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ABSTRACT: This article presents the effect of transition o b Overlay c
of Cells TR % %

metal dichalcogenide (TMD) surfaces and their geometric E

arrangements on resulting cellular morphology and adhesion.
WS, and MoS, on SiO, and polydimethylsiloxane (PDMS)
substrates were utilized as cell culture platforms, and cell—
substrate interactions were probed via analysis of cellular
morphometric features (ie, cell area and circularity) of
neonatal human dermal fibroblasts (NHDFs) and metrology

of TMD surfaces. It was quantitatively confirmed that the d Y s e
presence of TMDs on substrates resulted in an overall o RAe
enhanced cellular morphology, even on SiO, substrates ¥e ¥.‘

adverse to cellular adhesion. On a localized scale, distinct
TMD geometric features at sites of adhesion were measured
and correlated with the observed cell morphology. Geometric parameters of TMDs, including TMD island count and total
TMD area, exhibited positive correlations with the resulting morphology of cells by enhancing cellular areas and elongations.
Further, geometric properties were compared to cell area per TMD island, and positive correlations were observed with TMD
island size parameters. Cells adhered at heterogeneous locations with combinations of exposed TMD and SiO,,
demonstrating an enhanced morphology in relation to the number of TMD islands in a cell's local area and the geometric
size parameters of TMD islands within the cell’s operating length scale. The proposed mechanisms of cellular adhesion on
TMD-modified surfaces are attributed to the role of surface properties (e.g., stiffness, friction, and hydrophobicity) of TMD and
underlying SiO, and their combined effects during progressive stages of cellular adhesion. These findings provide insight toward
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possibilities of tailoring adhesion of cells guided by geometric parameters of TMDs.
KEYWORDS: transition metal dichalcogenides, fibroblast cells, biotic/abiotic interfaces, cell adhesion, 2D cell culture

B INTRODUCTION

Two-dimensional (2D) materials have been widely explored for
their unique electronic, mechanical, and catalytic properties.' ™’
Owing to the high surface-to-volume ratio and structural
rigidity, 2D materials allow maximal interaction between their
surfaces and environment within small sample volumes for rapid
performance and high sensitivity.”” Transition metal dichalco-
genides (TMDs) such as molybdenum disulfide (MoS,) and
tungsten disulfide (WS,) are unique as semiconducting
analogues to graphene, which undergo an indirect to direct
band gap transition when thinned down to a monolayer,"’
enabling a high electronic sensitivity and photoluminescence
capability toward biosensing and bioimaging applications,''
highly sensitive DNA sequencing,'”'® and photothermal
therapy (PTT).'*"® Significant work has been pursued to
integrate some of these unique properties of TMDs for
biomedical fields, including drug delivery, therapeutics,
biosensors, and bioimaging.'~"? Coinciding with developments
of TMD synthesis, many of these studies involve TMDs
suspended in solutions."®~*° On the other hand, ongoing efforts
in TMD synthesis have enabled greater capabilities in utilizing
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TMD surfaces,'” ' and consequently, emerging cell-based
device platforms are governed by cell adhesion on TMD-
modified surfaces, including MoS, nanosheets assembled in thin
films and scaffolds used to: induce neural stem cell differ-
entiation at a high efficiency,”* improve mechanical reinforce-
ment,” reinforce bioceramic scaffolds,”* and treat malignant
bone tumors.”® Monolayer TMDs, such as MoS, and WS,, are
unique semiconducting two-dimensional crystals with superior
material properties and demonstrable biocompability, owing to
their emergence as a promising class of biomaterials to achieve
new capabilities and improve strategies and performance
indicators of existing technologies and devices. Despite progress,
studies characterizing the influences of TMD surfaces in
applications involving cellular growth are not well reported.
One of the issues concerning adaptation of biological cells to
their environment involves their adhesive interaction with their
respective substrate. The incorporation of TMDs with biological
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systems needs an understanding of the role of TMDs on cell
adhesion. Cellular adhesion to cell substrates precedes and
influences subsequent aspects of cellular physiology, including
survival, proliferation, migration, and differentiation.”® Thus,
understanding of the influence of TMDs on biological cell
adhesion is important in facilitating the control and manipu-
lation of desirable cellular responses involving 2D cell culture
platforms,'®™'*?%?7 a5 has been demonstrated with the
enhancement of cell differentiation with patterning graphene.”®
To date, various attempts have been pursued to assess cell
viability with TMDs, particularly relating to the material’s
potential cytotoxicity. Preliminary in vivo toxicology tests on
mammals demonstrated the potential of employing TMDs
within living subjects.”” The biocompatibility of TMDs
suspended in solutions has been zprobed in its multiple forms,
including TMD nanoparticles,‘0 TMD nanotubes,®’ and
chemically exfoliated few layered TMD nanosheets,””** all of
which indicated cytocompatibility of TMDs dispersed in
solutions. Though most of cytotoxicity studies have focused
on TMDs in dispersions, emerging cell-based device platforms
are governed by cell adhesion on the TMD-modified surface.
Recently, cells were cultured on TMD surfaces, including 2+
layered nanosheets of mechanically exfoliated and chemical
vapor deposition (CVD)-grown TMDs, and cell viability was
evaluated by live—dead fluorescence labeling to detect acute
toxicity and reactive oxygen species to monitor for apoptosis.34
Further, MoS, and WS, have been coated on cell culture
substrates by the drop-casting method, demonstrating a low
cytotoxicity and enhanced morphology.”> While these studies
show a promising cytocompatibility of TMDs, probing
cytocompatibility without considerations of size and spatial
arrangements of TMD-modified surfaces does not account for
the parametric influences of TMDs on cellular adhesion. Here
we present the first report addressing spatial considerations of
2D TMD surfaces and their influence on resulting cellular
morphology and adhesion. We show the influence of TMDs on
the adhesive behavior of mammalian cells by quantitatively
analyzing the morphometric features (i.e., circularity and cell
area) of the adhered cells. We grow predominantly monolayer
WS, and MoS, via CVD on SiO, substrates and transfer them
onto PDMS substrates. We then seed these substrates with
neonatal human dermal fibroblasts (NHDFs) for quantitative
analysis of the resulting cellular morphometric features and
compare the effects of TMD presence on the adherence of
fibroblast cells. Finally, we correlate the geometric properties of
TMD to the morphometric features of adhered cells and
corroborate that the presence of TMDs and their geometric
arrangements significantly improve the cellular adhesion.

