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Abstract 

 

This work aims to further develop a 2D transition metal 

dichalcogenide based nanoplatform for cancer detection and 

treatment system. Following the PhD dissertation objectives, The 

PhD thesis contains the state of the art of MoS2 exfoliation and 

deposition, functionalization of the surface of MoS2 nanosheets 

to design a cancer detection and treatment nanoplatform, 

testing the cell-nanoparticle interaction on selected cell lines. It 

discusses a planar test platform that models the behavior of the 

nanoplatform via in situ imaging ellipsometry. Furthermore, it 

shows and discusses the internalization of a MoS2 nanoplatform 

in vitro with the prospect of achieving high selectivity towards 

cancerous cells using Raman imaging, confocal laser scanning 

microscopy, and flow cytometry measurements. 
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Abstrakt  

 

Cieľom tejto práce je ďalej rozvinúť nanoplatformu založenú na 

2D dichalgenidov prechodových kovov na design systému 

cieleného dodávania liekov a detekcie nádorových buniek. V 

súlade s cieľmi dizertácie, táto práca primárne obsahuje súčasný 

stav techniky MoS2 exfoliacie a depozície, funkcionalizáciu 

povrchu MoS2 nanovrstiev pre vytvorenie nanoplatformy pre 

detekciu a liečbu rakovinových buniek, ďalej testovanie 

interakcie nanoplatformy s vybranými rakovinovými bunkami. 

Diskutuje planárnu testovaciu platformu na modelovanie 

nanoplatformy s použitím zobrazovacej elipsometrie. Ďalej 

prezentuje internalizáciu nanoplatformy MoS2 in vitro s 

perspektívou dosiahnutia vysokej selektivity voči rakovinovým 

bunkám pomocou Ramanovho konfokálneho zobrazovania, 

prietokovej cytometrie a konfokálnym fluorescenčným 

skenovacím mikroskopom. 
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PhD Assignment  
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Introduction  
Low-dimensional nanomaterials as potential drug delivery and 

treatment agents were in the spotlight during the last decade. 

Nanomaterials for the theranostic and biomedical applications 

can be synthesized from different types of materials (e.g. gold 

nanoparticles [1] and other metals [2], 2D materials [3], polymers 

[4]). Tailoring the size [5] and shape [6], [7] of these 

nanomaterials affects the efficiency of the drug delivery and 

cellular uptake. Besides factors like shape, size, and size-

dispersion, researchers tried to control the surface chemistry of 

the nanomaterials (e.g. coatings to prevent opsonization [8], [9] 

or active targeting with peptides [10], antibodies [11]–[13], etc.). 

After the discovery of graphene [14], the research was focused 

also on other 2D materials as well. Several derivates of graphene 

were introduced as new nominees for targeted drug delivery 

systems, these were graphene oxide (GO) and reduced graphene 

oxide (rGO) [15], [16]. As the research of 2D materials 

broadened, parameters of 2D TMDs [17] predicted potential 

biomedical applications as well, e.g. as a functionalized 

nanoplatform for cancer detection and treatment [18], especially 

after Chou et al. [19] showed that MoS2 nanosheets have better 

photothermal performance than graphene, different approaches 

of photothermal therapy were demonstrated [20]–[23].  

In the bulk form, the metal atom layer of MoS2 is surrounded by 

two layers of the chalcogen atoms, creating a sandwich-like 

structure kept together by van der Waals forces. The exfoliation 

process overcomes these weak forces and reduces the material 

thickness up to few-layer MoS2 nanosheets. At present, the 
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solvent-assisted liquid phase exfoliation [24] is widely applied as 

a low cost an up-scalable method for the preparation of MoS2 

nanosheets. The application of different solvents has been 

reported[24]–[31], the N-methyl-2-pyrrolidone (NMP) being the 

most effective one [31]. During the last years, the possibility of 

the MoS2 liquid exfoliation in the polar solvents with low boiling 

point, such as water, has been studied [32], several successful 

approaches have been published, such as sonication at elevated 

temperatures [33], the addition of a small amount of ammonia 

[34], mechanical thinning of the precursor [35], reduction of the 

lateral size of the precursor [36].   

