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Graphical Abstract

Single-Cell Confinement on Micropatterned Glass:

an AFM Topographical Profiling
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From high to low confinement

15um 20pm 25um 30um

Confinement modulates cell height and surface roughness. Deep AFM analysis reveals
morphological and nanomecchanical shifts
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Abstract

Atomic Force Microscopy (AFM) offers nanometrical resolution for analyzing cellular
topography and mechanical properties. However, the inherent irregularity of cell morphology,
the different stages of the cell cycle and the inter-cell interaction inside a culture often
complicates accurate measurements. To overcome this limitation, we employed
micropatterning techniques to standardize cell shape by forcing endothelial cells to adopt a

uniform, square configuration. Cells were cultured on microfabricated substrates featuring
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square patterns of 10, 15, 20, 25, and 30 um side. Following silanization and cell seeding,
individual cells conformed to these defined geometries, permitting consistent AFM scans
through the entire area of cells. We extracted key topographical parameters, including the
average and RMS height profiles, root mean square slope (Sdq), as well as higher-order
statistics such as kurtosis and skewness. A high-pass filter was applied to isolate local surface
roughness from overall cell shape. Our analysis revealed significant differences in both height
and roughness parameters between cells confined to smaller versus larger patterns, indicating
that the available adhesion area critically influences cell morphology. Notably, kurtosis and
skewness metrics further underscored distinct differences in height distribution across the
various pattern sizes. These findings demonstrate that combining micropatterning with AFM
provides a robust platform for single-cell studies, offering enhanced reproducibility and deeper

insights into how controlled cell shape modulates surface properties and cellular function.

Introduction
Characterizing single-cell topography and mechanics is crucial for understanding cellular

function, but conventional methods struggle with cell-to-cell variability. Atomic Force
Microscopy (AFM) is a powerful imaging technique that enables high-resolution topographical
analysis of surfaces at the nanometer scale. Unlike optical and electron microscopy, AFM
operates by scanning a sharp probe over the sample surface, measuring the interaction forces
between the tip and the sample!2. Its various operational modes and the modularity of key
components, such as the tip shape, have paved the way for the use of AFM in numerous
biomedical applications®**. These include the study of the physical and mechanical properties

of biological elements and biomaterials, such as cells and bacterial membrane *°, as well as

2
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investigations into the nature of interactions between specific components, such as proteins or
drugs!'®!l. Moreover, the data collected through AFM have been a useful integration when
coupled with other forms of microscopy, such as confocal'>!3, fluorescence'*!>, Raman'® and
optical microscopy!’. Traditional bulk analysis methods often overlook cell-to-cell variability,
making the characterization of single cells an important step for obtaining precise and
representative data'!®. Therefore, the study of single-cell properties may be the answer for
understanding fundamental biological processes, disease mechanisms, and cell responses to
external stimuli'®?°. AFM has been widely employed for those studies due to its ability to
provide mechanical characterization at the nanoscale®'~?*. The main difficulty remains in single-
cell isolation and culture on a substrate. To that purpose, multiple techniques have been
previously employed to isolate and analyze single cells such as microfluidics traps or
fluorescence activated cell sorting®. Micropatterning, a type of treatment that allows localized
surface modifications to be created to tune local bio-adhesive potential might be propose to
isolate one cell from another. Micropatterning is usually achieved by “printing” protein patterns
on a specific surface using an elastomeric mold, such as PDMS, and then passivating the
remaining surface with bovine serum albumin?*?’, Pluronic f-127%, or polyethyleneglycol-L-
polylacticacid®®. Another possibility is to take advantage of surface chemistry to covalently
modify its adhesive properties, for example by using silane composites associated with a
passivating agent like PEG**32. After that, the patterning process can be achieved either by
photopatterning 433 or through sacrificial structures to “mask” localized parts of the surface

