dispersion for further characterization analyses.  

 

Figure 3.11: Liquid Cascade centrifugation scheme applied in our experiments 
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3.2.7. Technical characterization details  

Subsequently, the supernatants obtained after the controlled centrifugation steps at different 

gravitational speeds (g-force) were subjected to microscopic and optical spectroscopic 

characterization measurements such as UV-Visible absorbance spectroscopy for optical 

extinction spectra generation for dispersion concentration, lateral size and number of layers of 

exfoliated 2D nanosheets. Optical extinction spectra were acquired on Jasco V-530 UV-Vis 

spectrophotometer using 1 cm optics quartz cuvette.  Basically, for all experiments performed in 

this thesis, have relied on optical extinction spectra to obtain the values for MoS2 dispersion 

concentration < C >, mean lateral size < L > and number of layers < N > at the given centrifugal 

speeds mentioned as above. The metrics to obtain < C >, < L > , < N > have been introduced by 

Backes et al. [
3
] which we have followed in our work. Then, to obtain some information on the 

surface charge of exfoliated 2D MoS2 nanosheets, we have employed the use of zeta potential 

which measures the electrophoretic mobility of the 2D nanoflakes in the given medium by 

applying an external potential.  

 

Raman microscopy was used to analyze the number of layers of exfoliated and bulk MoS2 

nanosheets. The samples for Raman spectroscopy measurements were prepared by evaporating 

the dispersion under vacuum and this resulted in characteristic, yet not very pronounced changes 

in the two main peaks of MoS2 nanosheets which are 𝐸2𝑔 
1 𝑎𝑛𝑑 𝐴1𝑔. A confocal Raman microscope 

(Jasco, NRS-3100) was used to obtain Raman and photoluminescence spectra. The 514 nm line 

of an air-cooled Ar+ laser (Melles Griot, 35 LAP431 220), was injected into an integrated 

Olympus microscope and focused to a spot diameter of approximately 3 μm by a 20x objective 

with a final 4 mW power at the sample. A holographic notch filter was used to reject the 
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excitation laser line. The Raman backscattering was collected using a 0.1 mm slit and a 

diffraction lattice of 1200 grooves/mm, corresponding to an average spectral resolution of 8 cm
-

1
. Solutions were left evaporating on Si substrates, and it took 60 s to collect a complete data set 

by a Peltier-cooled 1024 x 128 pixel CCD photon detector (Andor DU401BVI). Raman 

measurements were at least triplicated for scope of reproducibility. Wavelength calibration was 

performed by using cyclohexane as a standard.  

 

Electrostatic stabilization is an important parameter to analyze the stability of the liquid 

exfoliated dispersions. The surface charges generated during the exfoliation can be attributed to 

electrophoretic mobility measurements (µ). So, these (µ) measurements were carried out on laser 

interferometric technique (Malvern Zetasizer Nano system) with irradiation from 633 nm He-Ne 

laser. The samples were injected in folded capillary cells, and the electrophoretic mobility (µ) 

was measured using a combination of electrophoresis and laser Doppler velocimetry techniques 

[
69

]. The Henry’s equation was used to estimate the zeta potential from the electrophoretic 

mobility data. For the possible upper and lower limits of the zeta potential values, Henrys 

equation was approximated to both the Huckel and Smoluchowsky limits. The reason for this 

approximation is due to the particular solvent-sample relationship; Henrys equation is 

approximated to get an estimate of surface charge values of exfoliated nanosheets. All the 

measurements were carried out at 25 ºC.  

 

Morphological analyses of samples were performed with a scanning electron microscope (SEM) 

JEOL-JSM 5310 (CISAG laboratory, at University of Naples, Federico II). The SEM operating 

at 15 kV, is equipped with energy dispersive X-Ray spectroscopy (EDS); data were processed 

with INCA version 4.08 (Oxford Instruments, 2006). The samples were metalized with gold by 
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using a sputter coater. Oxford Instruments (2006): INCA - The microanalysis suite issue 17a + 

SP1 - Version 4.08. Oxford Instr. Anal. Ltd., Oxfordshire, UK. 

 

Thanks to our new collaboration, to further investigate the nanosheet morphology, transmission 

electron microscopy was carried out recently. TEM micrographs were collected using a FEI 

TECNAI G2 S-twin 200kV apparatus operating at 120kV (LaB6 source). A drop (5uL) of flakes 

(suspension in water) was transferred on carbon-coated copper grids and then left at room 

temperature until the solvent was completely evaporatedwe have obtained MoS2 nanosheets 

images from transmission electron microscopy (TEM) showing few layers and in some portions 

aggregated morphology of 2D MoS2 nanosheets. 
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Chapter-4  

Biological interaction results analyses of 2D 

MoS2 nanosheets with human cells and 

pathogens 

The content of this chapter is based on our published article, Jasneet Kaur, Manjot Singh et al. 

“Biological interactions of biocompatible and water-dispersed  MoS2 nanosheets with bacteria 

and human cells”, Scientific Reports, 2018, 8:16386, with major and equal contribution in all 

experiments and results analyses. 

 
 

 

4.1. Introduction  

 
Before transferring any nanomaterial from laboratory experiments to clinical trials in 

biomedicine and biotechnological applications, it is extremely important to deeply study its 

biological safety. Graphene and its analogues have been explored in depth for various biomedical 

studies such as bio-sensing [
1–6

], antibacterial activity [
7–9

], drug delivery [
10

] etc. Particularly, 

2D TMDs such as MoS2 nanosheets largely used in my case have attracted a significant attention 

from the scientists worldwide in biomedical applications. Thanks to its peculiar chemical and 

physical properties [
11–21

] which  highlights its potential and promising results in various 
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biomedical applications such as drug delivery, bio-sensing, in-vivo and  in-vitro antibacterial 

studies, tissue regeneration, cancer treatment and medical imaging to name a few [
22–28

]. 

Therefore, it is very crucial to understand the biological behavior of 2D MoS2 nanosheets in 

different biological systems and contexts. To this aim, very few reports have been published 

which discuss the behavior of 2D MoS2 nanosheets with different human cell lines, particularly 

their internalization and toxicity pathways into cells [
29,30

]. Keeping in mind the biocompatibility 

and biosafety issues of MoS2 nanosheets, we have directly exfoliated bulk MoS2 powder in de-

ionized water to produce good quality few-layer 2D nanosheets which can be readily used in 

various biological tests to understand different interaction pathways with the given human cell 

lines such as MCF-7 (breast cancer), U937 (leukemia) and HaCaT (normal epithelium).  

 

4.1.1. General information on the tested human cell lines in this thesis 

4.1.1.1. MCF-7 Cell Line 

Breast cancer, in general is the highest occurring and most frequent malignancy in women and it 

holds second place among all other types of cancer in terms of its deadly growth. Many north 

European countries have the highest breast cancer occurring rate due to which it represents a 

critical public health problem. Many research groups and doctors have been working on the 

diagnosis and specific treatment of this particular kind of menace. To accomplish this task, basic 

and fundamental research at molecular level is required which involves the usage of specific cell 

lines as an in-vitro cancer cell model for laboratory experiments. MCF-7 is a commonly used 

cancer cell line which has been under investigation for more than 40 years by various research 

groups for estrogen receptor (ER)-positive breast cancer cell experiments [
31,32

].  
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It basically represents some important growth receptors on its surface which helps in 

proliferation of these tumor cells. Estrogen (ER), Progesterone (PR) and some growth receptors 

could be very helpful in inhibiting the growth of breast cancer cells and more importantly it 

grows in adhesion.  

MCF-7 cell line is well characterized in terms of the number of reports published on its structure, 

cell culture preparations and its interaction with different nanoparticles. Such a strong experience 

with this cell line actually helps various research groups to put their extensive efforts into cancer 

pathogenesis and treatment protocols using steadfast in vitro assays.  

 

4.1.1.2. U937 Cell Line 

The basic origin of U937 cell line is from the human Caucasian histiocytic lymphoma of a 37 

year old male. It is one of the cell lines which actually express many of the monocytic like 

characteristics from its origin for tumorigenicity studies. So, this human myeloid leukemia cell 

line exhibits a range of characteristics of monocytes relatively with uniform number and ease in 

use [
33

]. The basic role of this leukemia cell line model is to explicate the mechanism behind 

monocyte and macrophage differentiation. Along with this it also exhibit translocation of genes 

which enhances the tumor growth proteins [
34

]. U937 cells grow in suspension in the relevant 

medium for its growth. 

 

4.1.1.3. HaCaT Cell Line 

HaCaT cell line is basically the normal epithelium cell model extracted from the human skin and 

widely used for research investigations. It is also known as a spontaneously immortal 

keratinocyte cell model to study the differentiation and gene delivery in to the same. They have 
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the high potential to proliferate in-vitro and the advantage of using this cell line is that it can be 

easily propagated into the culture medium [
35

]. Our basic purpose to use this cell line was to 

study the interaction of 2D MoS2 nanosheets with these adherent cells upon incubation into the 

respective medium for its growth in comparison with the other two tumor cell lines. 