B EXPERIMENTAL SECTION

TMD Synthesis and Characterization. A clean 4 in. Si wafer with
90 nm thick SiO, was deposited with a 5 nm thick MoO; or WO, film
from pellets (Sigma-Aldrich) via an electron beam evaporator (Denton
Explorer) and cut into 1 cm X 1 cm areas, designating the transition
metal source chips; separately, another clean 4 in. Si wafer with 90 nm
thick SiO, was cut into 1 cm X 1 cm areas, designating the growth chips
as the substrate upon which TMD monolayers are deposited. A
transition metal source chip was placed face-to-face atop of a growth
chip and loaded together into the center of a 3 in. diameter quartz tube
within an MTI 1200X 1-zone furnace. An aluminum crucible
containing 0.9 g of powdered sulfur (chalcogen source) was placed
upstream for sublimation into gaseous sulfur, and a mass flow controller
(Aalborg) delivered Ar at 30 sccm as an inert gas carrier from 300 °C,
with a base pressure of 200 mTorr. Using the temperature controller,

the TMD growth program was set up according to the following
sequence: (1) maintain room temperature for S min to get a high
vacuum degree via pumping, (2) ramp at 18 °C/min to 550 °C, (3)
ramp at 6.0 °C/min to 750 °C, (4) maintain 750 °C for 25 min, and (5)
cool down via natural heat dissipation to 450 °C, at which point the Ar
gas was turned off and furnace opened for rapid cooling.

As shown in Figure Slab, Raman and photoluminescence (PL)
measurements were performed using a Horiba Xplora system with an
Andor iDus 420 detector with a 532 nm laser at room temperature. The
spot size of the laser was approximately 1 um? Optical images were
taken with an Olympus BX41 microscope, and SEM imaging was
performed with Quanta FEG 450, FEL Raman and PL spectra were also
taken after transfer of TMD to PDMS as shown in Figure Slb,c,
demonstrating quenching of PL and shifting of Raman and PL peaks.
The observable peak shifts of Raman and PL are attributed to strain
relaxation after transfer.**™>* The reduction of PL intensity may be
attributed to the adsorption of O,, H,0O, or acetone/IPA molecules
encountered during the transfer process.’”*’ These shifts help reveal
the extent of defect introduction in the material following transfer,
which can ultimately affect the surface and mechanical properties.*'

TMD Transfer onto PDMS. After growth of TMD (i.e,, MoS, or
WS,) on SiO,, a wet transfer method was utilized to transfer TMD onto
PDMS substrates. The samples were thoroughly cleaned via solvent
cleaning to remove any residues from SiO, onto the PDMS substrate.
The PDMS (Dow Corning, Sylgard-184) was fabricated with a ratio of
10:1 of silicone elastomer base and curing agent. First, TMD
monolayers grown on SiO, were coated with a thin layer of poly(methyl
methacrylate) (PMMA) (950 A4) via dropper and left in ambient
conditions for 60 min. Upon drying, the samples were placed face-up to
float in a 30% KOH aqueous solution for 15 min, allowing the oxide
layer of the SiO, to etch away and release the underlying substrate from
the PMMA/TMD. The PMMA/TMD was transferred to DI water and
placed on the PDMS substrate, followed by drying in ambient
conditions for 1 h and baked at 90 °C for 1 min. The PMMA was
removed by 30 min exposure of acetone and then rinsed with IPA. A
flowchart pertaining to the preparation of TMD samples can be viewed
in Figure S2.