from chemical treatment33-3¢,
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The goal of this work is to isolate single human umbilical vein endothelial cells (HUVECS)
through a micropatterning technique and to take advantage of the regular shape imposed by the
patterning to perform a full single-cell study of its topographical and volumetric features and
highlight the changes that occur within the same type of cells by varying the extension of the
available surface. To achieve this goal, HUVECs will be cultured on of 15 um, 20 um, 25 um,
and 30 pm (length of a square side) glass patterns surrounded by passivated, non-adhesive
surface. These measures have been chosen since, in previous works, single-cell patterning have
been observed for measures around 30 um width for different type of cells33-3437-41 while 15
um square size was the smallest dimension where a regular square shape was maintained by the
patterned cells. In summary, by confining single cells on micro-fabricated islands of defined
size, we aim to analyze how the available adhesion area affects cell height and surface
roughness (via AFM). We hypothesize that smaller adhesive areas will induce noticeable

increases in cell height and changes in topographical distribution.

Materials and Method

Production of Micropatterned glass surfaces

The production of the micropatterned glass surface has been performed as in previous
experiments (Pedroni et al.*?).Briefly, a Borofloat glass wafer 2"300+20/DSP/Ra<1.2nm
(Siegert Wafer, DE) was treated with oxygen plasma (Tucano plasm a system, Gambetti
Vacuum Solution, IT) at 200 W for 300 s. After that, the surface was covered with a 5 nm

aluminium layer using a Kenosistec KS400HR sputtering machine (Kenosistec, IT), then a
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resist ARN 7500.18 (Allresist, DE) was spin-coated on the cleaned surface of the sample for
60 s at 5000 rpm and later heated for 60 s at 85°C on a hotplate.

Electron-beam lithography was performed on the sample using a Raith 150 E-Beam-Writer
(Raith, DE). Four different patterns were produced, consisting in matrices squares of 15 um, 20
um, 25 pm, and 30 um side separated by 30 um from one another. Each pattern contained only
one type of square, and the different patterns were vertically separated by 5 mm of empty space.
Once the process was concluded, the sample was developed with MF319 developer for 90 s.

The glass surface was treated with O, plasma (50W, 60s) to be activated prior to being
inserted inside the glass reactor chamber to perform gas-phase deposition. Then, the chamber
was put under partial vacuum (7 mbar) for 4 min and 04 ml of 2-
[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (abcr, DE) was aspirated inside the
chamber through a valve-controlled opening. The sample was kept inside the reactor at 85°C
for 24 h. After that, it was removed from the chamber, and the excess silane and the resist were
cleaned through 20 min of ultrasound in isopropanol. The remaining aluminum was removed
with a further 90 s rinsing in MF319 developer. The micropatterned glass surface was finally
cleaned with isopropanol and stored at room temperature until observation with reflected

microscopy (Leica DM80000M) and/or cell seeding.

Cellularization of Micropatterned glass surfaces

Human umbilical vein endothelial cells (PromoCell GmbH, Heidelberg, DE) were cultured
at 37 °C under 5% CO,, using endothelial cell growth medium supplied with basal medium and
supplement mix (Sigma-Aldrich, USA). This supplemented medium contains fetal calf serum

(2% vIv), endothelial cell growth supplement (0.4% v/v), epidermal growth factor (recombinant

5
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human) (0.1 ng/ml), basic fibroblast growth factor (recombinant human) (1 ng/ml), heparin (90

pg/ml), and hydrocortisone (1 pg/ml). All cells used were between passage four and eight, with

media exchange every 48 hours.

Micropatterned glass surfaces were immersed for 30 min in a 70% ethanol solution in water,
rinsed three times in fresh Dulbecco’s phosphate buffered saline (PBS, Sigma-Aldrich, USA)
and seeded with HUVECs at 10*103 cells/cm? in supplemented medium. Cellularized samples
were then placed at 37 °C in an incubator under 5% CO, for 6 before being were rinsed with
PBS and fixed for 20 min with 4% m/v paraformaldehyde solution in PBS. Cellularized

micropatterned glass surfaces were finally stored in PBS at 4°C until analysis.