 

4.2. Cytotoxicity study on different cell lines 

4.2.1. Introduction 

Toxicity, environmental impact and biocompatibility of MoS2 onto different human cell lines is 

very important to investigate, in view of the more and more massive use of these 2D materials in 

a number of practical applications and their increased presence in the human day-to-day life.  

Morphology, size and thickness of 2D nanosheets are some key parameters to induce and 

potentially control the surface interactions of MoS2 nanosheets onto live matter. Functionalized 

MoS2 nanosheets have been studied with different human cell lines to tap the potential of 2D 

nanosheets in various biomedical applications such as drug delivery, cancer diagnosis and cell 

imaging [
26,36,37

]. For instance, Coleman and co-workers reported the size and concentration 

dependent toxicity of MoS2 nanosheets on three different established cell lines [
38

]. Siepi et al. 

reported on the biocompatible lysozyme-functionalized exfoliated MoS2 nanosheets. They 

incubated MoS2 nanosheets on two different cell lines (HeLa and HaCaT) with no cytotoxicity 

evidence at higher concentrations [
39

]. J. H. Appel et al. reported on the interactions of naked 

MoS2 nanosheets, obtained by mechanical exfoliation and chemical vapor deposition, with  

human epithelial kidney cells (HEK293f) observing low cytotoxicity and genotoxicity in their 

experimental conditions [
40

]. P. Shah et al. probed the effect of MoS2 nanosheets produced by 

liquid exfoliation onto rat cells finding a relatively good biocompatibility at high 2D material 

concentration [
20

].  Therefore a thorough study on the different interaction pathways of naked 
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MoS2 nanosheets with different human cell lines and various pathogens is highly needed and still 

missing in the most important case, namely for nanosheets produced by eco-friendly methods 

and dispersed into water based media that is the native context of biological matter.  

 

4.3. Effects of 2D MoS2 nanosheets on cellular growth 

Cytotoxicity experiments were performed using two cancer cell lines (U937 and MCF-7) and 

one non-cancer cell line (HaCaT). 

 

4.3.1. Cell cycle analysis  

Cytotoxicity experiments were performed in two different cell culture conditions: in suspension 

and in adhesion. This approach allowed to examine the interaction between MoS2 nanosheets and 

cells under the condition in which bona fide either the entire cell surface - in case of suspension 

cultures - or part of it - cell monolayer of adherent cultures - resulted exposed to 2D 

nanomaterial. The impact of different concentrations <C>, mean number of layers <N> and 

mean lateral size <L> of MoS2 nanosheets dispersion was investigated upon their incubation 

with two tumoral cell lines (U937 and MCF-7) and one normal cell line (HaCaT), as shown in 

Table 4.1. It is worth noting that for cells the effective concentration of the nanomaterial is 

lowered by about a factor of four as compared to the concentration value of the initial 

preparation. The reason is, to avoid an excessive dilution of the culture media and nutrients 

therein. The dispersion was drop cast into the cell medium and the incubation was carried out for 

24, 48 and 72 h. At the end of the incubation, the cell cycle progression was determined by flow 

cytometer or fluorescence activated cell sorting (FACS), a technique that discriminates the cells 

at different phases of cell cycle for their content in DNA (Figure 4.1). The cytometer processes 
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the fluorescence intensity of a group of cells labeled with fluorescent dye (PI) that is able to bind 

to DNA. The data is displayed as number of cells versus fluorescence intensity, a number 

proportional to cell DNA content. The cell scattering shows two peaks: G1 (gap 1), the gap 

between mitosis (nuclear division) and DNA replication, corresponding to cells metabolically 

active but that do not replicate their DNA and G2 (gap 2) corresponding to cells that grow and 

synthesize the proteins for mitosis. Between G1 and G2 there is the S phase in which the cells 

replicate their DNA. The cell death is revealed as percentage of cells in pre-G1 phase, 

corresponding to a pick of fragmented DNA [
41,42

]. Our data of Figure 4.1 revealed that MoS2 

dispersion did not affect the MCF-7 distribution along cell cycle phases within 48 hours even at 

the highest concentration. Only the longest incubation time was able to induce a decrease of S 

phase in dose-independent manner and increase in the progression to G2/M phase (Figure 4.1a). 

Conversely, the cell cycle distribution of U937 cell was strongly affected in time dependent 

manner (Figure 4.1b). At 48 h, MoS2 dispersion at three different concentrations was able to 

induce a block in S phase and an increase of cell death percentage. Notably, the lowest used 

concentration of MoS2 dispersion (0.5 μg/mL) induced the strongest effect on cell death after 48 

h. However, the cell death (pre-G1) was attenuated at 72 h probably because of sedimentation of 

2D MoS2 dispersion. Similar trends were found in HaCaT cells as shown in Figure 4.1c. In 

human keratinocyte cell line, the induction of both S-phase block and cell death were observed at 

72 h. Delayed response on cell cycle progression accounted for the slower proliferation rate of 

this normal cellular model. 
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Concentration of MoS2 

dispersion 

Layer Number 

 (N) 

Lateral Size 

(L) 

5 µg/mL 

2 µg/mL 

0.5 µg/mL 

9 

6 

5 

220 nm 

180 nm 

160 nm 

 

Table 4.1 Properties of exfoliated MoS2 nanosheets used in cell cycle progression experiments.  

 

The final parameters shown in the above table corresponds to the samples prepared for 

cytotoxicity experiments. The final concentrations shown above also correspond to the obtained 

dispersions at 620g, 1000g and 2500g, whereas the dispersion parameters shown in the chapter -

3 are related to the obtained and optimized values after number of exfoliation runs. Though, 

exfoliation in water is a challenging task and to have the reproducibility in the final parameters is 

again a hard nut to crack but we have tried to utilize the same initial parameters to achieve good 

reproducibility in the final samples.  
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Figure 4.1: Cell cycle analysis. (a) MCF-7, (b) U937 and (c) HaCaT cell lines at different final 

concentrations of 2D MoS2 dispersion after 24 h, 48 h and 72 hours from the beginning of the 

treatment. The cell scattering shows two peaks: G1 (gap 1), the gap between mitosis (nuclear 
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division) and DNA replication, corresponding to cells metabolically active but that do not 

replicate their DNA and G2 (gap 2) corresponding to cells that grows and synthesize the 

proteins for mitosis. Between G1 and G2 there is the S phase in which the cells replicate their 

DNA. The cell death is revealed as percentage of cells in pre-G1 phase; corresponding to a pick 

of fragmented DNA Error bars indicate standard deviation of triplicate analysis. 

 

4.4. Effects of 2D MoS2 nanosheets on cellular viability 

4.4.1. Cell line culture, conditions and preparations  

To better investigate the cytotoxicity, viability of the above mentioned three human cell lines 

was investigated after 24 and 48 h of exposure to MoS2 dispersion. MTT experiments were 

performed by growing cells onto plates coated with 50 and 100 μL drops of MoS2 nanosheets. 

The exfoliation of MoS2 dispersion exhibit 14 μg/mL (C) with 6 number of layers (N) and 

Lateral size (L) of 220 nm. The viability of U937 highest cell density (Figure 4.2 b). In fact, 

differently from what we observed for U937 cells, MTT analysis performed on the adherent 

MCF-7 cells showed an interesting interference effect induced by 2D nanosheets as shown in 

Figure 4.2 (c,d) The presence of MoS2 nanosheets coating on the plate mainly affected the 

viability (and/or adhesive properties) of the cells. After 24 h more than 50% of cell death was 

already observed (Figure 4.2 c). No significant effect of both the quantity of MoS2 nanosheets 

and cellular concentration was noted. In Figure 4.2 d, taking twice the number of MCF-7 cells 

present in Figure 4.2 c the cell viability in this case was much less affected than in Figure 4.2 c. 

We ascribe this finding to the specific type of interaction between the adhered MCF-7 cells and 

the nanoflakes. In fact, in case of adhered cells the interaction always takes place through the 

interface surface between the cell medium and the nanoflakes. This interface, constituted by the 
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most external cell layer, is approximately keeping the same size and involving the same number 

of cells regardless the actual entire volume of the growth cells below the separation surface. 

