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Abstract

Using an ultra-thin film substrate, the first internalization of MoSz nanosheets through
mechanotransduction is demonstrated. The usual method of dispersing nanomaterials in the
media limits interactions to random, serendipitous surface contact, and the nanoparticles must be
dispersible in media. A substrate approach means that cells directly engage with the
nanomaterial, sensing and adhering through sustained interaction, and actively internalizing the
nanomaterial. This activates previously unobserved cell-substrate mechanotransduction
mechanisms and receptor-mediated uptake pathways. Moreover, a wide variety of non-soluble
nanomaterials can be used, improving control over the amount of material exposed to a cell
through tunable deposition density. Volumetric Raman mapping demonstrates localization of
material to the endoplasmic reticulum, a historically hard-to-target region. The nanosheets do not
cause cytotoxicity, are transferred into daughter cells, and have applicability across multiple cell
lines. The innate fluorescence or Raman signal of the nanosheet can be utilized for live cell
imaging, and targeted accumulation within specific cellular organelles offers potential for
photothermal treatments or drug delivery vectors. This substrate-mediated approach provides a
step change to studying nanomaterial—cellular interactions, taking advantage of the broad palette
of available 2D materials and making use of mechanosensing to stimulate tunable responses, with

potential for therapies and diagnostics.
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Introduction

The properties of nanomaterials are of increasing interest for biological applications. The
transition metal dichalcogenides (TMDs), such as molybdenum disulfide (MoSz) and tungsten
disulfide (WS), are of particular interest. These tend to have direct band gaps in the monolayer
form, making them key to optoelectronic devices 13, This also means that they are inherently
fluorescent #, which is a useful attribute in cell studies as a probe, if an appropriate target can be
identified. TMDs also have accessible chemistries ° and can be easily functionalized ®’, which
can improve the biological interaction &°, or allow the material to be used as a drug vector 12,
MoS: has fluorescence in the red ** in the monolayer form, strong Raman active phonon modes
that are correlated to its geometry 4, and sulfur edge chemistry which is particularly useful for
protein binding *°. In addition, molybdenum and tungsten enzymes are known to be essential to
life 117 yet how cells access these metals is not well understood, which makes TMDs important
materials for investigation.

Previous work on MoS: in cell studies has always made use of a media dispersion and then
measured the uptake and localisation from this system 182, Issues with dispersed nanomaterial
studies include the general lack of nanomaterial solubility 22!, degradation of the material within
the cell 22, and toxicity 232°, How cells sense and physically engage with their substrate is critical
to a multitude of cellular processes, including mobility, motility, proliferation, nutrient uptake,
and stem cell differentiation 2527, Development of ultra-thin film substrates provides a unigque
way to present 2D nanosheets to a cell 28, allowing cells to be seeded directly onto the material of
interest. This physical interaction between cell and material leads to different
mechanotransduction responses 2>, These substrate-mediated responses provide an opportunity,
through the use of nanomaterials, to access different mechanisms and organelles and stimulate

various cellular responses, which has not been possible before 3. Although there is little research



into active mechanotransduction of nanomaterials currently, Yeh et al. have shown that when
cells are grown on chemical vapour deposition (CVD)-grown WS, the cells are able to
internalize portions of the single crystal and also present fluorescence in daughter cells 32,
However, they did not speculate as to the mechanisms for this uptake or the internal localization
of the materials.

In this work, the uptake of MoS; nanosheets via mechanotransduction is demonstrated, offering
the first detailed understanding of substrate-mediated internalization. Interestingly, the
nanosheets are found to be localized within the endoplasmic reticulum, following receptor-
mediated endocytosis, and are transferred to daughter cells with no evidence of toxicity. The
nanosheets also stimulate the unfolded protein response (UPR) in cancer cells. The location and
quality of the MoS> vector is tracked throughout this process using volumetric Raman mapping.
Importantly, this is a completely novel approach to nanomaterial cell exposure and provides
exciting pathways to target new cellular mechanisms and regions, and to develop drug delivery
vectors, photothermal sites and new fluorescent/Raman probes for the next generation of

theranostics.