Cell Culture. As-grown TMDs (i.e, MoS, or WS,) on SiO,
substrates were cultured with neonatal human dermal fibroblasts
(NHDFs) in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM), containing 1% penicillin/streptomycin and 10% fetal bovine
serum in basal media. SiO, substrates without TMDs were assigned as
control samples, and all samples were seeded with NHDFs at the P7
generation. NHDFs were cultured on each sample surface for 24 h at
standard incubating conditions (37 °C, 5% CO,). Cell seeding densities
were optimized at 15 000 cells/cm? to achieve sufficient sample sizes
and intercellular spacing for single cell analyses.

Cell Stain. Immediately following the 24 h culturing, fibroblast cell
morphology was observed via optical microscopy (Horiba Xplora),
utilizing methyl violet (Sigma-Aldrich) as a cell stain, with a
representative optical image shown in Figure S3a,b. As shown in
Figure S4, concentrations of methyl violet in DI water (i.e., 0.04, 0.1,
0.2, and 0.4 mg/mL) were first tested on SiO, control substrates
(without cells). Higher concentrations resulted in supersaturation of
methyl violet overtime due to solvent evaporation, as observed by the
violet conglomerate formations at higher concentrations overtime.
Therefore, a cell staining concentration of 0.1 mg/mL was determined
based on the absence of methyl violet conglomerate formation observed
after 90 min. Furthermore, the time of exposure of cells to cell stain was
tested as shown in Figure S5a—d. SiO, control substrates were cultured
as described above and exposed to the methyl violet cell stain of 0.1 mg/
mL for varying durations (i.e,, 30's, 60 s, 90 s, 120 s). We determined
that 120 s of exposure to the cell stain was sufficient for observing cell
morphology of the adhered fibroblast cells via optical microscope.

Quantification of TMD Geometric Features and Cellular
Morphometric Features. Thresholding and noise filtering algo-
rithms were applied to the obtained optical images for segmentation of
individual stained fibroblast cells using Fiji software.”” Cellular
morphometric features including total cell area and circularity were
calculated and defined within Fiji. Circularity was calculated as
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Figure 1. Representative image segmentation of fibroblast cell morphology and WS, on SiO, substrate. (a) Optical microscope image of a sample of
WS, on SiO, with adherent cells stained with methyl violet. (b) Overlay image of an optical microscope image (65% transparency) and SEM image of
underlying WS,/SiO, for determination of the cell footprint location. (c) SEM image of underlying WS,/SiO, sample location corresponding to site of
cell adhesion (i.e., cell footprint). (d) Perimeter boxes drawn around the adherent fibroblast cell outline and the corresponding location on the sample,
followed by segmented images and a combined colored overlay image at center, representing the following: cell morphology (purple), WS, (yellow),
areas of overlap between WS, and the cell (white), and SiO, absent of WS, or cell (black).
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Figure 2. Cell morphology on differing TMD/substrate combinations. Representative optical microscope images of individual fibroblast cells cultured
on (a) SiO,, (b) WS, on SiO,, (c) MoS, on SiO,, (f) PDMS, (g) WS, on PDMS, and (h) MoS, on PDMS. Scale bar = 100 um; cells overlapping
neighboring cells or spanning beyond the field of view were discarded from the analysis. Graph of morphometric features of fibroblast cells adhered on
(d, e) SiO, substrates and (i, j) PDMS substrates with and without TMDs, including (d, i) cell area and (e, j) circularity, with statistical significances
shown; mean + SD, n = 50—60 cells (per sample), *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001.

circularity = 47(area/perimeter®); a circularity value of 1.0 indicates a
perfect circle, whereas values approaching O indicate increasingly
elongated polygons.