Therefore, simply increasing the number of cells while keeping the same interface results in 

minimizing the interaction between adhered cells and MoS2 nanosheets. Similar effects were 

observed in HaCaT cells incubated with MoS2 nanosheets coated onto the plates (Properties of 

Exfoliated MoS2 nanosheets dispersion are shown in Table 4.2). Like MCF-7, HaCaT cell line 

viability was strongly affected by the presence of MoS2 nanosheets coated over the plates. Here 

we can also see that in the case of 14 μg/mL C, but with two different N, 6 and 10, the induced 

evident reduction of cell viability is not changing, suggesting that no major role is played in such  

a case by the C. The above findings corroborated the idea that a prolonged physical proximity 

between 2D nanosheets and cells is required to induce the cell death. In fact, while this is 

certainly the case for MCF-7 and HaCaT that grow up in adhesion, for U937 that grow up in 

suspension MoS2 nanosheets can be much more diluted in the entire volume of the solution so to 

interact much more weakly with cells. Normally the interaction of nanomaterials with cells is 

studied with the latter being placed at the bottom of a culture plate. 
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Figure 4.2: MTT analysis. (a,b) MTT assay performed on U937 cell line with (a) 2000 and (b) 

4000 cells at 570 nm absorbance for 24 h and 48 h. (c,d) MTT assay performed on MCF-7 cell 

line with (c) 2000 and (d) 4000 cells at 570 nm absorbance for 24 h and 48 h. Error bars 

indicate three independent experiments in (a–d). 
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Table 4.2 Concentration, mean layer number and mean lateral size of exfoliated MoS2 

nanosheets pre-incubated with 3000 HaCaT cells for 24 h and 48 h. Absorbance values at 570 

nm after 24 h and 48 h of incubation with nanosheets. Negative control is normalized to 

absorbance equal to 1 

 

In vitro, cellular response to nanoflakes can also be evidently influenced by the altered diffusion 

and sedimentation velocities of the nanostructured flakes [
43

], as well as by electrostatic forces 

arising from the interaction between exfoliated MoS2 nanosheets that are negatively charged 

(Table 3.1 of Chapter-3 (Zeta Potential) and cell membrane which is typically positively charged 

on the external side, thus generating a negative transmembrane potential [
44

]. Within the 

electrostatic forces that may play a role in the interactions between cells and MoS2 nanosheets it 

is worth, as in case of potassium ion, that might be affected by the presence of 2DM nanosheets 

[45]. Cell adhesion is an important aspect in cell proliferation, and can play a role in the 

Concentration of 

MoS2 dispersion 

(µg/mL) 

Layer Number 

     (N) 

Lateral Size 

    (L) 

 

Absorbance after  

24 h (570 nm) 

 

Absorbance after  

48 h (570 nm) 

10 

14  

14 

2 

10 

6 

145 nm 

250 nm 

220 nm 

0.55 ± 0.02 

0.54 ± 0.02 

0.63 ± 0.02 

   0.57 ± 0.06 

   0.45 ± 0.02 

  0.57 ± 0.01 

22 

36  

5 

12 

200 nm 

300 nm 

   

0.61 ± 0.01 

0.64 ± 0.01 

 

  0.53 ± 0.01 

  0.49 ± 0.01 
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interaction of cells incubated with nanomaterials. Typically, cells are prepared so to adhere 

before the addition of the nanomaterial solution to the preparation [46
]. In our case, cells are 

adhered onto the plates coated with two MoS2 dispersion drops having different volumes. Since 

U937 cells by nature grow up in suspension, typically tend to a minor surface-like interactions 

resulting in a poor adhesion and thus a weaker interaction with the nanoflakes. Therefore, the 

cell viability was not affected as in the case of the other cell lines. On the other hand, both MCF-

7 and HaCaT cells grow up in adhesion to a surface. This property makes them more appropriate 

for surface-like interactions, there including those ones with the nanomaterial. This leads MCF-7 

and HaCaT cells to exhibit a strong decrease in cell viability when incubated with 2D MoS2 

nanosheets, in the range of ≈0–50% in our experimental conditions. 

 

4.5. MTT assay on HaCaT and MCF-7 cells pre-incubated with MoS2 

nanosheets 

4.5.1. MTT- Cell proliferation assay  

Walking on this line, we exploited another interaction pathway of pre-incubation and rotation of 

2D nanosheets with cells, so to increase their direct contact of interaction in the medium. So, 

basically this was our third interaction pathway which we have studied on HaCaT cells. After 

performing cell cytotoxicity studies on all three used cell lines and subsequently MTT assay on 

U937 and MCF-7 cells, it was important to study the effect of MoS2 nanosheets on normal cells 

via pre-incubation and rotation of 2D nanosheets with the given cells.  In this setting, adherent 

HaCaT cell line was pre-incubated for 1 h in gentle rotation with the indicated quantities of 

MoS2 nanosheets and then cultured for next 24 and 48 h in standard growing conditions. In this 

condition, cells viability was profoundly impaired in the presence of MoS2 nanosheets as shown 
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in Table 4.2. Our data also revealed that cellular response was somehow dependent on C and N 

of MoS2 nanosheets, though the mechanism for interplay between N and C on the induced 

biological effects in this peculiar geometry of interaction still needs to be more deeply 

investigated. The general behavior here indicates that adding MoS2 nanosheets in the preparation 

as described above leads always to a strong cell viability decrease, even larger than 65%, and 

suggests to some extent that the lower the concentration the higher the cell viability decrease. In 

Table 4.3, we report the viability of MCF-7 cells via MTT assay, pre-incubated with 2D MoS2 

nanosheets having different C and L. Even in this case there is a strong impact of the nanosheets 

over the cell viability, even stronger than in HaCaT, in the same conditions. The sample 

absorbance decreases in this case from 1 (negative control) to a value in the 0.1–0.35 range, 

when checked at 24 h and 48 h after treatment. No clear dependence is observed in this case on 

the C and on the parameters characterizing the nanosheets such as N and L. 

 

Concentration of 

MoS2 dispersion 

(µg/mL) 

Layer Number 

(N) 

Lateral Size 

         (L) 

 

Absorbance after  

24 h (570 nm) 

 

Absorbance after  

48 h(570 nm) 

10 

14  

14 

2 

10 

6 

145 nm 

250 nm 

220 nm 

0.163 ± 0.012 

0.118 ± 0.002 

0.120 ± 0.002 

  0.194 ± 0.002 

  0.136± 0.001 

  0.107± 0.001 

22 

36  

5 

12 

200 nm 

300 nm 

   

0.299 ± 0.003 

0.209 ± 0.012 

 

  0.358± 0.003 

  0.221 ± 0.012 
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Table 4.3: Concentration, mean layer number and mean lateral size of exfoliated MoS2 

nanosheets pre-incubated with 3000 MCF7 cells for 24 h and 48 h. Absorbance values at 570 nm 

after 24 h and 48 h of incubation with nanosheets. Negative control is normalized to absorbance 

equal to 1. 

 

4.6. Cell morphology by scanning electron microscope (SEM) 

4.6.1. Visualization of cell morphology 

To better characterize the microscopic structural features of the interaction between cells and 

MoS2 nanosheets, SEM experiments were performed. After the pre-incubation for 1 h with MoS2 

dispersion, the three cell lines used were conventionally cultured on conver-glasses. Then, cells 

were observed by SEM after 24 h of incubation with two dispersions of MoS2 nanosheets  

(having 10 μg/mL C with 6 N, and 14 μg/mL C with 3 N). SEM images clearly revealed the 

deposition of some MoS2 flakes over the cell surface. Figure 4.3 shows the interaction of MoS2 

nanoflakes with MCF-7, U937 and HaCaT cell lines, the flakes having L in the 0.5–10 μm range. 

MCF-7 line of Figure 4.3 a represents the negative control case (absence of MoS2 dispersion) 

with two MCF-7 cells exhibiting their typical epithelial morphology. MoS2 flakes from the two 

samples (10 μg/mL and 14 μg/mL) were added, Figure 4.3 b showing the typical structural aspect 

of a flake. The addition of the MoS2 nanoflakes resulted in an alteration of the cell structure that 

appears seriously damaged as in Figure 4.3 c. In the second line of Figure 4.3 (d-f), a strong 

cytotoxic effect of MoS2 nanosheets is revealed on U937 cells, resulting in a massive cell death 

of this hematological cellular system. Figure 4.3 d shows the typical appearance of a control 

U937 cell (in absence of MoS2 dispersion). The cell death is associated to deposition of sodium 

chloride crystals appearing both as little cubes and massive aggregates. In Figure 4.3 e, treated 



187 | P a g e  
 

U937 cells are heavily damaged as compared to the control. The presence of 2D nanosheets 

induced a complete distortion of the U937 cell structure upon their interaction, leading to 

complete cell death. Both sodium chloride types of crystals are visible as typical final product of 

cell decomposition induced by the stress due to MoS2 nanoflakes reported in Figure 4.3 f. In this 

case a fragment of decomposed U937 cell is shown, surrounded by the sodium chloride crystals 

that probably coat also the smaller MoS2 flakes. In the last line of Figure 4.3 (g,h), untreated 

HaCaT cells represent a mesh-like structure with several filaments over the periphery of its cell 

membrane in Figure 4.3 g. MoS2 nanosheets treatment at 10 μg/mL caused a disruption of the 

cell structure with separation of the mesh into two parts. The presence of 2D flakes, highlighted 

in the figure by red arrows, resulted in destruction of the HaCaT cell membrane in Figure 4.3 h. 