Experimental section
Liquid-phase exfoliation of materials
MoS: powder (0.4 g, Aldrich Chemistry) was added to cyclopentanone (20 mL, VWR

Chemicals) and probe sonicated using a Sonics Vibracell VCX750 and %2-inch (13 mm) tip at
60% amplitude for 1 hour. The resulting dispersion was centrifuged for 150,000 g min using a
Thermo Scientific Sorvall Legend X1. The supernatant was discarded, and fresh cyclopentanone
(20 mL) added. This was probe sonicated using a Sonics Vibracell VCX750 and %2-inch (13 mm)
tip at 60% amplitude for 3 hours. The resulting dispersion was centrifuged for 25,000 g min using
a Thermo Scientific Sorvall Legend X1 to remove unexfoliated nanosheets. The supernatant was
collected for further characterisation. Liquid-phase exfoliation is described in detail by Ogilvie et
al. %,

Langmuir deposition of films

A MoS: dispersion was used to create thin films by the Langmuir deposition technique. Films
were created both using a NIMA 102A Langmuir trough and NIMA surface pressure sensor (type
PS4, serial no. 045) equipped with platinum Wilhelmy plate, and by using a Petri dish without a
surface pressure sensor. Material was deposited onto pristine glass cover slips once the films
appeared dense to the naked eye. More detail of the full Langmuir process in described in Harries
etal. %,

Characterisation techniques

Atomic force microscopy (AFM) measurements were performed using a Bruker Dimension Icon
atomic force microscope system in PeakForce QNM mode. AFM was performed on sparse
Langmuir films in order to obtain statistics on flake length, width, and layer number using
NanoScope Analysis software.

Optical microscopy was performed using an Olympus BX53M microscope with a range of

objectives (5x to 100x) in both bright field and differential interference contrast modes.



Raman spectra were taken using an upright Renishaw InVia confocal Raman microscope. A 660
nm laser was used for resonant measurements. VVolumetric maps were taken using resonant laser
(660 nm) and x100 objective, grating 1800 | mm™. The maximum depth uncertainty is ~3 um,
but using small step sizes and overlapped data provides a much greater accuracy (closer to 1 um).
The step size and area were varied depending on the sample size (step size ranged from 0.1-0.5
um). Very low power was used (0.001 mW) and short exposure times of < 0.5 s.

Cell experiments

The cell lines used for the cell studies were U20S (obtained from the American Type Culture
Collection) and 1BR primary fibroblasts (obtained from the GDSC Research Tissue Bank,
University of Sussex). Cell lines were grown on MoS; thin films (deposited onto pristine glass
cover slips as described in the Langmuir deposition of films section), and grown on pristine glass
cover slips used for the control. The 1BR primary fibroblasts were seeded with 0.4x10% #/mL and
the U20S with 0.6x10% #/mL cell seeding density. Cells were fixed on coverslips using 3%
paraformaldyhyde, 2% sucrose PBS, for 10 minutes at room temperature. Samples were washed
with DI water before imaging. Study lengths ranged from 3 days to 14 days. Cells were grown in
DMEM and MEM respectively, supplemented with 15% FCS, L-glutamine and Pen-strep, at
370C and 5% CO2. Cell counting was performed using hemocytometry after tryspinisation using
Trypsin EDTA (0.25%). For the Nystatin studies, cells were grown with 20 % nystatin solution in
the complete media. Error bars in cell counts are calculated as the standard error in the mean of
three repeated experiments (one experiment has two repeats per sample, four counts per sample)
for the U20S cells. Error bars for the fibroblasts come from experimental error in single
experiment (two repeats per sample, four counts per sample).

In one experiment, U20S cells were grown on MoS: substrates and pristine glass controls.