The MoS2 nanosheets possess an exceptionally high surface to 

volume ratio, making them an outstanding candidate for 

treatment and drug delivery systems. These systems require 

large space for surface interactions on a small scale. The defect 

sites of MoS2 can be used to accomplish surface 

functionalization, typically, by binding sulfur-containing ligands 

(thiols) to them [37]. The most common defect states of the 

exfoliated MoS2 nanosheets are the sulfur vacancies both on the 

edges and on the surface of the nanosheet [38]. The sulfur atoms 

are used to fill up the vacancies thus enabling basal plane ligand 

conjugation. One of the most frequently described candidates 

for the surface functionalization for biomedical application is 

polyethylene glycol (PEG) molecule terminated with lipoic acid 

(LA). The lipoic acid contains the sulfur necessary to fill up the 

vacancies on the nanosheet. In the article by Liu et al. [39], it was 

reported that lipoic acid conjugated PEG containing a disulfide 

group at the PEG terminal enables strong binding to MoS2 and 

the PEG enhances the physiological stability of the MoS2. 

Furthermore, Liu et al. in an article [23] showed that the PEG not 
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only stabilizes the MoS2 solution but also increases the cellular 

uptake of the PEG-MoS2 sheets. 

Considering these findings, the nanoplatform model that my PhD 

research was devoted to study, consists of a MoS2 nanosheet 

base, functionalized covalently with lipoic acid (LA) terminated 

PEG. This PEGylated platform needs to be able to bind the proper 

antibodies that can bind to cancer cells. Therefore, this 

nanoplatform design uses a PEG molecule that has on one 

terminal the lipoic acid on the other terminal the biotin. Biotin is 

a water-soluble vitamin that can be bonded to avidin (avidin is a 

glycoprotein which has a very high affinity to bind biotin). The 

avidin-biotin non-covalent bond has high specificity and 

strength, it is widely used in biological sciences [40], [41]. 

Moreover, one avidin can bind up to four biotins and biotin can 

be conjugated to several different molecules, this feature allows 

to introduce biotinylated molecules, antibodies, cytotoxins, 

fluorescent dyes, etc. to the system. Biotinylation process 

(conjugation of biotin to other proteins, molecules) is a well-

known and already described technique [42] and it allows us to 

immobilize biotinylated antibodies on MoS2-LA-PEG-biotin 

nanoplatform through a biotin-avidin-biotin bridge. The 

immobilization process through this biotin-avidin-biotin bridge 

was described before as a potential technique useful for drug 

screening, diagnostics, and biosensor applications by Sundberg 

et al [43], thence it was used for instance for immobilization of 

DNA [44], or proteins [45], etc. 

Combining the above-described knowledge and methods, the 

complete form of the cancer detection and treatment 

nanoplatform is MoS2 – LA-PEG-biotin – avidin – biotinylated 
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antibody. As it is apparent, the production steps of these 

nanoplatform follow the sequence: exfoliation MoS2, PEGylation 

through lipoic acid with a PEG that has both LA and biotin on its 

terminals, subsequent exposition of the MoS2-LA-PEG-biotin to 

avidin, then binding of the biotinylated antibodies.  

The choice of the antibody bioconjugated to the nanoplatform 

was made in cooperation with the Institute of Virology 

(Biomedical Research Center of the Slovak Academy of Sciences). 