To investigate the influence of TMD spatial arrangements on cellular
adhesion, the values and distributions of various TMD geometric
features at the corresponding sites of downstream cell adhesion (i.e.,
cell footprint) were first characterized for a sample size of 62 adhered
fibroblast cells on WS,/SiO,. A diagram demonstrating the procedure
for segmenting cellular morphology and corresponding local TMD
geometric features can be viewed in Figure la—d. Following the
characterization of cellular morphology via optical microscope as
shown in Figure la, cells were removed with trypsin. SEM (Quanta
FEG 450, FEI) images were taken to quantify the underlying TMD
geometric features, as easily distinguished visually from the underlying
SiO, substrate by a darker contrast (i.e., conductivity difference). Figure
1b demonstrates a combined image with the optical image (65%

transparency) overlaid on the SEM image in Figure 1c, where TMD
edges are matched to ensure accuracy of locating a cell footprint and
confirm no removal of TMD surfaces post cell removal. To map the
geometric properties of the underlying TMD to the resultant cell
adhesion behavior, perimeter boxes as in Figure 1d were drawn around
a representative adherent fibroblast cell in the optical image shown in
Figure 1a and the corresponding cell footprint in the SEM image of the
TMD/substrate shown in Figure lc.

TMD geometric features calculated and defined within Fiji included
the following: average Feret diameter, average nearest neighbor
distance (NND), average TMD island area, total TMD perimeter,
TMD island count, and TMD percent coverage. Individual TMD
islands were defined as distinctly isolated TMD, as characterized by
SEM. The Feret diameter (ie., caliper diameter) is defined as the
maximum distance between two parallel tangents of the two-
dimensional outline of an individual TMD island, selected as a measure
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Figure 3. Average nearest neighbor distance and Feret diameter of WS, at the fibroblast’s cell footprint. Histograms of (a) average NND (y = 7.1496 +
0.50653 pm, 6 = 2.92163 + 0.636626 um) and (b) average Feret diameter (4 = 6.3804 + 0.524561 pm and 6 = 2.69729 + 0.540459 ym) at the cell
footprint graphed with the corresponding t location scale distributions and (c) combined. The 95% confidence intervals for average NND and average
Feret diameter encompass the range of 1.30634 to 12.99286 ym, and 0.98582 to 11.77498 yum, respectively. A correlation graph of (d) average NND vs
average Feret diameter within the 95% confidence intervals of the ¢ distribution. Linear regression is shown with a 95% confidence interval shaded in
gray. Average NND and average Feret diameter are highly significantly correlated (****P < 0.0001) with a coefficient of determination of 0.3006 and a
slope of linear regression of 0.6493 + 0.151. Representative cell footprints of (e) relatively large average NND and average Feret diameter, as well as (f)
relatively low average NND and average Feret diameter. The cell shown in part e that adhered at a location with larger, more well-distributed WS,
islands had an average Feret diameter of 13.251 ym and average NND of 11.701 + 5.0341 pm, whereas the cell footprint corresponding to lower values
shown in part f had an average Feret diameter of 0.949 ym and average NND of 3.7515 =+ 2.5588 ym.

to evaluate average TMD island size due to TMD island shape
irregularity. The average Feret diameter was calculated as the mean of
Feret diameters of each TMD island. The average NND represents the
distance between each feature centroid and its nearest neighbor’s
centroid location, in order to determine the effect of the average spacing
between TMD islands. We obtained the variable of cell area per TMD
island by dividing the total cell area by the TMD island count.

Statistical Analysis. Statistical values presented herein were
obtained using well-established algorithms with software, GraphPad
Prism 7. The TMD and cell data were graphed, and linear regressions
were performed with a 95% confidence interval to determine
correlation between individual TMD geometric parameters and
resulting cellular morphology. We performed unpaired ¢ tests on the
mean values of cell area and circularity, and F-tests on the variances.
The slope of the linear regression line represents the rate of change in
the morphometric features as the corresponding geometric feature
changes. Thus, higher slopes indicate a greater increase in the
morphometric parameter as the geometric parameter increases.
Coefficient of determination (“R*”) ranges from zero to one and can
be thought of as the fraction of the variance shared between the two
variables of interest. Thus, a larger coeflicient of determination reflects a
better fit of the linear regression line and a stronger correlation between
the two variables of interest. Statistical significance is then determined
by the P value (calculated probability) to determine the degree of
significance, such that *P < 0.05; **P < 0.01, ¥**P < 0.001, ****P <
0.0001. If the P value is sufficiently small, the idea that the correlation is
due to random sampling can be rejected.

For histograms shown in Figure 3, a t distribution was employed
assuming the population distribution of the average NND and Feret
diameter is normally distributed, where 4 is the mean and o represents
standard deviation. A t location scale distribution accurately models
data sets which have a significant number of outliers and are heavily
populated around the mean. The ¢ distribution is symmetric and bell-
shaped, like the normal distribution, but has heavier tails, meaning it is
more prone to producing values that fall far from its mean. With 62
unique data points, the degrees of freedom were calculated as 61,

resulting in a t value of 2.000 for average nearest neighbor distance
(NND), meaning the 95% confidence interval falls within 2 standard
deviations of the mean (). The 95% confidence intervals for average
NND and average Feret diameter encompasses the range of 1.30634 to
12.99286 pum, and 0.98582 to 11.77498 um, respectively. Thus, this
excludes cell footprints, which are limited to a single TMD island
corresponding to an average NND of zero, as well as those which would
be labeled as outliers, corresponding to a potentially less predictable
and more variable outcome.