Once the cells reached confluence after 7 days in culture, they were trypsinized, split and re-



seeded with fresh media and onto fresh substrates at the initial (day 0) density to allow room for
further proliferation on the new substrates. The new substrates used were either further, fresh
MoS: substrates, or pristine glass controls. The cells were re-seeded such that cells initially from
MoS: substrates (M) were grown on further fresh MoS; substrates (MM) or glass controls (MC),
and cells from control substrates (C) were seeded onto MoS; substrates (CM) or further control
substrates (CC). Error bars are calculated from standard error in the mean from two repeat

experiments (two samples per type in each experiment).



Results and Discussion

d,\1 2 . f o015
s Arg
51.0
Q
Ay ] 0.10
2 3 3
n C c
£0.6- 2LAM) $02 3
‘E o [on
E o o
3 0.44 E;g iy L 0.05
%02 0-11
£
200
T T T 0.0 0.004
350 400 450 500 2 4 6 8 10 12 14 16 100 200 300 400

Raman shift (cm™) Layer number, N Length (nm)

Figure 1: MoS2 nanosheets and thin film substrate characterisation. a) AFM image of as-produced
MoS2 nanosheets. b) Optical micrograph of a typical thin film substrate on glass, close up shown in
inset. ) Map of the layer number, N, for a typical MoS: thin film substrate on glass. d) Typical
resonant Raman spectra (660 nm) taken from the 2D Raman map (c) of the thin film substrate; metrics

3" indicate that e) the average thickness is 8 layers and that f) the average length is ~ 200 nm.



Liquid-phase exfoliation (LPE) is the most scalable way to produce large quantities of various
layered nanomaterials in dispersion 34*°. By controlling exfoliation and centrifugation parameters
and solvent choice it is possible to tune the morphology and chemistry of the nanosheets
produced. Common parameters that have been used in this work yield MoS: nanosheets that are
~200 nm in length and 8 layers thick, confirmed by atomic force microscopy (AFM) (Figure S1)
and Raman metrics (Figures 1a, 1c—1f) 6%, Figure 1d in particular illustrates the strong
resonance of MoS; with a 660 nm laser; the 2LA(M) mode is not present at other wavelengths *'.
MoS: has Raman active modes that can be correlated to the thickness and defect densities, and
also has strong resonance with a 660 nm laser, therefore significant signal can be gathered from a
very small sample volume *’. This provides an excellent way to characterize the MoS, to track
its location throughout a cellular interaction, and also to determine any modifications it
undergoes ?>%'. The Langmuir-Schaefer (L-S) deposition technique works by dropping
nanomaterial dispersion onto a trough of water, such that the dispersion solvent evaporates,
leaving a thin film of material at the air—water interface. It has proven to be highly effective for
the production of ultra-thin films of a variety of nanomaterials, and has been shown to be
possible to tune the thin film density, as we have demonstrated elsewhere 233, With careful
solvent selection for the LPE process it is also possible to deposit films directly without any
solvent transfer steps. These thin films can be deposited onto various substrates, but for this work
glass slides have been used to provide compatibility with standard cell culture techniques and
equipment, and still enable characterisation by Raman spectroscopy before and after cell growth.
The film density is controlled via barriers on the Langmuir trough to provide full or partial
surface coverage (Figure 1b). Combining LPE and L-S deposition means that these thin film

substrates can be produced with various 2D layered nanosheets, in large quantities, repeatably,



and therefore can be used for multiple cell growth studies. Scheme 1 shows the process from bulk

MoS; powder via LPE to the final L-S film.
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Scheme 1: Bulk MoS; (structure shown, left) is added to a suitable solvent, in this work cyclopentanone,

and exfoliated by ultrasonication (shown centre). After exfoliation is complete, the resulting dispersion is

used to create a Langmuir-Schaefer film (shown right).
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Figure 2: Cell-substrate interactions and uptake. a) Cell count data for U2 IIs grown on MoS>
substrates (blue) and pristine glass controls (orange); error bars calculated as standard error in the
mean from 3 repeat experiments (2 samples per type for each experiment). b) Optical micrograph of
U20S cells (7 days growth) on a split substrate (left half of the substrate pristine glass, the right half
coated in a MoS, Langmuir thin film of typical density shown in inset); MoS, nanosheets have been
accreted by the cells (dark regions). Inset scalebar also 200 um. ¢ & d) AFM height images images of
U20S cells (3 days growth) on MoS; nanosheets, with cytoskeletal extensions and adhesion sites
directed towards the MoS> nanosheets on the substrate. e & f) Optical micrographs showing the