MoS2 dispersion at 14 μg/mL shows the presence of 2D multilayer flakes over the cell surface, 

where craters also appear in the membrane as a result of the mechanical damage induced by the 

MoS2 nanosheets to HaCaT cells in Figure 4.3 i. Taken together, these results provide evidences 

of the capability of MoS2 nanosheets to interact with the cellular surface and to trigger changes 

in cell morphology that likely evidence a strong mechanical damage. 
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Figure 4.3. SEM analysis of human cell lines. (a–c) MCF-7 (top, the red arrows indicating the 

nanoflakes onto the cell), (d–f) U937 (middle, the blue arrows indicating the damaged areas and 

the red the nanoflakes) and (g–i) HaCaT cells (bottom, the blue arrows indicating the damaged 

areas and the red the nanoflakes) untreated and treated with MoS2 dispersion at the indicated 

concentrations. The N was two at 10 μg/mL and six at 14 μg/mL. 
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4.7. MoS2 nanosheets and cells interaction pathway 

 

Figure 4.4 explains a simple scheme of three different interaction pathways of 2D MoS2 

nanosheets with adhesion and suspension human cells. Figure 4.4 a shows the adhesion 

interaction of MoS2 nanosheets over the cell surface. In such a case, MCF-7 cells (adherent) 

were coated over the cell plate and then MoS2 dispersion was added for 72 h incubation. The cell 

viability was not affected even after 48 h of exposure with nanosheets. We observed a change in 

S phase of cells after 72 h of incubation because of slow sedimentation velocity of MoS2 

nanosheets in cell medium (Figure 4.1). A Similar effect was observed in case of HaCaT cells 

(again adherent). In Figure 4.4 b, the interaction scheme of MoS2 nanosheets with suspension 

cells (U937) is represented. After 48 h incubation with nanosheets, time dependent cell death 

was observed together with a high decrease in cell viability even at the lowest concentration of 

the MoS2 dispersion (in Figure 4.1). In Figure 4.4 c, MoS2 nanosheets dispersion was coated 

over the plates and then cells were exposed to the nanosheets surface. In case of adhesion cells 

(MCF-7), after 24 h incubation, more than 50% cell death was observed at the lowest cell density 

because a better contact between flakes and cells takes place resulting in maximum damage 

(Figure 4.2). In Figure 4.4 d, suspension cells exhibit less damage because of the smaller chance 

to interact with the coated plated surface treated with MoS2 nanosheets (Figure 4.2). In Figure 

4.4 e, MoS2 dispersion and cells were pre-incubated and rotated for 1 h to have better mixing and 

maximum interaction in the dispersion. In this respect, we observed the exciting result of 

maximum damage to both the tumoral cell lines and negligible effect to the normal one. This 

interaction between cells and MoS2 nanosheets resulted in the more virulent nature for the cells 

already in suspension (U937).While in case of adhesion cells, as they adhere slowly to the 
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bottom of the plate, their interaction resulted in a minor less damage for HaCaT cells (normal) 

compared to tumor MCF-7 in Figure 4.5 a. 

 

Figure 4.4. Interaction pathway for adhesion (MCF-7 and HaCaT cells) and suspension cells 

(U937) with 2D MoS2 nanosheets. 
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4.8. MoS2 mediated cell death evaluation  

4.8.1. Propidium iodide staining: cell death evaluation 

We integrated the qualitative morphological analysis of the MoS2 nanosheets impact onto the 

above mentioned three cell lines, carried out by SEM images, by evaluating the cell death based 

on FACS. Then, a quantitative estimate of the induced cell death after 24 h is obtained as 

percentage of cells positive to the Propidium Iodide test, as shown in Figure 4.5 a. The result is 

very surprising and somewhat striking: while MoS2 nanosheets were able to induce cell death in 

both of the cancer cell lines, they essentially did not in normal cell line, as shown in Figure 4.5, 

where the Propidium Iodide positive cell level is even lower than the untreated control indicating 

no induction of cell death. In fact, in breast cancer MCF-7 cell line, MoS2 dispersion incubated 

in both quantities induced a two fold increase of cell death. Acute myeloid leukemia U937 cell 

line appeared the most sensitive to 2D nanomaterial treatment, with an increase of cell death of 

8–12 folds as compared to the untreated cells. Negligible effect was instead observed in HaCaT 

cell line even when these cells were exposed to MoS2 nanosheets for longer duration of 

observation up to 96 h after treatment: a difference in favor of the untreated cells was observed 

here, demonstrating the inefficacy of MoS2 nanosheets in such cell system in Figure 4.5 b. 

Interestingly, the anti-proliferative effect is obtained both in hematological and solid cancer cell 

lines, appearing at this stage to be a cell-type-independent cancer response, restricted to the only 

tumor cells. HaCaT cells in fact, here utilized as a model for non-cancer cells, are unaffected in 

each scheme of treatment (Figure 4.4) but the case where MoS2 nanosheets dispersion was 

coated over the plates and then cells were exposed to the nanosheets surface in Figure 4.4 c, 

which resulted in a weaker effect as compared to the analog for tumor cells see Table 4.2 and 

Figure  4.2 (a–d). Whether this feature is a general finding characterizing cancer cells regardless 
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their type or is cell-type-dependent, for instance because of the interaction between the 

negatively charged nanosheets and the cell membrane having an electrostatic potential varying 

from type to type, is a very intriguing question, whose response to is out of the scope of this 

thesis and will be addressed in future investigations some of which we have summarized in the 

Chapter-7 of this thesis. This finding indicates MoS2 nanosheets as a possible promising atoxic 

tool in cancer therapy. If confirmed, this preliminary observation would be of extreme 

importance, and would open the route to concrete applications of MoS2 nanosheet treatment in 

living systems as possible targeted anti-cancer system. It is worth pointing out that this result is 

not at odd with morphological analysis based on SEM investigation of the treated cells, that 

indicated possible mechanical damage in all the three cell lines, since morphological analysis is 

not quantitative and basically enlightens only mechanical stresses. 
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Figure 4.5. Cell death analysis for long duration. (a) Cell Death induced by MoS2 nanosheets 

treatment in the same experimental setting of SEM experiment. (b) Cell Death induced by MoS2 

nanosheets treatment with HaCaT cells checked at 24, 48, 72 and 96 h after treatment, in the 

same experimental conditions of SEM experiment. Error bars report standard deviation after 

three independent experiments in (a,b). 
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4.9. Antibacterial effect by naked MoS2 nanosheets 

Graphene and its derivatives have been explored a lot for their antibacterial activities, but there 

are few studies which reflect the antibacterial mechanism of TMDs. Liu. X. et al. studied time 

and concentration dependent antibacterial activity of WS2 nanosheets on gram negative E. coli 

and gram positive Staphylococcus aureus bacteria [
47

]. Shinde and co-workers demonstrated the 

inhibitory effects of WS2 and WS2-rGO composite nanosheets on gram negative (E. coli) and 

Salmonella typhimurium (S. typhimurium), and Gram positive Bacillus subtilis (B. subtilis) and 

Staphylococcus epidermidis (S. epidermidis) bacterial strains [
48

]. Na Wu et al. studied the 

toxicity of MoS2 on E. coli with its increasing concentration by utilizing metabolomics 

technology [
49

]. Studies on Salmonella bacteria using TMDs have generally been explored very 

little. Zhang X. et al. studied chitosan functionalized and antibiotic loaded MoS2 nanosheets to 

combat the S. aureus and gram negative Salmonella bacteria against the bacterial resistance and 

biofilm formation [
50

]. To utilize 2D TMDs in various antibacterial applications, it is important 

to study first the interaction of 2D nanosheets with the bacterial target. In this aspect, we have 

chosen S. typhimurium which is well known to be a pathogen causing nosocomial infections, 

often contaminating water or food [
51

]. The latter case is very much timely: a number of 

applications are currently investigated one of the most interesting examples being the possibility 

to make new food packaging systems to avoid or to reduce Salmonella contamination of food.  

 

4.10. General Information of Salmonella Typhimurium 

Salmonella typhimurium is basically a gram negative bacterium which is responsible for 

gastroenteritis and a systemic typhoid fever [
52

]. Approximately, 1.3 billion cases of non-typhoid 

fever and subsequently 2-3 million deaths have been reported worldwide [
53,54

]. Basically, 
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entering via bloodstream and then penetrating through small intestinal epithelial cells to various 

other organs of the body such as liver, spleen and bone marrow makes it more viable to increase 

in number and in consequence it causes high fever [
55

].  By this way, infection throughout the 

body is initiated and it basically controls the doom of human cells by invading enterocytes and it 

results in a specific kind of secretion system to enhance the pathogenic effect inside the host cells 

with its cylindrical structure [
56

]. Various antibiotics have been reported to use against the 

infection caused by S. typhimurium but over usage of these antibiotics have helped Salmonella 

to acquire strong resistance against these antibiotics [
57

]. So, keeping in mind regarding an 

excellent antibacterial activity of MoS2 nanosheets towards other Gram-negative and Gram-

positive bacterium and the deadly symptoms caused due to salmonella provoked us to study the 

effect of water-dispersed 2D MoS2 nanosheets on this food pathogen.  

The two different categories of Salmonella bacteria (ATCC 14028 and wild-type (WT) 

Salmonella) were used to interact with liquid exfoliated MoS2 nanosheets. A clear antibacterial 

action of MoS2 nanosheets was observed in SEM images where MoS2 nanosheets acted as a 

sharp knife and cuts the outer membrane of Salmonella. Then MTT assay was performed to 

study the bacterial viability after the interaction with MoS2 nanosheets. 