Morphological analysis of cells

Contrast phase observation
Cellularized micropatterned glass surfaces have been observed in phase contrast mode with

a ZEISS AX10 inverted microscope equipped with and Axiocam 202 mono. The software
employed for the imaging were the LAS software for the reflected microscopy and ZEN 3.1 for
the inverted microscopy.

Topographic and volumetric analysis

Prior to the experiment, the sample was dried by sequential immersion in progressive ethanol
solutions. Briefly, the PBS was removed, and the surface was immersed for 5 minutes in a 25%
ethanol solution in distilled water, which was later removed and substituted with a solution of
50% ethanol in distilled water for 5 minutes. The procedure was repeated for a 75%
ethanol/distilled water solution and 100% ethanol, after which the sample was put under partial

vacuum (7mbar) for 30 minutes.
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The dried sample was then placed inside the Park Systems NX10 (Park Systems, Kr) Atomic
Force Microscope, and multiple single-cell scans were taken for each type of pattern using Non-
Contact Mode (NCM) with an OMCL-AC160TS 10M Non-Contact Cantilever from the same
supplier.

The scans were acquired on a 50um side square surface containing a single patterned cell
with a 256-square-pixel resolution and a resonance frequency between 242 and 247Hz, with a
scan rate of 10-20Hz on the cells. The images were observed using XEI software (Park Systems,

Kr) and flattened using a first-degree polynomial.

Statistical Analysis

Using the XEI software, the average profile of a patterned cell was acquired for each scan. A
“profile” is the plot of every height measurement of a single linear scan, while the “average
profile” is the plot of the mean of every measurement on the Y-axis, given a linear scan on the
X-axis. The direction and length on X and Y are arbitrary, and the resulting area was set to be
the closest square on the X-axis (scan length [um]) to include any height measurements outside
the pattern whenever present.

The resulting average profiles for n=10 scans for each class of pattern dimension were
exported to Excel software, where the mean and standard error were calculated for each point
on the X-axis.

Area under curve (AUC) was extracted from each profile by integration using the trapezoidal

rule :
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“(Xig1 — xp)

ni:lf(xi) + f(xiv1)
2
i=1

As a mean to compare the different cell profiles, the AUC of each class of dimension have
been compared trough Kruskal-Wallis ANOVA followed Dunn’s test for pairwise comparisons
(OriginPro software). The null hypothesis was rejected for p<0.05. A non-parametric test was
chosen after demonstrating the non-normality of of the 25 pm size distribution through Shapiro-
Wilk normality test.

Using the surface analysis function of the XEI software, it was possible to calculate root mean
square height (Sq), arithmetic mean height (Sa), kurtosis (Sku), skewness (Ssk), maximum
height of the peaks (Sk), and root mean square slope (Sdq).

To study the surface roughness, the scans were filtered through a high-pass filter (kernel = 3)
to eliminate the “slow” changes in topography. This expedient allowed for the removal of the
actual shape of the cell, leaving only the localized surface texture to be considered. This
approach made it possible to analyze the root mean square roughness (RMS Roughness), the
arithmetic average roughness, the root mean slope roughness, the core void volume, and the
core material volume.

The Sq and the RMS Roughness are measured as follows:

qujif.&zz(x,y) dx dy

The height is indicated with “z” and the flat surface area on which the measurement is

conducted with “A”. Sq and RMS roughness are useful to be compared to the (Sa) and
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arithmetic mean roughness, since it gives an increased importance to high peaks and valley.
This value is amplified by its square elevation, while the arithmetic parameters are measured

as it follows:

1
Sa= KffIZ(x,Y)I dx dy
A

Kurtosis of topography height distribution, Sku, is a parametric measurement of the steepness
of the height distribution of a surface**. By convention, a sku > 3 indicates a leptokurtotic
behaviour of the height distribution, with a sharp peak indicating a high concentration of height
measurement around a single parameter, while a sku < 3 indicates a platikurtotic behaviour, and
therefore a more distributed number of the height measurements through the entire vertical

projection of the structure.