Researchers in this institute (Pastoreková et al.) identified 

previously the CAIX (carbonic anhydrase IX) protein (initially 

named as MN-protein) in HeLa human cervical carcinoma cell line 

[46], [47]. CAIX is an enzyme in the CA family, these enzymes 

catalyze the production of proton and bicarbonate from carbon 

dioxide and water [48]. CAIX is expressed mostly in carcinomas, 

in any forms of cancer, not in normal tissue [49]. It was also 

shown that the CAIX is dependent on the density of the cells, and 

it is activated under stressful conditions such as hypoxia 

(deprivation of oxygen from the tissue) [50]. The anti-human 

carbonic anhydrase IX (M75) is a recombinant monoclonal 

antibody to CAIX. Because the CAIX is a biomarker for many 

cancerous cells, the nanoplatform bioconjugated to M75 would 

be able to connect to CAIX expressing cells. Both the biotinylated 

antibody and the CAIX expressing cell lines in my study are 

provided by the group of Pastoreková.  

In my PhD thesis I am providing answers to several questions that 

needed to be addressed during my research. First question 

concerns the MoS2 nanoflakes, to be able to utilize the MoS2 

nanoflakes, the selection of the MoS2 nanoflakes is to be 

addressed: Which method is capable of producing high quality 
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flakes with narrow band of size dispersion in means of lateral size 

and thickness as well? Is this method also reliable, can it be up 

scaled for larger production in the future?  

The second question to address is the ability of these MoS2 flakes 

to be functionalized – How should be the MoS2 functionalized? 

Which material to use to make sure that the platform is non-toxic 

for the in vitro experiments and the later for in vivo usage? How 

to verify the functioning of the functionalization? How to bond 

the antibodies to the platform? 

The third question concerns the situation when the platform is 

properly functionalized, the antibodies are already bonded to the 

system: How to verify that the uptake of the nanoplatforms into 

the cells is done?  

The fourth question is: How to track the processes on cellular 

level and how to quantify the ratios of internalized 

nanoplatforms inside target cells, vs. control cells? 

In this Dissertation Thesis Abstract, I am presenting my main 

results. These results were also already published at the 

beginning of 2020 in an article [51]. 
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Methods 
Additive-free MoS2 liquid phase exfoliation 

The exfoliation of bulk MoS2 powder was performed in deionized 

water (DI) with two subsequent sonication and centrifugation 

steps without a previous precursor treatment. The MoS2 

exfoliation started with the powder MoS2 (Alfa Aesar) dispersed 

in 10 ml deionized ultrapure water. The MoS2 dispersion was 

stirred on a laboratory shaker, then 10 ml of DI was added and 

sonicated in an ultrasonic bath (Sonorex RK 510 H, Bandelin) at a 

temperature of 10°C for 24 hours. Afterward, the solution was 

centrifuged for 20 min with RCF 21.000 g (Model 3-30K, Sigma 

centrifuge) at 20°C. The supernatant was collected by 

micropipette and the precipitate was dissolved again in 20 ml of 

DI water, sonicated again for 24 h and centrifuged in the same 

manner as before. The sample was collected by micropipette and 

then stored at 6°C in a refrigerator unit.  

Planar test platform 

Silicon wafers with native oxide (approximately 2 nm thick SiO2) 

were used as substrates. Before the deposition, the substrates 

were cleaned (subsequently acetone, isopropyl, and DI water 

using an ultrasonic bath, then the substrates were dried with 

nitrogen). The next step was the preparation of the Langmuir 

film. For this purpose, a slightly modified Langmuir Schaefer 

deposition method was used. The Langmuir Blodgett (LB) trough 

(KSV NIMA-HC) was filled with DI water, pH modified with HCl to 

achieve better surface spreading of the MoS2 flakes. For the LB 

deposition, LPE in ethanol nanoflakes were used [26]. The 

substrates were placed under the water with a slightly tilted 
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angle. The flakes were dropped onto the water surface using a 

burette. The burette was set to deliver MoS2 solution drops onto 

the surface until the surface pressure reached 5mN/m, then the 

trough was left 30 to complete the flake spreading process. 