 

4.11. Antibacterial activity: proliferation test  

4.11.1. Microbial strains, culture conditions and preparations 

Incubation of S. typhimurium bacterial models was performed at two different concentrations of 

2D MoS2 nanosheets dispersion (11.2 and 20 μg/mL) for 24 h. Bacterial viability was studied via 

a proliferation test. Samples incubated with MoS2 nanosheets dispersion (properties of MoS2 

nanosheets dispersion mentioned in Table 4.1) were checked after the first four hours from the 
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treatment, and then re-checked after 24 h to investigate the bacterial death (Figure 4.6). 

Incubation of the bacterial models under the same conditions were used as a positive control for 

the experiment, without MoS2 nanosheets dispersion. From the colony counting images (Figure 

4.6) we can clearly see an antibacterial effect in all cases. The antibacterial action of MoS2 

nanosheets is due to both membranes mechanical injury, as imaged in Figure 4.7 (i–l) by SEM, 

and oxidative stress [
58

]. From Figure 4.6 (a–f), we observed a clear antibacterial effect of 2D 

MoS2 nanosheets on S. typhimurium. In Figure 4.6 a, SA+ denotes the control wild-type 

Salmonella with no incubation with 2D nanosheets. The bactericidal action is very clear and 

similar in Figure 4.6 b at 11.2 μg/mL with N = 2 and in Figure 4.6 c at 20 μg/mL with N = 4. 

From Figure 4.6 (d–f), we observed an even more evident bactericidal effect on the ATCC 

14028 Salmonella, which resulted in complete death of bacterial cells upon incubation with sharp 

edged 2D MoS2 nanosheets. In Figure 4.6 d, SATCC+ denotes the positive control ATCC 

14028 lab Salmonella typhimurium other than the wild-type. Bactericide effect in ATCC 14028 

Salmonella is much stronger than the corresponding case in wild-type, as somewhat expected. 

Moreover, differences between the two concentrations of the nanoflakes as shown in Figure 4.6 

e and Figure 4.6 f can be considered negligible, being the number of counted colonies in the 

range of some units in both cases. We interpret our finding as, the MoS2 flakes could act as nano-

knives or nano-blades on the Salmonella bacteria, being capable to cut the bacterial external cell 

wall since the flake has a smaller or approximately the same thickness as the wall, this latter 

being 10–12 nm [
59

]. Alternatively, sheets can wrap around the cell surface (wrapping) without 

penetrating it. In a further mechanism, called trapping, a net of MoS2 flakes traps bacteria. This 

will be strikingly clear from SEM images of the bacteria treated with MoS2 nanosheets in the 

forthcoming section. 
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Figure 4.6. Proliferation test. Two different concentrations of 2D MoS2 dispersion interacted 

with S. typhimurium represented as (a–f). (a) Positive control of wild-type Salmonella without 

2D MoS2, (b) incubation at 11.2 μg/mL and C) at 20 μg/mL; (d–f) Salmonella bacteria grown in 

the lab (ATCC 14028), (d) positive control without 2D MoS2, (e) incubation at 11.2 μg/mL and 
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(f) at 20 μg/mL. All the samples treated with MoS2 nanoflakes were checked after 4 h from the 

treatment. (g) MTT plots of 2D MoS2 dispersion incubated with ATCC 14028 Laboratory 

Salmonella and (h) wild-type Salmonella at 11.2 μg/mL and 20 μg/mL. The absorbance of the 

incubation is presented at 450 nm (green) and 490 nm (red) wavelengths. Interaction of 2D 

MoS2 nanosheets at 20 μg/mL with average thickness of N = 4.  

 

4.12. MTT assay - MTT plots of lab prepared Salmonella incubation 

with 2D MoS2 dispersion  

4.12.1. Determination of bacterial viability 

Basically, In Figure 4.6 (g,h), we have demonstrated the effect of incubation of two different C 

of 2D MoS2 nanosheets with ATCC 14028 and wildtype S. typhimurium. MTT analysis reveals 

the oxidative stress generated upon incubation of MoS2 nanosheets with bacteria. From Figure 

4.6 g,h we can see that for both Salmonella types a relevant oxidative stress was induced, 

reducing the absorbance to about 40% of the untreated sample. Salmonella Chromogen Agar 

plates. After incubation overnight at 37 °C for S. typhimurium, colonies on the plates were 

counted and compared with those on the control plates (without any MoS2 nanosheets) to 

calculate the loss of viability caused by the MoS2 nanosheets samples. 
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4.13. Scanning Electron Microscopy measurement (SEM) 

4.13.1. Antibacterial activity: the action mechanisms of MoS2 nanosheets.  

Strikingly, in Figure 47 (a-d), we observe the role of direct contact of 2D MoS2 nanosheets, 

having sharp edges, with the bacterial membrane. In Figure 47 a, under the control experiment 

we can clearly see the normal rod shaped morphology with smooth and intact membranes of 

ATCC 14028 S. typhimurium. After incubating with 2D MoS2 dispersion, a stress in the 

membrane is visible, that causes bacteria fragmentation as in Figure 47 b and/or cuts in the 

bacteria membrane as in Figure 47 c, where we can figure out the action of the 2D MoS2 

nanosheets sharp edges as they acted as a sharp nano-knife. In Figure 47 d, leakage of the 

intracellular components results in complete distortion of the bacterial membrane caused by 

mechanical stress induced by the nanoflakes lying nearby. 
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Figure 4.7: (a) Control rod shaped ATCC 14028S. typhimurium (b) fragment of a bacterium cut 

by a nanosheet evidenced by the red arrow, (c) slight cut at the outer bacterial membrane as  

shown by red red arrow, and (d) leakage of intracellular components of Salmonella bacteria 

(red arrow) upon interaction with the sharp edges of the 2D MoS2 nanosheets present nearby 

(blue arrows). 

 

 

 

a b 

c d 
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4.1.4 Experimental details 

4.14.1. Cell cycle analysis  

Cells were collected by centrifugation at 1200 rpm for 5 minutes and then re-suspended in 500 

μL of a hypotonic buffer composed of 0.1% NP-40, 0.1% sodium citrate, 50 μg/mL propidium 

iodide (Sigma Aldrich), RNAse A. The samples were then incubated in the dark for 30 minutes. 

Analysis was performed by FACS-Calibur (Becton Dickinson) using Cell Quest Pro software 

(Becton Dickinson) and ModFit LT version 3 software (Verity). Experiments were performed in 

triplicate. 

 

4.14.2. Cell line culture, conditions and preparations  

U937 (acute myeloid leukemia cell line) cells were grown in RPMI 1640 medium (EuroClone) 

supplemented with 10% heat-inactivated FBS (Sigma Aldrich), 1% glutamine (EuroClone), 1% 

penicillin/streptomycin (EuroClone) and 0.1% gentamycin (EuroClone), at 37 °C in air 

containing 5% CO2. MCF-7 (human breast adenocarcinoma cell line) and HaCaT (immortalized 

non tumorigenic human keratinocytes) cells were grown DMEM medium supplemented with the 

same components described above and in the same incubation conditions.  

 

4.14.3. MTT- Cell proliferation assay  

The MoS2 nanosheets were dispersed in Elix water at different concentrations (8, 14 and 20 

μg/mL). Dilutions by a factor of about four as compared to the concentration value of the initial 

preparation were performed. The cell viability was evaluated using 3-[4, 5-dimethyltriazol-2-yl]-

2, 5-diphenyl tetrazolium bromide (MTT) as substrate. MTT assay (Sigma Aldrich) was 

performed according to the protocol provided by the Supplier. The absorbance was measured 
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with microplate reader (Tecan EVO M1000 PRO) at the wavelength of 570 nm and using 630 

nm as reference wavelength. Experiments were performed in triplicate.     

 

4.14.4. Visualization of cell morphology 

The HaCaT and MCF-7 cells were cultured directly on coverslips. U937 cells were coated on 

polylisined coverlips before the SEM procedures. The cells were fixed with 2.5% glutaraldehyde 

in 0.2 M PBS at pH 7.2–7.4 for 2–4 h at 4 °C. The cells were then washed three times with PBS 

0.2 M for 10 minutes. Additional fixing was performed by OsO4 1–2% in PBS 0.2 M at pH 7.4 

for 2 h at 4 °C in dark. The cells were then washed with PBS 0.2 M (3% for 10 minutes) at 4 °C. 

The samples were dehydrated by ethanol 30%; 50%; 70%; 80%; 95% for 10 minutes and 100% 

for 1 h at 4 °C. Morphological analyses of samples were performed with a scanning electron 

microscope (SEM) JEOL-JSM 5310 (CISAG laboratory, at University of Naples, Federico II). 

The SEM operating at 15 kV, is equipped with energy dispersive X-Ray spectroscopy (EDS); 

data were processed with INCA version 4.08 (Oxford Instruments, 2006). The samples were 

metalized with gold by using a sputter coater. Oxford Instruments (2006): INCA - The 

microanalysis suite issue 17a + SP1 - Version 4.08. Oxford Instr. Anal. Ltd., Oxfordshire, UK. 