internalisation of the MoS; nanosheets and the localisation around the nucleus, in the ER (taken of the

same sample as shown in Figure 2b). Inset scalebar also 20 pum.
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When cancer cells (U20S) are seeded onto the L-S thin film substrates, the cells grow and
proliferate with no cytotoxicity evident even after 14 days. In fact, there is a non-significant
increase in the cell count after growth on the MoS: substrates compared to pristine glass cover
slips (Figure 2a). Potentially, this is due to the increased surface roughness providing improved
adhesion. Of great interest is that after ~3 days of incubation on the substrate, the cells begin to
modify the film and internalize the MoS> nanosheets. After 7 days the majority of the MoS> has
been accreted under the cells, and large proportions of it internalized (Figures 2b, 2e & 2f).
Using substrates that are only half coated in the MoS; allows this physical interaction to be seen
clearly. What was once a complete thin film on the right half of the substrate (typical density
shown in Figure 2b inset) now forms the dark regions of MoS: that have been accumulated under
and internalized within the cells (Figures 2b, 2e & 2f). This is due to the action of the cells
adhering to, and mobilising on, the substrate. As the nanosheet forms part of the cell substrate,
the material is internalized through a mechanotransduction response; the cell senses the substrate,
and then actively internalizes the material. This response is of enormous interest and is little
understood; it is an entirely different approach to the internalisation of nanomaterials, which are
usually dispersed in the cell media. It can be seen that the majority of the MoS2 nanosheets are
internalized in the region around the nucleus (Figures 2e & 2f) which is discussed in detail
below. Additional images have been included in Figure S2. Some recent work has shown that the
stiffness of the cell substrate influences how much uptake of dispersed nutrients the cell engages
in 3%4%_ The cells can be seen to have formed far larger cytoskeletons, with extensions and
adhesion sites that spread throughout the substrate, for the stiffer materials. The cells must
mechanically interact with their substrate to be able to engage in material uptake. In this work the
cells are actively interacting with the MoSz nanosheets, adhering to them, and applying forces to

remove and move them across the substrate. The cells can be clearly seen to have large spreading
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areas, lots of cytoskeletal extensions, and adhesion sites associated with migration and motility
(Figures 2c—2f). The AFM images illustrate extensions and adhesion sites specifically grown
towards dense regions of MoSz nanosheets; when grown on sparse film substrates (Figures 2¢c &
2d), the cells are seeking out the nanosheet material. This in turn means that the cells tend to
congregate around denser MoS; regions, improving their ability to conduct cell-to-cell

communication, which is vital for proliferation and viability.
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Figure 3: Localisation anhd lifetime of Mo0S2 nanosheets. a) 2D Raman map of the intensity of the
~405 cm™ A1q peak of MoS; (green) overlaid on optical microscope image of cells; b & ¢) metrics 3’
indicate the same layer number (8 layers) but reduced length (<200 nm). d) Top down optical view of
the location of e) volumetric Raman mapping of the intensity of the Aig peak (green), with some
nanosheets inside the cell and some still on the substrate. f) Cell count data for U20S cells grown on
MoS: substrates and glass controls for 7 days, then removed from substrate, split and reseeded such
that cells initially from MoS; substrates (M) are then grown on further fresh MoS; substrates (MM) or
glass controls (MC), and cells from control substrates (C) are seeded onto MoS; substrates (CM) or
further control substrates (CC); the error bars are calculated from standard error in the mean from two
repeat experiments (two samples per type in each experiment). g) Raman mapping of cells taken from
MoS:; substrates and reseeded onto pristine glass controls, indicating that MoS; nanosheets are still
localized within the ER and present in daughter cells, with h) minimal modification of innate Raman