Afterward, the LB trough was set to the least possible speed that 

the apparatus allows compressing the surface layer. The process 

stops when the closed packed monolayers of MoS2 flakes is 

reached, around 23 mN/m [26]. After the compression was 

finished the extraction of the subphase took place, then the 

substrates were left to dry.  

In the next step, LA-PEG-biotin was dispersed in DI water, the 

substrates with MoS2 monolayer were placed into the solution 

then the beaker was placed in a laboratory mixer and left 

overnight on low shake intensity. On the other end of the LA-

PEG-biotin, the biotin should be ready to bind avidin in the next 

step.  

Avidin-biotin formation via ellipsometry 

The formation of the avidin-biotin complex was confirmed via 

ellipsometry. The Accurion imaging type ellipsometer was 

complemented with a microfluidic cell and a liquid handling 

system.   

The design of the experiment was the following: 

• 4 liquids were placed to the reservoirs of the liquid 

handling system, DI water, phosphate-buffered saline 

(PBS), bovine serum albumin (BSA) in PBS, avidin in PBS; 

• BSA was chosen as a control protein, that should not 

bind to the biotinylated surface; 
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• the functionalized substrate was placed into the 

microfluidic cell, and the cell was filled with DI water; 

• the arms of the ellipsometer were adjusted to 60º than 

the cell was aligned, and the light was focused on the 

substrate surface; 

• when the adjustments were done the cell was filled with 

PBS and the liquid sequence was adjusted using the 

user-interface of the ellipsometry software (5 min PBS, 

15 min BSA, 35 min avidin, 5 min PBS); 

• the ellipsometer was set to measure psi and delta at a 

single wavelength of 549.1 nm once in every minute; 

• the peristaltic pump was started together with the 

ellipsometry measurement. 

Nanoplatform in solution 

After the exfoliation in DI water, the MoS2 nanosheets were 

covered with LA terminated PEG (LA-PEG-biotin, MW 2000, 

Nanocs). In the next step avidin (160 kDa, 0,98 µg/µl, 

GBiosciences) was bind on to the biotin terminal. We used 

biotinylated anti-human carbonic anhydrase IX (M75) [52].  

After each step, dialysis filtering was used to dispose of the 

excess material that did not bound to our nanoplatform. After 

the PEGylation with 2000 kDa PEG, we used a dialysis membrane 

of MWCO 12 kDa (Standard RC Tubing Spectra/Por®2, 

SpectrumLabs), after the addition of avidin 300 kDa, after bio-

conjugation of the M75 antibody 1000 kDa. 
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Viability assay 

Conventional viability testing was performed on exfoliated 

MoS2 nanosheets, on PEGylated MoS2 and M75 conjugated 

nanoplatforms on JIMT-1 and MRC5 cell lines. The protocol 

for the cell maintenance was the following: One hundred 

thousand JIMT-1 and MRC5 cells per well were seeded on 

96-well plate and incubated in a humidified atmosphere at 

37°C in the presence of 5% CO2. Then, the nanoplatforms 

were incubated in hypoxia with cells for 24 and 48 hours. 

After the incubation, 20 μl/well of CellTiter-Blue solution 

(CellTiter-Blue Viability assay kit, Promega) was added and 

incubated at 37°C for 1 hour. The fluorescence was 

measured on the Synergy HT microreader (Bio-Tek) at 

Ex530/Em590. The average fluorescence and standard 

deviation were obtained from three parallel replicas for 

each sample. 

 

Flow cytometry assay 

The statistical behavior of the nanoplatform internalization was 

analyzed with the flow cytometer Guava® easyCyte Plus 

(Millipore) with an excitation wavelength of 488 nm. The 

interaction between CAIX and M75 was demonstrated with JIMT-

1 breast carcinoma, as a typical example of CAIX expressing 

cancer cell line. As a negative control, MRC5 fibroblasts were 

used. 