 

4.14.5. Propidium iodide staining: cell death evaluation 

After the induction with MoS2 for different times and at different concentrations, cells were 

collected and centrifuged at 1200 rpm and then washed with cold PBS. Cell pellets were re-

suspended in PI staining solution (0.2 μg/mL). PI positive cells were counted by flow cytometry 

(FACS). Experiments were performed in triplicate. 
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4.14.6. Bacterial cell growth 

 Bacteria were diluted up to 10
6
 CFU/mL and exposed to MoS2 nanosheets at different 

concentrations in a final volume of 100 μL. Experiments were made in duplicates. Different final 

concentrations of MoS2 were tested at 11.2 μg/mL and 20 μg/mL. Aliquots were collected after 

four hours, conveniently diluted by serial dilutions 1:10 and plated in Salmonella Chromogen 

Agar plates. The plates were incubated overnight at 37 °C. CFU were counted the following day. 

 

4.14.7. Microbial strains, culture conditions and preparations 

We used (S. typhimurium) ATCC 14028 and wild-type S. typhimurium as a model bacterium to 

evaluate the antibacterial activity of MoS2 nanosheets. Also all the bacterial samples without the 

incubation of nanosheets were used as a positive control in nuclease free water. The bacterial cell 

suspension was diluted in isotonic saline solution to obtain cell samples containing 150 colony 

forming units (CFU). Cell growth was determined by measuring the optical density at 600 nm 

(Lambda-25 spectrophotometer, Perkin-Elmer, USA) in six parallel measurements for each time-

point. S. typhimurium ATCC 14028 and wild-type S. typhimurium were maintained on buffered 

peptone water (BPW) at 37 °C under constant orbital shaking at 220 rpm for up to 24 h. The 

MoS2 nanosheets dispersion was diluted at two different concentrations 11.2 μg/mL and 20 

μg/mL, respectively, using culture medium with a final concentration of bacteria of 1 × 10
6
 CFU 

mL−1. Both categories of S. typhimurium were cultured at the condition of 37 °C for up to 6 h. 

Antibacterial effect was evaluated by the colony counting method. In brief, the incubation 

bacterial solutions were initially diluted to 1 × 10
5
 CFU mL−1. Later, 100 μL of the diluted 

bacterial cells were spread respectively on the Salmonella Chromogen Agar plates. After 
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incubation overnight at 37 °C for S. typhimurium, colonies on the plates were counted and 

compared with those on the control plates (without any MoS2 nanosheets) to calculate the loss 

of viability caused by the MoS2 nanosheets samples.  

 

4.14.8. Determination of bacterial viability 

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) reagent (Sigma-Aldrich,USA) was used for 

bacterial viability measurements. Two different categories of Salmonella bacteria were exposed 

to 20 μg/mL and 11.2 μg/mL of MoS2 nanosheets in PBS. 10 μL of the 12 mM MTT stock 

solution was added to each well. A negative control of 10 μL of the MTT stock solution was 

added to 100 μL of medium alone. Then this solution was incubated at 37 °C for 4 h. At high cell 

densities the incubation time can be shortened to 2 h. Then, 100 μL of the SDS-HCl solution was 

added to each well and thoroughly mixed using the pipette. Then, the microplate was incubaed at 

37 °C for 4 h in a humidified chamber. Longer incubations generally decrease the sensitivity of 

the assay so short incubation time was more preferred in this experiment. After mixing each 

sample again using a pipette the absorbance was observed at 450 and 490 nm. 

 

4.14.9. Antibacterial activity: the action mechanisms of MoS2 nanosheets.  

Changes in the morphology of salmonella bacteria were studied using scanning electron 

microscopy (SEM). Obtaining acceptable SEM images with good ultrastructural preservation 

requires careful application of the SEM sample preparation methods. The concentration of 2D 

MoS2 dispersion and its incubation with Salmonella for SEM analysis was chosen at 20 μg/mL). 
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After incubation overnight at 37 °C for S. typhimurium with/without MoS2 nanosheets in 

buffered peptone water (BPW) for 24 h, preparation for SEM was carried out according to the 

following protocol: 

1. Bacterial broth was centrifuged. 

2. Pellet was washed with saline phosphate buffer for 3 times. 

3. 0.25% gluteraldehyde was added in sodium phosphate at pH- 7.2. 

4. Then this mixture was incubated at room temperature for 30 minutes. 

5. Then the overnight incubation was performed. 

6. Sodium phosphate buffer was washed for 3 times. 

7. After centrifugation, the pellet was collected. 

8. The sample was dehydrolysed by different ethanol volumes starting from 30%, 50%, 70%, 

80%, 90% and 100%. 

9. For each ethanol volume the sample was incubated for 10 minutes. 

10. Additionally, incubation of the sample was performed in 100% ethanol volume for 1 h. 

11. Sample preparation for SEM was performed by applying adhesive tape and then the bacterial 

sample was added over the adhesive tape. 
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Chapter-5 Conclusions and Future prospects 
 
 

5.1. Conclusions 

We have reported a novel green route for scalable production of defect-free and few-layered 

MoS2 nanosheets by direct exfoliation in pure water. Exfoliation of MoS2 nanosheets using water 

as a solvent via LPE is a big challenge itself. Therefore, after optimizing the most relevant 

parameters for exfoliation, we achieved a stable dispersion for up to three weeks. Additionally, 

by using different centrifugal forces we attained size and thickness selection of nanosheets 

possibly restricting our production in the 2–5 layer band. Samples were characterized by 

extinction measurements which revealed the final mean concentration of the dispersion, mean 

lateral size and mean thickness of MoS2 nanoflakes. ζ- potential measurements estimated the 

negative surface potential of MoS2 nanosheets. Interactions of few-layered MoS2 nanosheets on 

live human cells and bacteria were also investigated. Here, we found a very interesting and novel 

result: the impact of MoS2 nanoflakes was found to be quite different in normal from cancer cell 

lines in the investigated range of nanoflakes concentration. While the latter cells revealed a 

significant cytotoxic effect based on a very large increase of cell death, the former were 

essentially unaffected in this respect and only showed some mechanical damage when 

morphologically analyzed by SEM microscopy. This cytotoxic effect was also found to depend 
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on the concentration and layer number of 2D nanoflakes. In the near future, this preliminary 

analysis might open up new routes for significant applications of MoS2 nanosheets as targeted 

anti-cancer systems. This analysis was further extended to bacteria. SEM images of S. 

typhimurium treated with 2D nanosheets revealed that the sharp edges of the nanoflakes can cut 

and/or damage bacterial membrane leading to an evident bactericidal effect. 

 

Bacterial viability was studied by colony counting images and MTT assay that probed possible 

oxidative stresses induced by treatment with the nanoflakes. The results obtained by treating 

Salmonella bacteria with MoS2 nanosheets are interesting and will be further extended to higher 

concentrations of 2D MoS2 dispersions. One might see whether the interaction with nanoflakes 

in such condition leads to an increase of intra-cellular metabolites or might investigate the effects 

on amino acids and pyruvate metabolism. This could help in clarifying the mechanism of the 

antimicrobial effect of MoS2 nanosheets. The results obtained in studying the impact of water-

based preparation of MoS2 few-layered nanoflakes with live matter represent an important step 

to unveil the scenario of the interactions of these novel materials with bacteria, viruses and 

human cells. Moreover, further optimization of a number of parameters in the exfoliation can 

additionally improve the quality of the nano-samples in terms of biocompatibility and stability of 

the water-based dispersion. This is essential from a practical point of view aiming at designing 

and realizing applications of this innovative 2DMs to biomedical sciences and food packaging. 

This innovative preparation technique is versatile and can be easily extended to other 2DMs at 

large scale production. 
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5.2. Some key challenges to overcome 

Basically, the novel fabrication route of water-dispersed 2D MoS2 nanosheets and that can 

certainly be extended to other TMDs as well could be highly effective not only in understanding 

the different interaction pathways but also the intriguing mechanism behind these biological 

interactions. A deep comprehension of these key issues will open some doors to targeted drug 

delivery and other relevant biomedical applications [
60,61

]. The present work in this thesis 

represents a very preliminary results of a very specific action of water-dispersed MoS2 

nanosheets on tumor cells, whereas very less or negligible effect on normal human cell line. Now 

to confirm our presented hypothesis, we are investigating the effect of water-dispersed MoS2 

nanosheets on the same cell lines as presented in this thesis by advanced Raman microscopy 

technique. Subsequently, we are also investigating the mechanism of action of water-dispersed 

MoS2 nanosheets by studying the role of different ion channels on the given cell membrane type.   

