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Abstract Cell-substrate interactions play an important role in regulating cellular physiological and pathological processes and
therefore investigating cell-substrate interface is meaningful for understanding the behaviors of cells. However, so far the
underlying mechanisms which guide the nanoscopic biological activities taking place at the cell-substrate interface remain
poorly understood. The advent of atomic force microscopy (AFM) provides a powerful tool for characterizing the structures
and properties of native biological and biomaterial systems with unprecedented spatiotemporal resolution, which offers new
possibilities for understanding the physical sciences of biomaterials. Here, AFM was utilized to unravel the nanotopographical
surfaces for regulating cellular behaviors on three different substrates (glass slide, mica, and petri dish). Firstly, the
decellularized substrates prepared with the use of ammonia and trypsin were imaged by AFM, significantly showing the
nanogranular substances on the decellularized substrates as well as the cell membrane patches for uncovering the detailed
situations of mechanical contact between cells and substrates. Next, experiments performed on chemically fixed substrates
with the use of paraformaldehyde together with AFM time-lapse imaging remarkably showed that nanogranular depositions
from cell culture medium appeared on the substrates for promoting cell growth. Further, the detailed cell culture medium
components which contribute to the nanogranular depositions are identified. Finally, the dynamic alterations in surface
roughness and mechanical properties of substrates and cells during cell growth were quantitatively measured by AFM force
spectroscopy, revealing the diverse changes of the multiple physical properties (surface roughness, adhesion force, Young’s
modulus, and relaxation time) during cell-substrate interactions. The research provides novel insights into the
nanotopographical surfaces for cell-substrate interactions, which will be useful for understanding cellular behaviors.
Keywords atomic force microscopy, cell-substrate interactions, nanotopographical surface, nanogranular deposition, surface
roughness, mechanical properties
1. Introduction

Cell-substrate interactions play an important role in guiding the physiological and pathological processes of cells. Cells
reside in a microenvironment which is composed of extracellular matrix (ECM), soluble factors, and other cells (e.g., vascular
endothelial, stromal and immune cells [1]). Though biochemical communities have long known the regulatory roles of soluble
signals (e.g., growth factor, cytokine) in cell fate determination, evidence in the past years has strongly witnessed that the
insoluble ECM participates in directing cellular behaviors [2]. ECM not only provides physical support for cellular adherence
and growth, but also initiates biochemical and biomechanical cues that are required for tissue morphogenesis, differentiation
and homeostasis [3]. Cells bind to the ECM via the integrin molecules (a type of transmembrane receptor) which distribute on
the surface of cells [4], allowing the cells to sense the mechanical stimuli exerted by ECM [5]. The external mechanical clues
are then transmitted to cellular nucleus by a series of subcellular structures (e.g., cytoskeleton, cytoplasm, proteins) through the

mechanism of mechanotransduction [6], which eventually influences the gene expression [7] and biological behaviors of cells
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(e.g., cell motility, cell spreading) [8]. ECM may become abnormal (e.g., the amount, composition, or topography of the ECM
turn aberrant), which will affect the functions of ECM and subsequently promote the appearance of diseases such as cancer [9].
Generally tumor tissues are significantly stiffer than the healthy tissues, which is mainly due to the increased ECM deposition
in cancers [10]. The ECM remodeling (e.g., collagen fiber alignment, bundling, and stiffening) in turn alters the interactions
between ECM and cells to enhance pro-angiogenic secretion from a range of cells in the microenvironment [11], which
contributes to the migration and metastasis of cancerous cells [12]. Consequently, investigating cell-substrate interactions is
useful for fundamentally understanding the underlying mechanisms guiding cellular behaviors.