B RESULTS AND DISCUSSION

Cell Morphology on Differing TMD/Substrate Combi-
nations. Cell culture was performed on both as-grown TMDs
(ie, MoS, or WS,) on SiO, and TMDs transferred onto
cytocompatible PDMS.**~* TMD-free control substrates (i.e.,
PDMS and SiO,) were used to test the presence of TMDs on
fibroblast cell adhesion, as shown in Figure 2, quantitatively
confirming the observation that the presence of TMDs
improved cellular adhesion. Fibroblast cells adhering on the
control substrates exhibited a significantly smaller cell area and
more circular morphology than those in the presence of MoS,
(kP < 0.0001 and **P < 0.01, respectively) and WS,
(*##%P < 0.0001 and **P < 0.01, respectively), indicating an
enhanced cellular adhesion in the presence of TMDs on both
SiO, and PDMS substrates. (A combined bar graph is shown in
Figure S7 for comparison.)

The statistical differences for cell area and circularity
calculated between each TMD type and the control sample
resulted in P values within similar ranges (P <£0.0001 and P <
0.01), respectively), suggesting an overall similar effect on the
average cellular morphology for WS, and MoS,. There was a
more significant difference observed in the cell area (P <
0.0001) than circularity (P < 0.01), which demonstrates that the
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presence of TMDs greatly increased the total area of adhered
cells and resulted in a significantly more elongated cell
morphology. The cell morphology was determined to be slightly
more elongated on MoS, than WS, (P < 0.05) with respect to
circularity. Compared to MoS,, a significantly larger distribution
of cell areas was determined for the WS, sample. These minor
differences observed between MoS, and WS, are attributed to
differences between samples concerning the variable local TMD
geometric properties, such as the size and distribution of TMD
islands, rather than the type of TMD. Owing to their shared
molecular structure and basal planes of both MoS, and WS,
consisting of exterior sulfur, no significant differences exist
between MoS, and WS, in terms of material properties such as
their stiffness,”® hydrophobicity,**” and cytocompatibil-
ity.”>"** Overall, analysis of cellular morphology on both
TMD/PDMS and TMD/SiO, vyielded similar trends with
adhered fibroblast cells exhibiting a greater circularity and cell
area in the presence of TMDs. Thus, the enhanced cellular
adhesion observed with TMDs may indicate not only an efficacy
in reversing substrate toxicity but also an ability to confer
favorable substrate properties for cell adhesion.

Characterization of TMD Geometric Features at
Locations of Cellular Adhesion. All TMD geometric features
presented herein are calculated from the segmented areas
located under the footprint of the cell. For example, the average
NND and average Feret diameter at each cell footprint were
calculated, and their distributions are graphed as histograms as
shown in Figure 3a,b, respectively, which summarizes the
distribution of TMD geometric parameters and the relationship
between TMD coverage and the locations of cell adhesion. The
data is normally distributed, as evidenced by the overlay of the
normal distribution fitted to the histogram.

As shown in Figure 3¢, the means and standard deviations of
the distributions for an average NND and average Feret
diameter are notably similar, with a percent difference of only
11.3703% and 7.98516%, respectively. This similarity suggests
that fibroblast cells do not adhere exclusively in areas that are
monolithic in their TMD coverage, but rather cells are adhering
on surfaces with unconnected TMD islands with exposed
underlying cytotoxic SiO, at the cell footprint. The correlation
between the average NND and average Feret diameter was
graphed in Figure 3d, which shows the relationship between
TMD geometric properties at the cell footprint and the
correlation between the size and spacing of TMD islands,
regarding the locations of fibroblast cellular adhesion. The
average NND and average Feret diameter are highly significantly
correlated (****P < 0.0001), implying that cells are adhering at
heterogeneous locations with TMD islands that are proportion-
ally sized by their spacing. Characterization of local geometric
arrangements of TMDs at the cell footprint indicates that
fibroblast cells adhere in locations where the spacing between
TMD islands decreases as the TMD island size decreases.

This is further illustrated in Figure 3e with a cell footprint
pertaining to relatively high average NND and relatively high
average Feret diameter, in contrast to Figure 3f with a cell
footprint corresponding to TMDs with a relatively low average
NND and average Feret diameter. The fibroblast cell shown in
Figure 3e that adhered at a location with larger, more well-
distributed TMD islands had an average Feret diameter of
13.251 um and average NND of 11.701 + 5.0341 pym.