spectra indicating limited degradation.
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Raman volumetric mapping is a powerful technique for determining the localisation of MoS;
nanosheets within the cell. Mapping the peak intensity of the ~405 cm™ A1q mode yields detailed
spatial information for the nanosheet within the cell. Combining multiple overlapping steps gives
a z-resolution of < 1 um, and therefore it is possible to confirm the difference between material
internalized within the cell and that above or below the cell. Volumetric (Figures 3d, 3e & S3)
and 2D (Figures 3a, 3g & S4) Raman mapping confirms our observations from the optical
microscopy (Figures 2e & 2f). The MoSz nanosheets were presented as a thin film substrate
only; no MoS; was added directly to the cell media, so there is no possibility of the material
being on top of the cells as can be the case for media-dispersed nanomaterials. This volumetric
map shows nanosheets that are clearly raised above the substrate, indicating that they are largely
internalized in the region around the nucleus (the endoplasmic reticulum, ER), with some
material identified in the cytoplasm (most likely in lysosomes) and some still lying at the base of
the cell, and therefore still on the substrate (Figure 3e).

If the cells are harvesting transition metals or sulfur components for internal processes, then it
would be interesting to note if the cells are able to break down the MoS; to access the elemental
components. Raman spectroscopy (Figure S5) indicates that there is little change to the layer
number for the MoS> nanosheets after its internalisation—still 8 layers (Figure 3b)—but the
average length has decreased (Figure 3c). This suggests either that the cells are able to begin to
decompose the edge sites (spectra taken from cells after 7 days growth), as the metrics do not
indicate an increase in defect sites, such as holes, in the basal plane; or, that cells are selectively
internalising any smaller sized sheets on the substrate, due to a possible limit on the size of the
sheets able to be internalized via the caveolin pathway.

Excitingly, the MoS: is also transferred to daughter cells (Figure 3g), as was also seen by Yeh et

al. with the CVD-grown WS; %, In an experiment, after 7 days of growth on MoS; and pristine
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glass control substrates, the cells reached confluence and were trypsinized, split, and re-seeded
onto new substrates (Figure 3f). The cells were re-seeded at the initial (day 0) density to allow
room for further proliferation on the new substrates (indicated by the sudden decrease in cell
count in Figure 3f). The new substrates used were either further, fresh MoS; substrates, or
pristine glass cover slips (control). In this way, cells that had been initially grown on MoS; are
seeded onto both further MoS> and clean controls, and cells from the clean controls are seeded
onto further clean controls and onto MoS,. As before, it is seen that this does not affect the
proliferation of the cells (Figure 3f); if anything (although it is not significant), the MoS; actually
increases the cell proliferation both before and after the substrate change. Importantly, MoS; is
still observed to be internalized within the ER of cells seeded onto the clean substrates (Figure
30), so the MoS: is retained within the cell, and passed on to daughter cells (U20S doubling time
is ~29 hours). Although we have not performed extensive studies to quantitatively determine for
how many generations the MoS; is retained in the cells, we can make some speculation based on
the U20S doubling time. The cell study continued for 7 days after cells initially seeded on MoS>
were reseeded onto pristine glass substrates. As the U20S doubling time is ~29 hours, and this
part of the cell study ran for 7 days, we estimate that the MoS: remains present in daughter cells
for at least 5-6 generations.

Raman spectroscopy of the MoS; internalized in the daughter cells again shows similar layer
numbers and no further significant decrease in length compared to the continuous growth for the
same length of time (Figure 3h). This has implications for theranostics, as the vector remains
within the cell line. As the tumour grows, for example, all cells may contain the vector, which
could be used as a therapeutic centre or tag. The nanosheet perseverance is further confirmation
of their potential to act as new probes, as the nanosheets can be tracked throughout long live cell

imaging experiments, over multiple generations, and also tracked within a co-culture. This paves
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the way for the next generation of diagnostics and imaging that can investigate the
microenvironment and complex tissue development.