Designing substrates with defined structures and properties to mimic the ECM of cells have emerged as a promising way
to direct the behaviors of cells for biomedical applications. ECM varies in the composition and concentration for different
tissues, and also different types of cells interact with ECM in various ways [13]. A number of two-dimensional (2D) (e.qg., flat
substrate) and three-dimensional (3D) (e.g., hydrogel) biomaterials have been utilized to act as substrates for controlling cell
fates in vitro, which have achieved notable applications in diverse fields, including stem cell and cancer research, cell therapy,
tissue engineering, immunomodulation, and diagnostics [14, 15]. The 2D approaches allow well-controlled analysis of the
impact of individual components of the microenvironment on cells, while the 3D approaches allow reconstruction and
realization of the complexity of the microenvironment [16]. With the use of substrates possessing different physical properties
(e.g., patterned topography, surface geometry and mechanics) [17, 18], integrated with adhesion ligands, such as peptides
(RGD) and proteins (e.g., collagen, fibronectin, laminin) [19, 20], the behaviors of stem cells can be tuned for regenerative
medicine. The biomaterials mimicking ECM are also able to serve as building blocks for engineering tumor microenvironment,
which recapitulate various microenvironmental cues of human tumors, benefiting drug screening of anticancer therapeutics
[21]. In addition, dynamically tunable cell culture platforms where the biochemical and mechanostructural properties of ECM
are modulated over time in a user-defined manner have been developed based on natural polymers or synthetic polymers,
allowing better understanding the intricate cellular microenvironments and promoting the studies of cell mechanobiology [22].

Despite the fundamental role of cell-substrate interactions in designing ECM analogue to regulate cellular behaviors for
biomedical applications, so far information about the detailed cell-substrate interface at the nanoscale is still limited. In this
work, atomic force microscopy (AFM), a powerful label-free tool for characterizing native biological and biomaterial systems
with nanometer spatial resolution [23, 24], was utilized to uncover the nanoscopic cell-substrate interactions taking place on
three different substrates (glass slide, mica, Petri dish) with the use of three different types of cells (C2C12, HEK293, MCF-7).
The nanotopographical surfaces of decellularized and native substrates were visualized with the use of three biochemical
reagents, including ammonia, trypsin, and paraformaldehyde (PFA), considerably showing that the nanogranular biological
depositions from cell culture medium contribute to the cell growth. The dynamic changes in the surface roughness and
mechanical properties (adhesion force, Young’s modulus, and relaxation time) of substrates and cells during cell growth were
investigated. The experimental results provide novel insights into nanoscopic cell-substrate interface, which will benefit the
studies about cellular behaviors.

2. Materials and Methods
2.1 Cell culture and reagents

C2C12 (mouse myoblast cell line), HEK293 (human embryonic kidney cell line), and MCF-7 (human breast cancer cell
line) cells were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cells were cultured in
DMEM medium with high glucose (Hyclone Laboratories, Logan, UT, USA) containing 10% fetal bovine serum (Biological
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37°C(5% CO, and 95% air). Ammonia (NH4OH) was purchased from Sigma-Aldrich Company (St. Louis, MO, USA).
Phosphate buffered saline (PBS) was purchased from Hyclone Laboratories (Logan, UT, USA). Trypsin solution (0.25%)
containing ethylenediaminetetraacetic acid (EDTA) was purchased from Thermo Fisher Scientific Company (Waltham,
Massachusetts, USA). Paraformaldehyde (PFA) (4%) and acridine orange (AO) dye were purchased from Solarbio Life
Sciences Company (Beijing, China). The Milli-Q pure water (Merck KGaA Company, Darmstadt, Germany) was used in the
experiments. Cells were cultured in Petri dishes. Once cells reached 80% confluence, cells were passaged with the use of
trypsin-EDTA and then incubated for 2-3 days before experiments.