It has been shown that cells migrate over time to regions with
more favorable surface properties."~>° Due to the observed
affinity of fibroblast cells to surfaces with TMDs, cells were

expected to preferably adhere similarly to local areas of
increasing percent coverage of TMD. However, the fibroblast
cells preferred areas that were heterogeneous in areal magnitude,
pertaining to TMD islands with exposed underlying substrate, as
qualitatively shown in Figure S9. Overall, we observed fewer
adhesions in areas that were exclusively SiO, or exclusively
TMD. To further elucidate the causal relationship of enhanced
adhesion in the presence of TMDs, we performed analysis
correlating the geometric TMD properties with the cellular
morphometric features shown in the following section.
Effects of TMD Geometric Features on Cellular
Morphology. A data table summarizing the statistical findings
is given in Table 1. In the Supporting Information, Table S1

Table 1. Summary Table of Statistical Analysis of
Correlations: TMD Geometric Features vs Cellular
Morphometric Features”

cellular morphometry feature

TMD geometric cell area per

parameter TMD island total cell area circularity
perimeter 0.82 (Gt )< 0.00 (ns) 0.06 (ns)
Feret diameter” 0.81 ()< 0.01 (ns) 0.05 (ns)
island area” 0.78 ()< 0.00 (ns) 0.05 (ns)
percent coverage 0.38 (k)< 0.03 (ns) 0.04 (ns)
total area 0.21 (k)< 0.09 (*)° 0.31 (i)
island count 0.08 (*)° 0.40 (F#H5)C 0,10 (*)°
NND” 0.04 (ns) 0.00 (ns) 0.01 (ns)

“Values shown are the calculated coefficients of determination
corresponding to each TMD geometric parameter vs each cellular
morphometric feature, with the statistical significance shown in
parentheses (*P < 0.05; **P < 0.01, ***P < 0.001, *¥*¥**p <
0.0001). bAverage values corresponding to TMD islands at the cell
footprint. “Significant correlations between TMD geometric param-
eters and cellular morphometric features are shown, and TMD
geometric parameters are ordered descending from the highest
significance to the least with correlations to cell area per TMD island.

includes the slope of the linear regression line, which represents
the rate of change in the morphometric features as the
corresponding geometric feature changes.

As shown in Figure 4, TMD coverage (ie., total area and
percent coverage) was analyzed in relation to the resulting
cellular area and circularity. A significant correlation is observed
between total TMD area and the morphometric features; a
smaller P value (¥*##*P < 0.0001) is observed between the
circularity and total TMD area than the cell area (*P < 0.05),
indicating that the increased amount of TMD surface may result
in greater cellular elongations. In contrast, performing the same
analysis based on variable percent coverage of TMD yielded no
significance. Thus, a greater percent coverage of TMD did not
correlate to an enhanced cellular adhesion. As a testing
parameter, the TMD percent coverage would be more indicative
than total TMD coverage; the total TMD area is generally
expected to increase with larger, more elongated fibroblast cells
that have a larger perimeter box (or area of analysis). Therefore,
there is no direct correlation observed between the amount of
TMD coverage at the site of cellular adhesion. Instead,
additional geometric parameters relating to the spatial arrange-
ment of TMD (rather than the amount of TMD) may play a
greater role in the adhesive nature of cells.

To investigate the influence of TMD islands and their
dimensions, the remaining geometric features and their
correlations to the cellular morphometric features were
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Figure 4. Effects of TMD area parameters on total cell area and circularity of adhered fibroblast cells. Graph of morphometric features of fibroblast cells
adhered on WS, on SiO, compared to TMD geometric parameters: (a) TMD total area vs cell total area (left y-axis) and TMD total area vs circularity
(right y-axis), (b) TMD coverage area vs cell total area (left y-axis) and TMD coverage area vs cell circularity (right y-axis), and (c) TMD island count
vs cell total area (left y-axis) and TMD island count vs cell circularity (right y-axis) The gray shaded region symmetric about the regression indicates a
95% confidence interval. Representative cell footprints are shown, including (d) low total cell area, high TMD percent coverage, and low TMD count,
(e) high total cell area, high TMD percent coverage, and high TMD count, and (f) low TMD percent coverage and high TMD count.

determined, including areal thresholding to determine TMD
island count as shown in Figure 4c. For the number of TMD
islands, a smaller P value (****P < 0.0001) was observed
between total cell area than the circularity (*P < 0.05),
indicating that the increased number of TMD islands resulted in
significantly greater cell areas and slightly more elongations
deviating from a circular morphology. The coefficient of
determination was relatively high (0.4043) between the number
of TMD islands and the cell total area, whereas the coeficient of
determination was lower (0.0951) between the number of TMD
islands and the cell circularity.