1
Siu =Sq_4<z ffA z*(x,y) dx dy)

The skewness (ssk) of the height distribution is a statistical parameter that describes the
asymmetry of the surface height values relative to the base surface and gives an indication of

how high the average height is compared to the total height span of the analyzed surface.

1
Ser = S‘Z_3<Z ffA z3(x,y) dx dy)
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Sp is the maximum height of the peaks, which is the maximum height value registered on any
given cell at any scan.

The Root Mean Square Slope (sdq) is a value used to assess regularity of a surface by
measuring the average slope angle (expressed in radiant) on a given area, and is expressed as it

follows:

ﬂl az(x y) (az((;c,y))zl dx dy
y

Where A is the given flat surface area, z(x,y) the function of the surface while ( s y)

)* and (

0z(x, . . . . ;
_gyy))z are the partial derivatives of the function #x,y) on both axis.

Core void volume (VVC’) and core material volume (VMC’) are both volume-based
measurements that rely on the concept of the Abbot-Firestone curve, which shows the
percentage distribution of the volume relative to the height of the surface measurement.
Conventionally, the term “core” refers to the portion of the curve between 10% and 80%, thus
excluding the deepest pits and the highest peaks relative to the actual volume measured.

VVC’ and VMC’ represent, respectively, the void and the material volume within the core
area of the roughness of each cell. Both parameters are calculated on the filtered scans.

All these parameters were measured on the cell surface, taking advantage of the square shape
imposed by the chemical patterning to avoid including external, unrelated measurements in the

computation.

10

ACS Paragon Plus Environment



oNOYTULT D WN =

Langmuir

For each size class, n= 10 cells for each class of dimension were scanned, resulting in the
same number of average profile assessments and measurements for each of the listed roughness
parameters. The experimental conditions allowed individual cells to be scanned and enabled
analysis of the full surface of each cell.

Resulting data were compared using Kruskal-Wallis ANOVA followed Dunn’s test for

pairwise comparisons (OriginPro software). The null hypothesis was rejected for p<0.05.

Results and Discussion

After lithography, the resulting micrometrical structures have been observed by contrast
phase microscopy (Figure 1). E-beam lithography is a well-known technique for producing
micro and nanometrical features on various types of conductive surfaces and has a long history
of application in the molecular patterning either by local modification of the surface parameters
or through sacrificial structures #4446 | While the use of this machine is commonly indicated
for conductive surfaces such as silicon, it can be employed on insulating surfaces, such as glass,
as long as they are covered with a layer of conductive material like aluminum, chromium or
copper 748, Figure 1 observations validate the microfabrication process with squares of desired

dimension and spacing.

11
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Figure 1. Representative images of glass resist structures with different square sizes spaced by
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Indeed, in our experiment, each cellularized square seemed to host only one cell, and none of
the microscope observation or AFM scan indicate otherwise. Finally, the square spacing of 30
um, chosen to minimize interactions between cells located on different squares, as observed by

others in between 20 um?* and 30 pm®!, is enough to maintain cell isolation after 6 h.

Square size (um)

15

20

25

30

Figure 2. Representative images of HUVECs on micropatterned glass surfaces 6 h after seeding
on different square sizes spaced by 30 um. Images acquired with a phase contrast microscope

(ZEISS AX10 equipped with and Axiocam 202 mono)

After six hours, cells were fixed in paraformaldehyde, and the surface was dehydrated

through immersion into progressive ethanol. Both procedures are known to preserve cell shape

13
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and topography>2-5* 35, Then, cells were individually scanned by AFM. Each scan included an

area of a 50%um x 50%pum area and a single patterned cell regardless of its dimension.

oNOYTULT D WN =

Consistently with phase-contrast microscope observations (Figure 2), all scanned cells assume
n the shape of one of the 4 square patterns present on the micropatterned glass surface (Error!
14 Reference source not found. a, b, c, d). For each scan, the average profile was extracted through
the entire length of each scanned cell. The “profile” is the graphical representation of the heights
19 of a structure scanned along a line, while the “average profile” is the graph resulting from the

mean of every height measurement on the same Y-axis.