Three types of substrates, including glass slides, mica, and Petri dish (the material is polystyrene and dish is surface
treated), were used to grow cells. For growing cells on glass slides, fresh glass slides were placed in a Petri dish which was
then moved into the biosafety cabinet (Thermo Fisher Scientific, Waltham, Massachusetts, USA) for ultraviolet sterilization (1
h). Then cells were seeded in the Petri dish containing glass slides and incubated at 37°C(5% CO; and 95% air). For culturing
cells on mica, a piece of mica was attached onto a glass slide via a double faced adhesive. After removing the top layer of the
mica, the glass slide containing mica was placed in a Petri dish which was then moved into the biosafety cabinet for ultraviolet
sterilization and subsequently cells were seeded in the Petri dish containing mica. For growing cells on Petri dish, cells were
directly seeded in the regular Petri dish which did not containing glass slides or mica after ultraviolet sterilization. Once cells
grown on substrates reached 50% confluence, the cell samples were used for experiments.

2.2 Sample preparation

Ammonia (NHsOH) was used to obtain the decellularized glass slides. Firstly, the original NH4OH solution (1 M) was
diluted to final concentrations (0.02 M or 0.04 M) with the use of pure water. Then the cell culture medium of the Petri dish
containing glass slides (cells were grown on the glass slides) was removed. Next, the diluted NH4OH solution was added into
the Petri dish and incubated at room temperature for a period of time (5 min, 15 min, or 30 min). After incubation, the NH,OH
solution in the Petri dish was removed and the glass slides in the Petri dish were washed by pure water for three times.
Subsequently, the glass slides were left in air for natural drying, after which the glass slides were placed onto the sample stage
of AFM for AFM observations.

The decellularized glass slides were also obtained with the use of trypsin-EDTA. Firstly, the cell culture medium of the
Petri dish containing glass slides on which cells were grown was removed. Then 2 mL trypsin-EDTA solution was added into
the Petri dish and incubated at room temperature for a period of time (1 min, 2 min). After incubation, the trypsin-EDTA
solution in the Petri dish was removed. Next, pure water was added into the Petri dish and then the micropipette was used to
perform aspiration and discharging on the glass slides to remove cells from the glass slides. Then the glass slides were washed
by pure water and left in air for drying, after which AFM scanning on the decellularized glass slides was performed.

The native substrates were obtained with the use of PFA. Firstly, the cell culture medium of the Petri dish (either
containing glass slides/mica or not) in which cells were grown was removed. Then 4% PFA solution was added into the Petri
dish and incubated for 30 min at room temperature. After incubation, the substrates were washed by pure water for three times.
Subsequently, the substrates were scanned by AFM after air drying.

2.3 Optical and fluorescent microscopy

Optical and fluorescent images of cells grown on the substrates were obtained with the use of an inverted fluorescence

microscope (Ti, Nikon, Tokyo, Japan). The glass slides (after being treated by ultraviolet sterilization) were previously placed
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cells (C2C12, HEK293, or MCF-7) were seeded on the glass slides in dishes and then cultured at 37°C (5% CO2 and 95% air)
for 24 h. For control, bare glass slides without being treated by cell culture medium in advance were also used to grow cells for
24 h. Subsequently, AO dye solution was added into the dishes (the final concentration was 20 pg/mL) and then the dishes
were incubated at 37°C (5% CO2 and 95% air) for 15 min. After the incubation, the dishes were placed onto the sample stage of
the inverted fluorescence microscope and then optical and fluorescent images of cells were recorded.

2.4 Atomic force microscopy

AFM experiments were performed with the use of a commercial AFM called Dimension Icon AFM (Bruker, Santa
Barbara, CA, USA). AFM images of substrates were obtained at peak force tapping imaging mode. The nominal spring
constant of the cantilever used for AFM imaging was 0.4 N/m and the nominal spring constant of the cantilever used for
mechanical measurements was 0.01 N/m. The accurate spring constant of the cantilever was calibrated during AFM
experiments. Under the guidance of the AFM's optical microscopy, the probe was moved to the substrates. Force curves were
obtained on the stiff substrates to calibrate the deflection sensitivity of the cantilever, which was then used to exactly calibrate
the spring constant of the cantilever by the thermal noise module of AFM. The scan line was 512 and the sampling points for
each scan line was also 512. The scanning rate was 1 Hz.