To further illustrate this finding, Figure 4d represents a cell
footprint with a high percent coverage of TMD that results in a
relatively low total cell area. As the TMD count increases, an
overall greater cell area and lower circularity (ie., greater
cytoplasmic elongations) are generally observed. This finding is
independent of total TMD coverage as shown in Figure 4e by a
cell footprint that contains a lower TMD percent coverage and
higher TMD count than in Figure 4d. The cell footprint in
Figure 4f correlates to an even bigger cell area, with an even
lower TMD percent coverage. The corresponding values are
compiled in Table 2.

Significant correlations were observed between morphomet-
ric features and TMD geometric features for two out of the six
studied geometric parameters (i.e., total TMD area and TMD
island count). TMD island count resulted in the correlation of
highest significance with cellular area (i.e.,, extent of cellular
spread). Each TMD geometric property was compared with the
cellular area per TMD island, in effect normalizing the influence
of the strongly correlated TMD count to obtain a more accurate
portrayal of the correlations of cellular morphology with
geometric features apart from TMD island count. Following
the normalization of cell area by the TMD count, high
correlations were found with the TMD geometric properties
as shown in Figure Sa—f. Therefore, the cell area per TMD was
significantly correlated to the average Feret diameter, when

Table 2. Summary Table of TMD Geometric Features and
Cellular Morphometric Features Corresponding to Images in
Figure 4°

metrology
cellular morphometric
feature TMD geometric parameter
cell- TMD

TMD total cell TMD percent total TMD

image  area (um®) circularity count coverage area (um?)
Figure 4d 816.26 0.637 6 91.003 753.564
Figure 4 1735.517 0.246 59 12.987 428.063
Figure 4f 3238 0.656 46 7.801 311.725

“The values of the cell footprint corresponding to Figure 4d include a
total cell area of 816.26 um? circularity of 0.637, TMD percent
coverage of 91.003%, TMD count of 6, and total TMD area of
753.564 um?®. Figure 4e represents a cell footprint that contains a
lower TMD percent coverage and higher TMD count than the cell
footprint in Figure 4d and results in an overall greater cell area and
lower circularity (i.e, greater cytoplasmic elongations). The
corresponding values of Figure 4e include total cell area of
1735.517 pm? circularity of 0.246, TMD percent coverage of
12.987%, TMD count of 59, and a total TMD area of 428.063
um?. The cell footprint in Figure 4f correlates to an even bigger cell
area, with an even lower TMD percent coverage. The corresponding
values are the total cell area of 3238 um? circularity of 0.656, TMD
percent coverage of 7.801%, TMD count of 46, and total TMD area
of 311.725 pum’.

taking into consideration the TMD island count. The same
phenomenon was observed with an average TMD island area,
total TMD perimeter, and TMD percent coverage. As observed,
each TMD island parameter except for average NND was
significantly correlated to the resulting cellular area per TMD
count. Therefore, the resulting morphology of cells on diverse
substrates could potentially be manipulated by tailoring the
geometric parameters of TMDs, even on substrates that are
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Figure S. Effects of TMD geometric properties to normalization of cell area with respect to TMD island count. Graph of cellular area per TMD of
fibroblast cells adhered on WS,/SiO, compared to TMD geometric parameters, descending from most highly correlated to least correlated: (a) total
TMD perimeter vs cell area per TMD island, (b) average Feret diameter vs cell area per TMD island, (c) average TMD island vs cell area per TMD
island, (d) TMD percent coverage vs cell area per TMD island, (e) total TMD area vs cell area per TMD island, (f) average NND vs cell area per TMD
island. The gray shaded region symmetric about the line of regression indicates a 95% confidence interval. Despite the number of TMD islands
underlying the cell footprint, the average Feret diameter, average TMD island area, total TMD area, total TMD perimeter, and TMD percent coverage
were significantly correlated to the cell area per TMD); the statistical significance relating to these correlations can be viewed in Table 1.

cytotoxic and adverse to cellular adhesion. Cellular adhesion
ultimately influences cellular survival, proliferation, differ-
entiation, and migration, and the TMDs’ affinity to cellular
adhesion coupled with its unique electronic and chemical
properties can be further explored and applied in biomedical
fields that utilize 2D cell cultures.