One hundred thousand JIMT-1 and MRC5 cells per well were 

seeded on 96-well plate and incubated in a humidified 

atmosphere at 37°C in the presence of 5% CO2 in a similar 

manner as in case of the viability assay. The next day cells were 
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moved to hypoxia workstation (Invivo300, Ruskinn) with 1% O2 

and 5% CO2 atmosphere for 24 hours to induce CAIX protein 

expression. Nanoplatforms were incubated with donkey anti-

mouse IgG (H+L) secondary antibody conjugated with 

fluorescent tag Alexa Fluor 488 (Thermo Fisher Scientific) in 

1:1000 dilution for 1 hour at 37°C on a rotation shaker. After 

24 hours of incubation in hypoxia, the labeled nanoplatforms 

(30 μl/well) were added to the cells and incubated for 3, 6, and 

24 hours. After the indicated time, the cells were washed with 

PBS and trypsinized. Detached cells were centrifuged at 800 rpm 

for 5 min and washed with PBS. 200 μl of cell suspension was 

analyzed on Guava easyCyte plus cytometer. The average 

absorbance and standard deviation were obtained from parallel 

replicas for each sample.  

Confocal Raman microscopy 

800 thousand cells were seeded on a coverslip in a Petri 

dish. The cells (JIMT-1 an MRC5) were incubated under 

hypoxic conditions for 24 h followed by adding 500 μl/dish 

of the unlabeled nanoplatform. After 24 hours, the cells 

were washed and imaging was performed in physiological 

solution (pH=7.4, Oxoid) by a confocal Raman microscopy 

(CRM, Alpha300 R+, WITec) using an immersion objective 

(W Plan-Apochromat 63 , NA=1, Zeiss, Germany). The cells 

were scanned with 532 nm laser (Spectra-Physics Excelsior 

532-60). The spectroscopic data were collected by a 

spectrophotometer (UHTS 300, WITec) equipped with a 

600 g/mm grating (blazed at 500 nm) coupled to an EMCCD 

camera (Newton DU970N-BV-353, Andor). 
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The datasets measured on each cell were processed by the 

Witec CRM software. First, the cosmic ray removal and 

principal component analysis (PCA) was done, followed by 

k-means clustering. The MoS2 is detectable by the two main 

modes, the E2g
1 (in-plane vibrations, 383 cm-1) and A1g (out-

of-plane vibrations, 407 cm-1) [53]. The stretching modes of 

water (3051 cm-1, 3233 cm-1, 3393 cm-1, 3511 cm-1, 

3628 cm-1) [54] are observed in the intra- and extra-cellular 

regions, while the asymmetric CH2 stretch mode (2854 cm-

1) of lipids, fatty acids, and proteins together with the 

symmetric CH3 stretch mode (2930 cm-1) of proteins are 

indicators of the intracellular regions of the confocal Raman 

image [55]–[57].  
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Results and discussion  
Planar test platform 

The samples exposed to the LA-PEG-biotin solution were 

analyzed with X-ray photoelectron spectroscopy (XPS) which 

confirmed that the deposition was successful. 

The results of the ellipsometry experiment are shown in Fig. 1 

[58], it is apparent that the psi and delta are not changing when 

PBS or BSA are introduced to the system, but after the cell is filled 

with avidin solution, the delta shows a clear change. Considering 

the nature of such thin layers, it was expected that only the phase 

shift (Δ) changes and the amplitude ratio (tan(ψ)) remain 

unchanged. The three different sets of points correspond to 

three different regions of interest measured on the CCD camera 

on the same sample. 

The in situ experiment with the ellipsometer confirmed that one 

can functionalize the surface of MoS2 by binding the LA-PEG-

biotin molecule to the surface. The biotin stays active on the 

surface, and it can form a biotin-avidin complex after exposure 

to avidin. Since an avidin or streptavidin molecule can bind 

exactly four biotins, it opens up the possibility to attach another 

biotinylated molecule to the platform. 