AFM cellular mechanical properties (cellular adhesion force, cellular Young’s modulus, cellular relaxation time) were
measured by controlling AFM tip to vertically perform approach-dwell-retract cycle [25] on the living cells grown on different
substrates in cell culture medium. Under the guidance of optical microscopy, AFM tip was moved to the cells. Subsequently,
AFM tip was controlled to perform approach-dwell-retract movements on the central areas of the cells at the AFM force ramp
mode. Firstly, the AFM probe above the cell gradually approached and indented the cells, which caused the deflections of the
AFM cantilever. When the force exerted on the cantilever achieved the preset value (1 nN), the probe stopped approaching and
then dwelt on the cells for a period of time (1 s). After the stage of dwelling, the AFM tip retracted from the cells and returned
to its original position. During the approach-dwell-retract process, the vertical displacements of probe and the deflections of
cantilever were recorded by the AFM manipulation software Nanoscope Analysis (Bruker, Santa Barbara, CA, USA), which
yielded the force-distance (F-D) curves. F-D curves were used to calculate cellular Young’s modulus. At the same time, the
changes of amplitude signals of AFM cantilever were recorded by an oscilloscope (LeCroy, New York, USA) linked to AFM,
which yielded the force-time (F-T) curves. F-T curves were used to calculate cellular relaxation time. The ramp rate was 1 Hz
and the ramp size was 6 um during the approach-dwell-retract cycle. For each types of cells (C2C12, HEK293, MCF-7) and
each types of substrates (glass slides, mica, Petri dish), F-D curves and F-T curves were obtained on twenty cells to obtain
statistical data. Since the cellular Young’s modulus and cellular relaxation time probed by AFM are dependent on the
measurement parameters, such as surface dwell time and tip approaching rate [26, 27], the measurement parameters were kept
identical during the experiments to make the results comparable.

2.5 Data analysis

The surface roughness was calculated from the AFM height images [28]:

Ry = EA &y

where Ry is the root-mean-square roughness taken from the AFM height images, N is the number of pixel points within the

selected regions of AFM height images, and Z; is the height values of the i™" pixel points. The calculation of Rq was performed
with the use of AFM offline software Nanoscope Analysis (Bruker, Santa Barbara, CA, USA). From the AFM images of

substrates obtained at large scan sizes (such as 4x4 pum?), region areas with smaller sizes (e.g., 2005200 nm?, 400>400 nm?,



600>600 nm?, 800>800 nm?, 1x1 um?) could be selected and the roughness values of these selected region areas could then be
calculated (as shown in Fig. S1) to analyze the surface roughness at different scales.

The adhesion force was calculated by analyzing the retract curves of the recorded F-D curves. Baseline correction was
firstly performed on the recorded original F-D curves with the use of AFM manipulation software Nanoscope Analysis (Bruker,
Santa Barbara, CA, USA). Then the retract portions of F-D curves were exported as test files. Subsequently, the test files were
imported to Matlab (MathWorks, Natick, Massachusetts, USA). With the use of Matlab, the adhesion force (corresponding to
the peak forces below the baseline) of the retract curve was calculated.