The receptor-mediated endocytosis pathways transport material to the ER and Golgi apparatus,
whereas more passive processes silo unwanted or unknown material into lysosomes and usually
eject it 1. The ER in particular is associated with molybdenum enzymes and sulfur bridges for
protein building 6. Several transition metals, including molybdenum, are vital for cell function.
The molybdenum cofactor is found in all kingdoms of life; five molybdenum cofactor enzymes
are known to exist in eukaryotes and in humans, four of these are found 2. A lack of
molybdenum in the environment can lead to a deficiency in molybdenum cofactor, a rare disease
first identified in 1978; this can lead to neurological damage, seizures, and feeding difficulties *2.
Despite their importance, little is known about how cells access and internalize these materials.
The active interaction and accumulation of the MoS; nanosheets, shown here, may provide a new
means to study the cellular uptake of essential transition metals. Other work using MoS:
nanosheets in dispersion has identified the predominance of the caveolin pathway in the
internalisation process. This pathway is poorly understood, but recent insights have identified its
important role in substrate sensing *>-*°, mechanoprotection ¢, and cancer growth 434, Nystatin
is used as an inhibitor for the caveolin pathway. In the present study, the use of nystatin did not
alter the U20S cell accretion of the MoS», but significantly reduced internalisation was observed,
implying that this uptake pathway is dominant for MoS.. There was some evidence of MoS>
within the cytoplasm, most likely in lysosomes through passive diffusion or alternate endocytic
pathways (Figure S6). This fits with the expected uptake mechanism for transition metals in a
mechanotransduction substrate response. Additionally, this uptake pathway is a direct route to the
ER, explaining the accumulation within that organelle 647, This all adds strong weight to the

argument that the cells identify the transition metal and sulfur chemistry within the substrate
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through sensing mechanisms, and harvest the materials through this directed route for protein and
enzyme building. The caveolin pathway is little studied, and so this nanomaterial substrate

technique provides a route to probe and understand these fundamental cell processes further.
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Figure 4: Generalisation of the methodology and applications. a & b Optical images of U20S
cells grown on a) MoS: and b) control substrates; substantial increase in the size of the ER is observed
for the cells grown on MoS; nanosheets. One endoplasmic reticulum from each image is highlighted
with blue dotted circles to give a guide to its size and location within the cell. ¢) A cell with
internalized MoS: after irradiation with a 100 mW 660 nm laser showing severe local damage. d) Cell
count data for primary fibroblast cells, showing no toxicity after 7 days; error bars calculated form
experimental error of single experiment. e & f) Optical micrographs of fibroblast cells grown on MoS>

substrates with nanosheets localized in the ER, but less accretion under the cells compared to U20S.
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The unfolded protein response (UPR) is a cellular response to errors in protein folding in the ER;
the cell enlarges the ER to accommodate the unfolded material “8. This response aims to restore
normal function to the cell, but, if unsuccessful and ER stress is prolonged, leads to apoptosis.
One of the mechanisms of cancer is that it is able to maintain the UPR far longer than a normal
cell, thus evading apoptosis. In the present study, a clear increase is seen in the size of the ER in
the sarcoma cells grown on the MoS; (Figure 4a), compared to those grown on the control
(Figure 4b), indicating stress in the ER. Not only does this confirm the localisation of the MoS;
within this organelle, but also this indicates that the sulfur exposed edges and/or molybdenum
metal sites of the MoS; are being identified by the cell as protein or enzyme components thus
activating the UPR. It is interesting to note that this large accumulation of nanosheets within the
ER of a cancerous cell could provide novel cancer theranostics, targeting a specific cancer
mechanism. The overactive UPR of cancer cells could be utilized to accumulate a critical mass of
material in only the cancerous cells, that either drives them to apoptosis (although cell death was
not seen even after 14 days incubation), or can be used as a photothermal site. High exposure of
the internalized MoS; with a resonant laser causes significant localized damage to a cell—the ER
is destroyed through local heating of the excited MoS> (Figure 4c), confirming the possible use
of the internalized MoS: for photothermal therapy. Alternatively, drugs that target this organelle
could be attached to the material. All the while, the condition and location of the nanomaterial
could be tracked by Raman volumetric mapping, or indeed by the material’s inherent
fluorescence in the case of monolayer TMDs (as demonstrated by Yeh et al. ).