Figure 1 - Time-resolved in situ ellipsometric measurements of the formation of an avidin layer on biotinylated 

MoS2 surface. 
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Viability 

The in vitro cell viability was evaluated on the exfoliated MoS2 

nanosheets, PEGylated MoS2 nanosheets. The observed 

fluorescence was normalized to the fluorescence measured on 

the control plates both in the case of the JIMT-1 breast 

carcinoma cells and the MRC5 fibroblasts. The fluorescence did 

not cause any critical damage neither to the cancer cells nor to 

the healthy ones after the 24 h and 48 h exposures.  

Our results were in agreement with previously published results 

of in vitro cytotoxicity assessment evaluating 2D chemically 

exfoliated MoS2 [59] and PEGylated MoS2 [39]. These articles 

considered the 2D nanosheets essentially nontoxic or only with 

low cytotoxicity. The research of Chng et al. [60] pointed out that 

the viability measurements displayed stronger toxicity with the 

increasing density of nanosheets exfoliated with methyllithium, 

n-butyllithium, and tert-butyllithium. Appel et al.[61] found the 

methyllithium exfoliated MoS2 nanosheets were biocompatible 

and non-mutagenic for their tested cell line. Unlike these studies, 

there is neither intercalating material nor other solvent and/or 

additive during the LPE in our case that can affect the results of 

the viability assay.  

In the paper by Zhu et al. [62], the viability of cancerous HeLa and 

MCF7 breast cells incubated with MoS2 nanosheets reached 

almost 100%. Feng et al[20] used 4T1 breast cancer cells. They 

stated that no significant cytotoxicity was observed after 24 h 

and 48 h incubation of the cells with PEGylated MoS2 nanosheets 

at any concentration. Jia et al.[63] showed that HeLa cells 

incubated 24 h with MoS2 had 100% of viability. Bare MoS2 

nanosheets exfoliated similarly to our method in water were 

examined by Kaur et al.[64] on different cancerous and healthy 
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cell lines (MCF7 breast cancer, U937 leukemia, HaCaT 

keratinocyte cell line), observing evident cytotoxicity in the case 

of leukemia cells. Unlike the cell lines studied by Kaur et al. [64], 

the fluorescence did not show impaired cell viability in JIMT-1 

and MRC5 cells studied by us. Each type of tumor exhibits 

different responses upon internalization. It is also apparent from 

the above-mentioned studies that the viability is strongly 

affected by the method of exfoliation, in particular by the solvent 

used. Therefore, no general conclusions on the interaction 

between cells and MoS2 nanosheets can be adopted. 

Flow cytometry 

The flow cytometer is capable of counting the fluorescent-

labeled cells from a mixed cell population based on the light 

scattering and fluorescence of the investigated cells [65]. In our 

study, we used it to determine the number of cells interacting 

with the antibody conjugated MoS2 based nanoplatform. The 

measurements quantified the number of cells, giving us a better 

understanding of the probability of such interaction.  

The results showed in Fig. 3 confirm that the CAIX expressing 

JIMT-1 cells incorporated more nanoplatforms after 6 and 24 h 

incubation time than the control MRC5 cells without the CAIX 

expression. The greatest difference of 30 % between JIMT-1 and 

MRC5 cells was observed after 24 h incubation time. However, 

what flow cytometry measures are the portion of the cells 

interacting with the nanoplatforms. This interaction firstly 

happens on the cell membrane, when the CAIX and M75 are 

binding one to another. Therefore, the information from the flow 

cytometry measurement does not validate the completion of the 

internalization process, overestimating the ratio of internalized 
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nanoplatforms. For this reason, we followed up with the 

inspection of the cells by confocal Raman microscopy. 