Preliminary results from these advances are exciting and very promising, despite these topics are 

still under investigation. In view of the above goals, still there are some key challenges which 

need to be overcome so as to focus the current research activity to the frontiers of biomedicine 

and biotechnology. These challenges are:- 

a) Taking into consideration the green and scalable fabrication protocol used in this thesis, 

there still remain a lot of work to be done to improve the protocol to produce the desired 

2D nanoflakes with homogenous structure and the required lateral size. Special 

dedication should be dedicated to controlling the thickness of exfoliated 2D nanosheets 

that plays a key role in their interactions with live matter. 

b) Also, negative surface zeta potential of water-dispersed MoS2 nanosheets was surprising 

because the exfoliated 2D nanosheets should be neutral. It will therefore be important to 
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find out the source of negative zeta potential for water exfoliated MoS2 nanosheets (for 

example defects at edges or basal planes).  

c)  Though, 2D TMDs and other family members of 2D materials, such as 2D metal oxides, 

carbides etc., have proven to be biocompatible and exhibit very low toxicity, direct 

exfoliation of 2D MoS2 nanosheets in water will however provide naked encounter with 

biological matter and depending on the cell -/ tissue type, the effect of toxicity might 

increase. So, these questions need to be studied while extending the knowledge on the 

basic interactions and behavior of water-dispersed 2D MoS2 nanosheets. 

d) Results out coming from points a) and b) can push the research activity towards proper 

biosafety assessment measures for future clinical trial applications. 

e) Although, some of the research groups have already tested the long term bio-distribution 

and excretion route of exfoliated 2D TMDs (functionalized) , an appropriate assessment 

of cellular uptake and bio-distribution of only water-dispersed MoS2 and other 2D TMDs 

nanosheets is still missing and urgently required.  

f) Results out coming from points a) – d) can enhance the fabrication techniques of novel 

2D TMDs so to produce the flakes directly into the physiological medium together with a 

suitable optimization of fabrication parameters which in itself is a big challenge! 

 

Moreover, the extension of our research activities is not only limited to understand the intriguing 

interaction of 2D MoS2 nanosheets with human cells but we are also investigating their potential 

as an antibacterial agent in Escherichia. coli and Staphylococcus Aureus with a range of final 

dispersed MoS2 concentrations, which results in a very intriguing mechanical damage to bacteria. 

Additionally, a very interesting antiviral activity of water-dispersed MoS2 nanosheets is also 
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under investigation which, on the other hand, has not been reported so far in the literature to the 

best of our knowledge. The first- phase results of these experiments have shown substantial 

amount of good antiviral activity.  All these activities related to ongoing projects have been 

briefly explained in Chapter-6 (Indeed called Ongoing Projects) of this thesis.  
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Chapter-6 Ongoing Projects/ Future 

Directions 

 

(I) First Project 

6.1. Detailed mechanism analysis of different interaction pathways of water-

dispersed 2D MoS2 nanosheets 

Just to summarize, our previously published study [
1
] gave very intriguing results indicating that 

MoS2 nanosheets exfoliated in de-ionized water only showed cytotoxic effects on the given two 

tumor cell lines (MCF-7 and U937) whereas, very little or negligible effect was found on normal 

cell line (HaCaT).  We showed a perceptible progress in the green and scalable fabrication of 

MoS2 nanosheets directly exfoliated in water as a pure solvent, having stability up to three-four 

weeks. The LPE technique is also flexible: in fact one can play in the fabrication steps with the 

sonication parameters to obtain 2D nanoflakes with the desired features for the applications of 

interest. In our case, it was extremely important to have biocompatible and eco-friendly 2D TMD 

dispersion to analyze its impact on the live matter in its instinctive milieu. In view of this issue, 

we tried a number of experiments with a substantial optimization of exfoliation parameters to 

achieve a stable dispersion. Subsequently, we opted to utilize this dispersion to study three 

different interaction pathways with the reported human cell lines which furthermore showed very 
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interesting results based on the nature of the cell type and its interaction route. Additionally, we 

extended our study to analyze the impact of water exfoliated 2D MoS2 nanosheets on a two 

different kinds of the same bacteria which is considered as a food pathogen and is responsible for 

gastroenteritis, Salmonella Typhimurium. MTT assays and SEM morphological measurements 

showed that water-dispersed MoS2 nanosheets acted as a sharp knife interacting with bacteria 

with the induction of severe cuts and mechanical damage to their membrane structure. 

Enthralled by these results, we further continued our experiments to understand the specificity in 

the puzzling mechanism of action of water dispersed 2D MoS2 nanosheets on tumor and normal 

cell lines. In view of this, currently we have been investigating a similar kind of 2D MoS2 

preparation and its interaction with the given human cell lines using advanced Raman 

microscopy techniques. Particularly, we are looking for some specific regions on cell membrane 

which upon interaction with MoS2 nanosheets are affected. Till date, we have been pretty 

successful in confirming our already published hypothesis of three different interaction pathways 

of water dispersed 2D MoS2 nanosheets with the live-matter, as briefly can be seen from Figure 

6.1. Additionally, we obtained other interesting results (still under investigation) which clearly 

confirms our proposed hypothesis and paves a way to understand the mechanism of action of 

water dispersed 2D MoS2 nanosheets on live-matter.  
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Figure 6.1:  Raman imaging of a MCF7 cell exposed to MoS2 flakes: (a) Bright field image, (b) 

Comparing of the Raman spectra corresponding to the points indicated in (a), Raman mapping 

corresponding to the spectral range of (c) 388-415 cm
-1

 ,(d) 768-800 cm
-1

 ,(e) 2828-2900 cm
-1

 

and (f) 2900-3017 cm
-1

. The scale bar is 7 µm. 

6.1.1. Experimental Procedure 

6.1.1.1. Methods 

Samples were prepared by liquid phase exfoliation [
2
] using a Bandelin Ultrasound SONOPLUS 

HD3200 (200 W) tip sonicator using KE- 76 (tapered tip, 6mm diameter) and MS-72 (micro tip, 

2mm diameter). Initial precursor bulk MoS2 powder was purchased from Sigma-Aldrich (Particle 

size – 6 μm, Density - 5.06 g mL−1 at 25 °C). 150 mg of starting material was dispersed in 30 

mL of de-ionized water (Ci = 5 mg/ml) and sonicated (1h, pulse: 10 s on and 10 s off, 50% 

amplitude and with a provision of completely filled ice box to avoid the degradation of 

exfoliated 2D nanosheets because of overheating during the sonication). After centrifugation at 
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1500g for 1.5 h, the resulting sediment was re-dispersed in the same volume of de-ionized water 

and tip sonicated again (2.5 h, pulse 10 s on and 10 s off, 60% amplitude and with the provision 

of completely filled ice box).  

The stock dispersion of exfoliated MoS2 nanosheets dispersion was size selected via liquid 

cascade centrifugation [
3
] in an Eppendorf bench top centrifuge 5810 R with a fixed angle rotor 

F-34-6-38 at 15°C.  The as exfoliated dispersion was centrifuged at 40g and the sediment 

discarded. The supernatant was centrifuged again at 620g. The sediment was collected in fresh 

de-ionized water at reduced volume (5 mL) and labelled as 40g-620g. The successive 

centrifugation steps were performed at 1400g and 2000g in a similar way. All centrifugation 

steps were run for 45 minutes and labelled as demonstrated above. The obtained sediment and 

supernatant dispersions were used for further characterization analyses and subsequently based 

on the results were further employed for biological tests. 

Raman measurements were carried out using a confocal Raman microscope (WiTec Alpha 300) 

provided with a Nd-YAG laser at 532 nm as Raman excitation source. Raman mapping of MCF7 

cell was obtained by recording 50 points for line and 50 points for scan with a total of 2500 

spectra and using an integration time of 3 s per spectrum. The Figure 6.1(b) shows the 

comparison of two Raman spectra extracted in two different points of the cell as indicated in 

Figure 6.1. Both the spectra exhibit the typical peaks ascribable to the vibrational bands of 

nucleic acids (780, 1093 cm
-1

), proteins (1000, 1242, 1326, 1652, 2930 cm
-1

), lipids (1123, 1440, 

2846, 2887 cm
-1

) and water (broad band at 3400 cm
-1

) present in the cells [
4–7

]. The main 

difference is highlighted by the peaks in the region 370-820 cm
-1

 assigned to first- and second-

order Raman active modes in MoS2 [
8,9

]. Indeed, the Raman intensity map of the band centred at 

the most prominent peak 406 cm
-1

 shown in Figure 6.1(c) clearly reproduces the spatial 
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distribution of MoS2 flakes attached to the cell membrane. The Figure 6.1(d), (e) and (f) shows 

the Raman intensity maps corresponding to the nucleic, lipidic and proteic parts of the cell, 

respectively. 