A non-cancerous cell line (fibroblasts) also shows localisation of MoS; within the ER, although
the amount is not as significant as for the cancerous cell line (U20S), and there is more material
distributed in the cytoplasm (Figures 4e & 4f). The cells do not seem to actively accrete the

nanosheets as the cancer cells do — the multicoloured contrast indicating the presence of MoS>
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still distributed across the substrate in Figure 4f. In this work the fibroblasts proliferated faster
than U20S cells and also have larger spreading areas, so reached confluence more quickly,
limiting the time spent mobilising on the substrate before intercellular interactions started to
dominate. Regardless, there is no indication of cytotoxicity up to 7 days growing on the substrate
(Figure 4d), however the slight non-significant increase in proliferation as for the U20S cells
was not observed, probably due to the lower mechanical substrate interaction of fibroblasts
compared to bone-derived cells. This shows that the mechanotransduction-mediated uptake of
nanosheets is a potential pathway to internalisation for many different cell types. A new
mechanotransduction internalisation route could be used for developing new fluorescent and
Raman probes for previously unattained targets. However, there may be more specific
implications for cancer cells due to the exaggerated cancer cell-substrate interactions, the
‘hungry’ nature of cancer cells to scavenge materials from the environment, and the overactive
UPR. These phenomena could all be exploited through mechanotransduction-mediated uptake of
nanosheets, to internalize imageable drug delivery vectors, or localize photothermal sites to
cancer specific targets, for example. Therefore, this approach may have exciting potential for
cancer theranostics.

Conclusion

The need for the cell to form adhesions, and deform its environment, is critical to its functioning.
In this work, the substrate is stimulating the cellular membrane proteins for sensing and
recognition, triggering uptake pathways, as well as spreading and proliferation. These
mechanotransduction responses provide new insights into the full interaction of a cell with its
environment, and offer novel approaches to studying cellular mechanisms.

This work presents a completely new internalisation methodology for synthetic nanoparticles. A

new technique for targeting receptor-mediated uptake has been demonstrated, and its links to
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internal structures such as the endoplasmic reticulum have been shown, which is important in
many different diseases “°. It is well-known that accurate internal mapping is difficult; this work
aims to improve this by using Raman spectroscopy. While it is possible that the determination of
the localization within the cell could be improved, significant localization of the nanosheets in
specific organelles has been seen, all identified and mapped through volumetric Raman
spectroscopy, a non-invasive process which has the potential to be used with live cells.
Additionally, novel insights into mechanostransduction responses to substrate-derived
nanomaterials have been made and shown to be generic to different types of cell with no toxicity,
but of particular interest to cancer cells due to their over-active mechanical substrate interactions
and modified UPR. Following this initial study, presented here to introduce the broad scope of
this method of looking at cell-substrate interactions, further biological characterization
experiments are needed to further understand this system, including detailed cytotoxicity assays,
comparisons of other nanomaterials and further investigations of the UPR effects.

The sulfur chemistry of the TMDs can be exploited for biological attachment and for drug
delivery or more specific targeting °°. By utilising MoS; as a cell substrate, there is real potential
to use the material’s inherent fluorescence or unique Raman features for tracking, live cell
imaging, and potential therapies with photothermal treatment or drug delivery of a
mechanotransducton-internalized nano-vector. This new approach to nanomaterial—cell
interfacing offers an exciting opportunity to develop the next generation of theranostics.

Supporting Information

AFM statistics histograms for MoS2 nanosheets; optical images of U20S cells on MoS;
substrates; Raman volume map of cells after 7 days’ growth on an MoS; substrate; 2D Raman

map showing MoS: localized around the nucleus; Raman spectrum of MoS: internalized in cells
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after 7 days’ growth; cells grown on MoS substrates with 20% Nystatin solution to limit
caveolin uptake.
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