The cellular Young’s modulus was obtained by fitting the approach portion of the recorded F-D curves with

Hertz-Sneddon model [29]:
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where vis the Poisson ratio of cell (cells are often considered as incompressible materials and thus ©=0.5), F is the loading
force exerted by AFM probe, s the indentation depth, E is the Young’s modulus of cell, & is the half-opening angle of conical
tip, and R is the radius of spherical tip. The loading force F could be obtained from the cantilever deflection by Hooke’s law:

F = kx (4)
where k is the spring constant of the cantilever, and x is the deflection of cantilever. The cantilever deflection x is detected by a
four-quadrant photodiode detector which is capable of sensing a beam of laser reflected off the backside of the cantilever.
According to the contact point visually determined in the approach curve, the approach curve is converted into the indentation
curve by subtracting the cantilever deflection from the vertical movement of the probe [25]. The indentation curve is then fitted
by Hertz-Sneddon model to obtain cellular Young’s modulus. Hertz model is applicable for spherical tip, while Sneddon
extended Hertz model to conical tip [29]. Since conical tip was used here, Sneddon model was used for calculation of cellular
Young’s modulus. Notably, Hertz-Sneddon model is based on several assumptions, such as homogeneous, isotropic, and
infinitely thick. Nevertheless, studies have shown that Hertz-Sneddon model is applicable when the indentation into the cell is
much smaller than the thickness of cell [30]. In practice, Hertz-Sneddon model is the most widely used model for calculating
cellular Young’s modulus [31, 32] from the F-D curves obtained during AFM force spectroscopy. Fitting the indentation curves
with Sneddon model was performed with the program written by Matlab.

The cellular relaxation time was obtained by fitting the F-T curves with two-order Maxwell model [29]:

F(t) =Ag+A; X2 et/ )
T; = Z,_i (6)

where F is the applied loading force, Ao is the instantaneous (purely elastic) response, A; are the i force amplitudes, 7z is the it"
cellular relaxation time, #;i is the it cellular viscosity, and E; is the i cellular Young's modulus. The cellular relaxation time (z)
is the ratio of cellular viscosity (y) to cellular Young's modulus (E), and thus cellular relaxation time reflects the viscoelastic
properties of cells. The recorded original F-T curves were imported to Matlab (MathWorks, Natick, Massachusetts, USA).
Then the relaxation portion of F-T curves was normalized. Subsequently, two-order Maxwell model was used to fit the
normalized relaxation curves, which yielded two relaxation times (z1 and 7). The Maxwell fitting was performed with the use
of the commercial software Abaqus (Dassault Systems Simulia Corp., RI, USA). The illustrational process of extracting the

cellular relaxation time from the relaxation curves is shown in Fig. S2.



3. Results and Discussion
3.1 Decellularized substrates are coated by nanogranular biological depositions

Fig. 1 shows the schematic of utilizing AFM to investigate the details of nanotopographical cues involved in cell-substrate
interactions. On the one hand, nanogranular biological depositions coated on the substrates during cell culture were clearly
observed and analyzed (Fig. 1A). On the other hand, topographical and mechanical changes of substrates and cells during cell
growth were revealed. Three types of substrates (glass slide, mica, Petri dish) which have different surface topographical
features were used in this study. Glass slide has a flat and rough surface (Fig. 1B). The surface of freshly cleaved mica is flat
and smooth (Fig. 1C). Petri dish (made of polystyrene) which is widely used in cell culture has patterned surface (Fig. 1D)

containing scaffold structures (I in Fig. 1D) particle-like structures (Il in Fig. 1D).
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Figure 1 Investigating nanoscopic cell-substrate interactions on three types of substrates (glass slide, mica, Petri dish) by AFM. (A)
Schematic of observing cell-substrate interactions at the nanoscale. After culturing cells (C2C12 cells, HEK293 cells, or MCF-7 cells) on the
substrates (glass slide, mica, or Petri dish), the biological depositions coated on the substrates during cell culture are obtained with the use of
different biochemical reagents, including ammonia (NH4OH), trypsin, and paraformaldehyde (PFA). AFM imaging and mechanical
measurements are performed on biological depositions and cells respectively to reveal the nanotopographical cues involved in cell-substrate
interactions. (B, C, D) AFM height images of the three different substrates used in the study. (B) Glass slide. (C) Mica. (C) Petri dish. AFM

images were recorded in air. (I) Large-size scan images. (1) Small-size scan images.