60 14
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Figure 3. Average height profile of HUVECs and 2d and 3d topography maps of HUVECs fixed
patterned glass. Acquisition made with Park Systems AX10. Images where flattened with XEI
software (Park Systems, Kr) ; (a) 15um square, (b) 20um square; (c) 25um square; (d) 30 um

square

The height profile of different cells has been measured in previous works and is usually

represented as either the cross-section, the maximum height, or the average of multiple profiles

15
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sampled from different cells'®?*3¢5. The reason why the single scan line is used as the main
representation of the cell profile is likely due to the irregular and rather unpredictable shape of
the cells in static conditions, which would result in parameters like the average profile being
used exclusively for limited sections of the cell. Performing a scan on a square (or rectangular)
patterned cell would guarantee the possibility to observe the average profile of the entire cell
through its total surface while minimizing the risk of background noise in the data.

Error! Reference source not found. (a, b, c, d) presents the resulting average profile of 10
cells scanning per pattern dimension to decipher which areas of the cell show the highest
variation. There is an evident difference between the shapes of the profiles both along the X-
axis (the scan length) and the height of the different curves. As observed on the 15 pum and 20
um, the reduction of the available surface for colonization brings the cells to adopt higher profile
and overall, a higher average height compared to cells distributed on larger 25 pum and 30 pm
areas. Specifically, while there is an evident difference in average height of cells seeded on 10
um, 20 um, and 25 um or 30 pum side squares, there is no difference between 25 um and 30um.
The measurement of the AUC trough the integration of the curves allows for a comparison
between the different dimension, as it can considered the average section area for the patterned
cells. In Figure 3e, statistical analysis confirms an overall difference between 15 um square
patterned cells and the 25 um and 30 um classes, suggesting that a limitation of the adhesive
surface might cause an higher average area of the section and therefore an higher volume
concentration per unit of length compared to cells with larger surface to colonize. As confirmed
by the qualitative observations, there seems to be no difference in the average surface area

between cells patterned on 25 um and 30 um square. In this specific case, while there is a

16

ACS Paragon Plus Environment



oNOYTULT D WN =

Langmuir

difference in the length of the cells along the scan axis due to the different dimensions of the

pattern, there is little difference between the curves.

Full height parameters such as RMS, arithmetic mean average and maximum height (Figure
4 a, b and c) are consistent in showing a significant difference in the vertical measurements of
cells on 10 um or 15 um compared to those cultured in 25 and 30 pm squares suggesting that a
10 um change in a pattern dimension is enough to generate a significant difference in height.
The highest peak is an important parameter for assessing how cell height changes depending
on the amount of available surface, it must be noted that this kind of absolute measurement is
the most prone to machine glitches or sample contamination. Despite these premises, Figure 4
¢ shows that maximum height changes significantly in the range of 20 to 25 pm in dimension,

while measurements over a similar gap (25-30 um and 15-20 um) showed no significant

difference.
a b c
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Figure 4. Surface analysis of HUVEC (a) Root mean square of the heights; (b) Arithmetic mean
average of the heights; (c) Maximum height of the peaks. Statistical analysis and graphs are

made with Kruskall-Wallis ANOVA followed by Dunn’s test for multiple comparisons
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(OriginPro) with *p < 0.05 versus 15 pm and %p < 0.05 versus 20 pm and ®p < 0.05 versus 30

um.