 

6.1.2. Improvement in Fabrication Protocol by two step exfoliation method 

Simultaneously, we are working to improve our current fabrication protocol in view of specific 

applications. Being inspired by Backes et al. [
10,11

] we have adopted a two-step exfoliation route 

to avoid the presence of impurities and to enhance the final dispersed concentration of 2D 

nanoflakes. The changed protocol has shown a significant improvement in the concentration and 

lateral size obtained after size selection of water exfoliated 2D MoS2 nanosheets upon cascade 

centrifugation. Along with these improvements, we are also investigating the impact of different 

centrifugal forces on the final concentration and zeta potential to optimize sonication parameters 

accordingly. It is because, along with the different interaction pathway studies of 2D MoS2 

nanosheets, we are now going to investigate the cellular uptake and internalization of not only 

MoS2 but also WS2 nanosheets which will explain the mechanism of action on the basis of 

peculiar characteristics of these exfoliated 2D TMDs. Simultaneously, detailed analysis of the 

water-dispersed 2D TMDs will be carried out using AFM and TEM measurements to get a clear 

picture of number of layers, lateral size and shape.  Subsequently, the impact on the interaction 

of 2D nanosheets with cell membrane and cytoplasm in the aqueous environment will also be 

studied. 
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(II) Second Project 

6.2. Antibacterial and Antiviral action of 2D TMDs (MoS2 & WS2), 

Graphene and its Analogues 

In our previously published article [
12

], we saw very severe and significant antibacterial action of 

water dispersed 2D MoS2 nanosheets on two different kinds of Salmonella typhimurium (ATCC 

14028 & Wild type). In this particular case, low concentration of dispersed MoS2 nanosheets 

acted as a sharp knife that resulted in mechanical damage to the bacterial membrane and leakage 

of its essential components.  

This motivated us to further extend these experiments to other kinds of bacteria such as 

Escherichia. coli and Staphylococcus. aureus to analyze in a general prospect the antibacterial 

impact of water-dispersed MoS2 nanosheets. Interestingly, after following the two-step 

exfoliation process and the subsequent improvement in the physical parameters of dispersed 2D 

nanosheets, we have achieved very intriguing results with severe mechanical damage to both the 

bacterial types at low and high concentrations in the 0.1 - 0.2 mg/mL range as it can be briefly 

seen in Figure 6.2. Simultaneously, we have also investigated antiviral action of water-dispersed 

MoS2 nanosheets on Herpes Simplex Virus (HSV-1) which so far has not been studied in the 

literature. The novel interaction of water-dispersed MoS2 nanosheets with this specific kind of 

virus in its preliminary stage has shown a prominent inhibition of virus growth which is still 

under investigation. Experiments on the co-treatment and virus pre-treatment of the exfoliated 

2D MoS2 nanosheets with the given virus are being carried out. The preliminary results obtained 

reveal that 2D MoS2 was effective in reducing HSV-1 titer in the virus pre-treatment assay: in 

details, 2D MoS2 nanosheets was able to halve HSV-1 infectivity at 100 μg/mL with respect to  
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Figure 6.2: (A-B) represents the mechanical damage to the tested bacterium. (A) Shows a clear 

damage to the circular morphology of Staphylococcus Aureus at 100 μg/mL , whereas in B) a 

clear mechanical cut on the morphology of E. Coli upon interaction is shown with a large MoS2 

nanoflake at 100 μg/mL. 

untreated infected cells. These data indicated that 2D MoS2 nanosheets function directly on the 

viral particles. HSV-1 infection was monitored also through fluorescence microscopy using an 

engineered HSV-1 strain able to express the tegument protein vp22 gene recombinant with 

Green Fluorescence Protein (GFP). We observe a slight decrease in the GFP signal, and in the 

HSV-1 infectivity, only at the higher concentration of 100 μg/mL. The novel interaction of 

water-dispersed MoS2 nanosheets with this specific kind of virus in its initial stage has shown a 

prominent inhibition of virus growth which is still under investigation.  

 

 

 

A)

) 

B) 
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(III) Third Project 

6.3. Femtosecond laser surface irradiation of silicon substrate in air with 

special focus on laser pulse repetition rates 

The main aim of this project is: Firstly, to create different surface patterns using femtosecond 

laser sources with optimization of the pulse repetition rates to obtain the desired pattern of 

nanostructures on the machined substrate. Basically, the laser surface irradiation using 

femtosecond laser opens a wide range of applications in surface texturing [
13–15

], drilling and 

cutting [
16

],, tribology and control over the wettability of machined substrate [
17–19

].  Particularly, 

the study of the formation of grooves and ripples during the laser irradiation shows that tuning 

the laser pulse repetition rate allows one to trigger the formation of different nanostructure on the 

machined surface. The mechanism for this effect is believed to basically rely in the back 

deposition of respective nanoparticles over the machined substrate. These studies are still 

ongoing with various research groups involved [
20–27

].  

 

Captivated by the chance to pattern a substrate with nanometric control using femtosecond laser 

sources, where the role played in the mechanism by the laser pulse repetition rates has been 

investigated in our recent article [
28

], we are now investigating the homogenous deposition of 

liquid phase exfoliated 2D MoS2 nanosheets onto the machined substrates. Furthermore, we are 

investigating the relevant fabrication procedure steps to obtain homogenous deposition of 

exfoliated 2D MoS2 nanosheets over the grooves and ripples of the realized nano-pattern. We are 

also studying the non-linear optical response of these nanomachined samples having 2D MoS2 
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nanosheets depositions with particular attention to the role played by the layer number. To 

summarize, we have three different motives to pursue this project:- 

a) To study the high harmonics generation of the nano-patterened surfaces/substrates (which 

will largely be dependent on the femtosecond laser pulse repetition rates) in attosecond 

temporal regime (10
-17

 – 10
-16

) and to analyze the structure of the obtained signal in 

spatial (nanometer and sub-nanometer) as well as temporal resolution using advanced 

characterization tools. 

b) In continuation with point a), we are also investigating the random but homogenous 

deposition of liquid phase exfoliated 2D nanoflakes of various types onto the 

machined/patterned substrates which will act as nano-antennas to analyze HHG signal in 

the same temporal regime as in point a). 

c) Following points a) and b), we are also investigating an ordered deposition of a 

monolayer of 2D nanoflakes with lateral size in the range of the few hundreds of 

nanometers which will be in the size range of produced grooves or ripples on the 

machined surface.  

The very preliminary step to accomplish the above summarized points have already been 

given a green signal and point a) has partially been fulfilled in our recent article [
28

] in which 

very intriguing and novel machining of silicon substrate with control over the femtosecond 

laser pulse repetition rate is discussed.  

To accomplish point b) we have made a first attempt to analyze the random deposition of 

liquid phase exfoliated 2D MoS2 nanosheets onto the machined silicon substrate. Figure 6.3 

shows low magnification optical microscope images of only the machined silicon substrate in 

different regions. Whereas, Figure 6.4 shows  SEM images of both the formation of nano-
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patterened grooves and ripples on the machined surface and random deposition of liquid 

phase exfoliated few layer 2D MoS2 nanosheets with very few are deposited onto the 

grooves, whereas rest are randomly distributed over the machined substrate.  

 

 

 

 

 

 

  

Figure 6.3: Pannel (A-B) shows a low magnification optical microscope images of only 

machined silicon substrate at different regions. A) Represents both machined and non-machined 

surface of the same silicon substrate with dark and light regions, respectively; B) shows a 

different regions of the patterned silicon substrate with groves and ripples. 
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Figure 6.4: Panel (A-C) shows SEM images of both the machined grooves and ripples on the 

machined surface and liquid phase exfoliated few layer 2D MoS2 nanosheets. A) Low resolution 

microscopic image exhibiting distribution of 2D MoS2 nanoflakes onto the machined substrate; 

B) Random distribution of very-few and few layer MoS2 nanosheets on the patterned silicon 

substrate and C) shows enlarged at high resolution microscopic image of deposited 2D MoS2 

nanoflakes in between the grooves with irregular morphology and large lateral size of few 

microns.  
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6.4. Conclusions and Future Prospective 

Captivated by our first report on the tumor cell selective cytotoxic effect of water-dispersed 

MoS2 nanosheets motivated us to study in detail their mechanism of action on live-matter such as 

human cells and different pathogens. Though, it is very challenging to exfoliate 2D MoS2/WS2 

nanosheets in water with a good amount of stability and concentration but several other groups 

worldwide are struggling to prepare high quality 2D TMD nanosheets well suitable for various 

biological applications. Inspired by Backes et al. [
10,29

], we have observed a significant 

improvement in the final concentration, lateral size and thickness of LPE MoS2. To understand 

their mechanism of action on the given tumor and normal cells, we are investigating their 

presence and the subsequent role of water in contact with different cellular components such as 

DNA, lipids and proteins using advanced Raman microscopy technique. Further extending our 

study to utilize the given dispersions, we are investigating the interaction of exfoliated MoS2 and 

other 2D nanosheets on different pathogens such as E. coli and S. aureus at different 

concentrations resulting in a strong bactericidal impact. Additionally, we are also investigating 

the novel antiviral effect of water-dispersed MoS2 and other 2D nanosheets on Herpes Simplex 

Virus (HSV-1) which is still in infancy to be studied so far in the literature. On the other hand, 

we are investigating the homogenous deposition of LPE 2D TMD nanosheets onto a machined 

substrate to study the high harmonics generation of the nano-patterened substrate in attosecond 

temporal regime (10
-17

 – 10
-16

). The study of non-linear optical response of the nanomachined 

samples having 2D MoS2 nanosheets depositions with particular attention to the role played by 

number of layers will give intriguing results in the given temporal and spatial resolution.  
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