Nanogranular depositions on the decellularized substrates prepared by ammonia or trypsin were visualized and analyzed
by AFM topographical imaging. Ammonia and trypsin have been widely used to prepare decellularized matrix for tissue
engineering [33-36], but so far the detailed structures of the decellularized matrix at the nanoscale remain poorly understood.
Here AFM was utilized to visualize the fine structures of decellularized substrates. For each of the three different types of cell
lines, AFM topographical images strikingly show that nanogranular substances widely distribute on the decellularized
substrates prepared by ammonia (Fig. 2A-C). For control experiments, AFM images of bare and ammonia-treated glass slides
(glass slides were placed in cell culture medium for 24 h without growing cells) also show that the substrates are covered by
nanogranular substances (Fig. 2D), indicating that nanogranular substances are commonly deposited on the substrates for cell
growth in vitro. Roughness analysis of the decellularized substrates show that on the whole that both the concentration and
treatment time of ammonia influences the surface roughness of the decellularized substrates (Fig. 2E-G). Besides, we can see

that there are no significant differences among the surface roughness values obtained at different sizes (2005200 nm?, 400>400



nm?, 600>600 nm?, 800>800 nm?, 1x1 um?), indicating the homogeneous surface roughness of the decellularized substrates.
For the decellularized substrates prepared by trypsin, AFM images show the nanogranular topography of the decellularized
substrates for each types of the cells used here (Fig. 3A-C). AFM images of the substrates from control groups also show the
nanogranular depositions on the substrates (Fig. 3D), which is consistent with the results obtained from the control experiments
by ammonia (Fig. 2D), confirming that the substrates in the cell culture medium have a layer of nanogranular substances for
cell growth. Roughness analysis shows that the increase of trypsin treatment time results in the significant decrease of surface
roughness of the decellularized substrates (Fig. 3E-G). The AFM images of Fig. 2 and Fig. 3 were obtained in air. We also used
AFM to image the decellularized glass slides in pure water and the results (Fig. S3) show the nanogranular topography of the
substrates, indicating that the nanogranular substances on the decellularized glass slides are insoluble in water and could be
visualized by AFM in aqueous conditions. A notable point is whether the topographical features of glass slide itself influence
the roughness of decellularized substrates. We have statistically calculated the roughness of bare glass slides (as shown in Fig.
S4) and the results clearly show that bare glass slides are much smoother than the decellularized substrates observed in Fig. 2
and Fig. 3, indicating the weak influence of bare substrate surface on the decellularized substrates. Besides, the experiments in
Fig. 2 and Fig. 3 are focused on examining the decellularized substrates prepared by ammonia and trypsin, and thus
experiments were only performed on glass slides.

AFM high-resolution native imaging benefits understanding the fine structures of substrates for cell growth. In living
organisms, cells attach to and spread on the extracellular matrix (ECM), and thus ECM and ECM-mimicking scaffolds are
ideal biomaterials for tissue engineering [37]. Native ECM accurately presents a wide number of signals and components that
are fundamental for the physiological activities of cells [38], and thus decellularized ECM has been used as a promising
scaffold to regulate the behaviors of cells for regenerative medicine [39, 40]. Decellularized matrix has been commonly
characterized by scanning electron microscopy (SEM) [41-44], which requires chemical fixation and drying of the specimen.
Hence, strictly speaking, SEM cannot reflect the real topography of the specimen. Besides, SEM imaging requires gold coating
of the specimen. The thickness of gold coating is usually in the ranges of 3.5-5 nm [41-44]. The size of nanogranular structures
on the decellularized substrates observed here is in the range of 1.5-7 nm (as shown in Fig. S5). Therefore, the gold coating of
SEM imaging may probably blur the fine structures of the specimen. Here, AFM imaging of the native decellularized
substrates without pretreatments significantly reveals the previously unrecognized nanogranular structures on the
decellularized substrates, indicating the nanogranular topography of the decellularized matrix and demonstrating the
capabilities of AFM topographical imaging in resolving the fine structures of the decellularized matrix with unprecedented