Then deeper in height investigation, the kurtosis value of height distribution (Figure 5a)
indicates that cells patterned on 30 um showed a significantly higher value compared to those
patterned at 15 pm and 25 um, while no difference with the distribution of cells patterned on 20
um was observed. More specifically, while height distributions of cells patterned on 15 pm and
25 um were slightly platykurtic (Sku < 3) with a flatter height distribution, the 30 um patterned
cells exhibited kurtosis values mostly concentrated around leptokurtic (Sku > 3) levels,
signifying that the height measurements were more concentrated around similar values. This
measurement becomes useful when applied over the full extent of cell, as it provides a rough
indication of the distribution of cell volume over a known surface. When compared with other
topographical parameters, it enables the assessment of various hypotheses regarding the height
distribution among different subjects. For example, while the kurtosis values of the 20 um and
30 um patterned cells were not significantly different, both RMS height and average height
comparisons between the same patterns rejected the null hypothesis, suggesting a significantly
different height between cells patterned on 20 pm and those on 30 pm. These two parameters
suggest that while cells patterned on a larger surface tend to have a concentration of values in
the lower heights (a flatter base with sharp and steep peaks), cells patterned on smaller
dimensions exhibit a rapid increase in height, leading to a flatter top. However, this assumption
does not hold for the intermediate pattern dimensions of 15 um and 25 ym. To validate the
previous observations about the difference in steepness for the height distribution among the

different classes of dimension, the RMS slope for the entire cells have been considered (Figure

18
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5c). This measurement considers the variation in angle between subsequent measurement, and
results in the rejection of the null hypothesis when comparing 15 pm patterned cells with the
25 yum and 30 pm patterns. These results are also consistent with height-related measurements
in Figure 6. Surface analysis of HUVEC (a) Root mean square roughness; (b) Arithmetic mean
roughness; (c) Root mean slope roughness; (d)VMC — Core material roughness; (¢) VVC’ Void
Core Volume Roughness. Statistical analysis and graphs are made with Kruskall-Wallis
ANOVA followed by Dunn’s test for multiple comparisons (OriginPro) with *p < 0.05 versus
15 um and 3p < 0.05 versus 20 um and ®p < 0.05 versus 30 um. 4 (a, b) and show a correlation

between both the overall shape slope and cell height.
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Figure 5. Surface analysis of HUVEC (a) Kurtosis of the height distribution; (b) Skewness of
the height distribution; (c)Root mean square slope for the full cell. Statistical analysis and
graphs are made with Kruskall-Wallis ANOVA followed by Dunn’s test for multiple
comparisons (OriginPro) with *p < 0.05 versus 15 um and *p < 0.05 versus 20 um and ¢p < 0.05

versus 30 um.
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To evaluate cell surface roughness, a high-pass filter was used to remove the ‘“slow”
variations in height associated with the actual shape of cells, allowing isolation of only the
“fast” high-frequency variations associated with surface roughness.

In the literature, previous observations on cell roughness were made through sampling
different parts of the cells®%, due to experimental necessity, limitations of the equipment or
the lack of a regular cell shape, but nonetheless, the results showed that cell roughness could be
used as an indicator of cell status, such as oxidative stress ® and the mechanical properties of
the membrane® or the substrate®’.

Figure 6 (a, b) shows the average and RMS roughness for each class of dimension,
highlighting that in both cases, the only significant difference was found between 15 um
patterns and the 25-30 um ones, while the 20 um patterned cells showed no difference with any
of the other groups.