Monolayer TMD surfaces confer a lower roughness,”" higher
hydrophobicity,“*” and higher stiffness*** in comparison to
underlying SiO,. It has been known that monolayer TMDs on
substrates have a stiffness proportional to their underlying
substrate stiffness.’>~>* For example, CVD monolayer MoS, and
WS, have similarly high 2D elastic moduli, ~270 GPa, whereas
the elastic modulus of SiO, is ~70 GPa.*® PDMS resulted in a
lower average cell area than SiO, counterparts, since PDMS is
less stiff (~2.6 GPa)> and more hydrophobic than both SiO,
and TMD,*” and cells develop a greater attachment and
spreading on hydrophilic>® and stiffer substrates.’”>” As
observed, the presence of TMDs enhanced cell morphology
on both SiO, and PDMS. Cells cultured on TMD surfaces attach
and move across monolayers,”’ and the cellular movement cycle
includes the following stages: unbound, rolling, tumbling,
transient adhesion, and adhesion.’’ Since TMDs conform to
substrate topography and are proportionally less rough (i.e., less
friction) than SiO,,”" cells seeded directly on TMDs undergo a
greater degree of rolling/tumbling and higher observed cell
adhesion in heterogeneous regions (i.e., with contributions of
Si0,, not monolithic TMDs), where cells slowed to transient
adhesion due to a higher friction and hydrophilic tendency.’®
Furthermore, we observe an enhanced morphology in
heterogeneous regions with an increasing TMD island count
following transient adhesion due to increased local TMD islands
of a high stiffness and elongations past SiO,. We attribute this to
cell movement toward more rigid surfaces,”® within critical
distances comparable to the cell size.”>** Cells bind to surface
adsorbed proteins from culture media,”*~*® and TMDs exhibit a
high physical adsorption of organic macromolecules due to a
large surface area, no dangling bonds, and van der Waals

affinity.””®” In the absence of strong ionic or covalent bonding
sites, proteins collect on TMDs, forming concentrated reservoirs
of surface proteins. In combination with TMD high stiffness,
cells then spread to TMD surfaces of greater surface parameters
within a sensible range, as observed by the positive correlations
between cell area per TMD island and TMD island size
parameters.

The findings presented herein give insight on the effects of
distribution of TMDs on cell adhesion and morphology. This
understanding will allow for tailoring the adhesion of cells on
diverse substrates (even those inherently adverse or cytotoxic to
cells), which can be guided by geometric parameters of TMDs.
Therefore, it could ultimately be used to influence and control
cellular survival, proliferation, differentiation, and migration. By
taking advantage of unique optical and electronic properties of
TMDs, one could further utilize this understanding toward
tissue scaffolds, stem cell differentiation, and live-cell biosensing
applications

B CONCLUSIONS

We have demonstrated that TMD presence improved cellular
adhesion on substrates, including cytocompatible PDMS and
cytotoxic SiO,, and quantitatively analyzed the cell morpho-
metric features, determining the statistical significance. We
found that TMD surfaces in an arbitrary order can be used to
enhance cell adhesion on substrates that are inert to cell
attachment, rendering otherwise cytotoxic substrates useful as
2D cell culture platforms. TMD intersample variability indicated
that additional local surface parameters affect cell adhesion. The
measured similarity between the average Feret diameter and
NND distributions suggests that cells do not only adhere to
monolithic TMD coverage areas but also on surfaces composed
of unconnected TMD islands with exposed underlying SiO, at
the cell footprint. We surmised cells seeded directly on TMDs
undergo a greater degree of rolling/tumbling and higher
observed cell adhesion in heterogeneous regions (i.e., with
contributions of SiO,, not monolithic TMDs), where cells
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slowed to transient adhesion due to a higher friction and
hydrophilic tendency. We found that quantitative increases in
the TMD island count correlated to significantly larger,
elongated cells. Further, the cell area per TMD island resulted
in significant positive correlations with total TMD perimeter,
average Feret diameter, average TMD island area, and TMD
percent coverage. This implies that the number of underlying
TMDs is the strongest correlation with TMD geometric
arrangements that are distributed within the range of TMD
sample geometric parameters characterized. We attribute
observably enhanced morphology in heterogeneous regions
with an increasing TMD island count and size due to increased
local TMD islands of a high stiffness and elongations past SiO,,
within critical distances comparable to the cell size; in
combination, TMD favorable adsorption of proteins from cell
media results in time-dependent adsorbent concentrations at
TMD islands, critical to the promotion of cell adhesion and
enhanced morphology. By tailoring the geometric parameters of
TMDs, one can guide the desirable adhesion of cells on diverse
substrates (even those inherently adverse or cytotoxic to cells),
which ultimately influences cellular survival, proliferation,
differentiation, and migration; these findings can be further
explored and applied in fields that utilize cell cultures toward
biomedical applications, including tissue scaffolds, stem cell
differentiation, and live-cell biosensing applications.
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