Confocal Raman Microscopy 

The confocal Raman microscopy is a label-free technique 

providing information on the localization of the nanoplatform in 

a cell [66]–[68]. The identified cellular compartments and MoS2 

nanoplatforms together with the decomposed Raman spectra at 

three different cross-sections are shown in Fig. 2A-C and Fig. 2D-

F, respectively [51]. The increased tryptophan signal at 750 cm-1 

suggests lysosome activity in certain subcellular areas. In 

particular, this is apparent in Fig. 4C. The tryptophan signal was 

also detectable in the case of MRC5 cells around the 

nanoplatforms. 

Some types of antibodies can induce receptor-antibody 

mediated internalization upon their binding. Most applications of 

monoclonal antibodies in cancer therapy utilize this specific way 

of import, where the antibody-receptor complexes are trapped 

in early endosomes, then they either degrade or recycle to the 

cell surface [66]. However, in our case we can exclude this type 

of internalization, as the M75 antibody is not able to induce this 

type of cell endocytosis [67]. by Zhu et al. [62], it was proposed 

that possible three endocytosis pathways are involved in MoS2 

internalization: clathrin-mediated endocytosis, endocytosis 

mediated by caveolin, and macropinocytosis. They stated, that 

the most common pathway in HeLa and MCF-7 cell lines was the 

caveolae-dependent pathway. However, the cells used also the 

clathrin-dependent pathway and macropinocytosis. The healthy 

human aortic endothelial cells (HAOEC) preferred the caveolae-

dependent pathway and also macropinocytosis [62]. Most likely, 
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our cells (JIMT-1 and MRC5) utilize the same pathways for MoS2 

nanosheet internalization as reported by Zhu et al.  



 

27 
 

 

Figure 2 - Label-free Raman localization of MoS2 nanoplatforms (sample MP2-M75) in JIMT-1 cell. 

Reconstructed false color images at A) z = 0 µm, B) z = 2 µm, and C) z = 4 µm. The corresponding Raman 

spectra (D-F) below each image have the same color codes (phosphate buffer saline - black, cell membrane 

– blue, intracellular matrix – red, lysosomes and organelles – purple shades, MoS2 nanoplatform – yellow, 

nanoplatform with clear lysosome peak - green). 

A B C 

D E F 
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Conclusion  
In conclusion, my PhD research is aiming towards a biomedical, 

theranostic application of MoS2. In this Dissertation Thesis 

Abstract, I focused on the main result of my research, 

summarized the motivation for the research in the section 

Introduction, and presented the design of the nanoplatforms 

that I studied. My research focused on the understanding of the 

fundamental aspects of the interaction between cells and 

nanoplatforms, mainly the efficiency of such interaction and the 

development of a protocol to increase the efficiency towards 

selected cell types. The results of the in vitro localization of the 

nanoplatforms and on the efficiency of the antigen-antibody 

based recognition element are shown in section Results and 

discussion. 

Employing this antigen-antibody binding, we increased the 

probability of the MoS2 nanosheet endocytosis into CAIX 

expressing cells (JIMT-1) by 30%. The nanosheets are 

functionalized by a specific antibody M75, which forms an 

antigen-antibody complex with CAIX. The cellular internalization 

was quantified by flow cytometry, while the internalization was 

confirmed on the sub-micrometer scale in vitro by label-free 

confocal Raman imaging. The Raman measurements showed 

increased lysosomal activity around the nanoplatforms. These 

results were published in the journal Biomaterials Science (Royal 

Society of Chemistry) [51]. 

To conclude, the application of bioconjugated MoS2 based 

nanoplatform as a next-generation low-toxicity platform for 

selective drug delivery and treatment system was demonstrated. 
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The presented work consolidated the tasks given by the original 

assignment of my PhD project:  

• Langmuir layers of MoS2 were studied, and a planar test 

model was created for the optimization of the MoS2 

functionalization, using in situ ellipsometry with a 

microfluidic cell; 

• functionalized MoS2 solutions were prepared and 

tested, the internalization of the nanoplatform across 

cell membrane was followed up with different 

techniques (CLSM, CRM); 

• the obtained results were published. 
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