In Error! Reference source not found. (d, e) displays all the core-related values, with “core”
indicating the portion of the cell surface within the range between 10%-80% of the total
measured height (from the lowest valley to the highest peak). This definition derives from the
concept of the Abbott-Firestone curve, or Material Ratio Curve (MRC), which represents the
cumulative fraction of the surface area below a certain relative height. It is calculated through
the integration of the distribution of measured surface heights and provides important insights
into the sample topography. The parameters considered were the Core Material Volume
(VMC’) and Core Void Volume (VVC’) the of cells in relation to their surface roughness. As
observed, while the data distribution for cells patterned pattern between 15 pm and 25 pm

squares showed no significant differences between one another, the 30 pm patterned cells
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surfaces exhibited both a higher surface core volume and a higher VVC’ compared to all the
other categories. This result aligns with the kurtosis values (Error! Reference source not found.
b), which revealed a higher concentration of values (expressed as Sku >> 3) compared to most
of the other categories, a significantly lower height ( Figure 4 a, b) and slope (Figure 5 c¢), and
a visibly lower profile compared to the 10um and 20um patterns (Error! Reference source not
found. a, b ). The roughness parameters were consistent with all other categories except for 15

pm.
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Figure 6. Surface analysis of HUVEC (a) Root mean square roughness; (b) Arithmetic mean
roughness; (c) Root mean slope roughness; (d)VMC — Core material roughness; (¢) VVC’ Void
Core Volume Roughness. Statistical analysis and graphs are made with Kruskall-Wallis
ANOVA followed by Dunn’s test for multiple comparisons (OriginPro) with *p < 0.05 versus

15 um and *p < 0.05 versus 20 um and ®p < 0.05 versus 30 um.
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These data suggest that the 30 pm patterned cells exhibit a flatter surface with a slow increase
in height, an overall lower profile, and a surface roughness comparable to most other
distributions but less steep, as suggested by the Sdq measurements (Error! Reference source not
found. c and Figure 6 c). The 25 um surfaces share similar characteristics in height, roughness,
and slope but significantly differ in terms of height distribution and surface volume distribution
(Figure 5 a and b; Figure 6 d). These results suggest that the 30 um patterned cells, while mostly
flat, contains some small and steep elements that simultaneously produce a height distribution
with a longer right tail with high skewness (Error! Reference source not found. a) and highly

leptokurtotic profile (Error! Reference source not found. b).

Conclusion

This study posed itself the goal to enhance the reproducibility and accuracy of AFM
measurements of single-cell topography trough micropatterning, by imposing a regular, square
geometry on the substrate. Our results indicate that endothelial cells cultured on micropatterned
surfaces adopt a morphology that facilitates the extraction of key topographical parameters such
as average and RMS height, slope (Sdq), maximum peak height, as well as statistical descriptors
like skewness and kurtosis. Notably, we observed that a reduction in available surface area
induces a significant increase in both the average and RMS height, with a clear differentiation
between cells patterned 15 pm square surfaces compared to those cultured on bigger patterns
(25-30 pm square). Moreover, cells on the largest pattern (e.g., 30 um) exhibited a markedly
higher kurtosis and skewness, suggesting a more concentrated height distribution with a
pronounced right tail, likely reflecting the presence of sharp, steep features against a generally
flat base. The integration of high-pass filtering further enabled us to isolate the high-frequency
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components of surface roughness, allowing for a full cell measurement of membrane rugosity
and texture. Collectively, these findings not only validate the use of micropatterning as a means
to standardize cell shape and improve measurement precision but also underscore its potential
to uncover subtle variations in cell mechanics and morphology that may have important
biological implications. Future studies should focus on further investigating how additional
factors might impact topographical characteristics, including the micropatterning technique
used, the type of substrate and its mechanical properties, or the methods employed for sample
fixation and drying prior to experimentation.
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HUVECs Human umbilical vein endothelial cells; AFM Atomic Force Microscopy; PEG
polyethylene glycol; PBS phosphate buffered saline; NCM Non-Contact Mode; AUC Area
Under Curve; RMS Root mean Square; Sq RMS height; Sa arithmetic mean height; Sku
kurtosis; Ssk skewness; Sk maximum height of the peaks; Sdq root mean square slope; VVC’

Void core volume; VMC’ core material volume
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