spatial resolution, which will have potential impacts on investigating cell-matrix interactions.
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Figure 2 AFM imaging and roughness analysis of decellularized substrates prepared with the use of ammonia. The decellularized substrates
were obtained by treating the glass slides (cells were grown on the glass slides) with different ammonia concentrations (0.02 M or 0.04 M)
and different treatment times (5 min, 15 min, or 30 min). AFM images were recorded in air. (A, B, C) AFM height images of the
decellularized substrates prepared from the glass slides growing C2C12 cells (A), HEK293 cells (B), or MCF-7 cells (C). (D) Control
experiments of glass slides without growing cells. (I) Bare glass slides placed in cell culture medium for 24 h without cells. (11-VI) After
being placed in cell culture medium for 24 h, bare glass slides were treated by ammonia for different times. (11, 1) Treated by 0.02 M
ammonia for 5 min (I1) or 15 min (111). (IV-VI) Treated by 0.04 M ammonia for 5 min (1), 15 min (V), or 30 min (VI). (E, F, G) Surface
roughness (Mean+SD) of the decellularized substrates prepared from the glass slides growing C2C12 cells (E), HEK293 cells (F), or
MCF-7 cells (G). (I) Ammonia concentration 0.02 M. (II) Ammonia concentration 0.04 M. N=50, *P<0.05; **p<0.01; ***p<0.001;
*xxxn<0.0001.
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Figure 3 AFM imaging and roughness analysis of decellularized substrates prepared with the use of trypsin. The decellularized substrates
were obtained by treating the glass slides (cells were grown on the glass slides) with trypsin for different treatment times (1 min, or 2 min).
AFM images were recorded in air. (A, B, C) Decellularized substrates prepared from the glass slides growing C2C12 cells (A), HEK293 cells
(B), or MCF-7 cells (C). (D) Control experiments of bare glass slides which were incubated in cell culture medium for 24 h without growing
cells. After the incubation, the bare glass slides were treated by trypsin. (1) Large-size scan images and (1) small-size scan images. (E, F, G)

Roughness (Mean = SD) analysis of the decellularized substrates growing (E) C2C12 cells, (F) HEK293 cells, or (G) MCF-7 cells. N=50,
*P<0.05; **p<0.01; ***p<0.001; ****p<0.0001.



3.2 Nanogranular depositions from cell culture medium contribute to cell-substrate interactions

AFM imaging was utilized to reveal the detailed cell-substrate interface. For the decellularized glass slides (cells were
grown on glass slides) prepared with trypsin, cell membrane patches were occasionally observed by AFM imaging, as shown
in Fig. 4A-C. The cell membrane patches left on the decellularized substrates allow us to visualize the fine structures of cell
membrane. Nanogranular structures are discernible for the cell membrane patches (Il in Fig. 4A-C). The section profile curves
taken along the membrane patches (111 in Fig. 4A-C) indicate that the height of the membrane patches was in the range of 6-8
nm, which was consistent with the thickness of cell membrane (cell membrane usually has a thickness in the range of 5-10 nm
[45]). Extra AFM images of cell membrane patches are shown in Fig. S6, confirming the nanogranular topography of cell
membranes. Roughness analysis of cell membrane patches shows that the surface of MCF-7 cells is significantly rougher than
that of the other two types of cells (Fig. 4D). Studies have shown that there are significant differences in cell membrane
composition and organization between cancerous cells and healthy cells. For example, the glycocalyx molecules on the cell
surface of cancerous cells are much larger than that on normal cells [46]. The cell surface brush layers (mainly containing
microvilli, microridges and cilia) on cancerous cells are also different from that on normal cells [47]. Besides, a recent study
has shown the membrane architecture differences between healthy and pathological cells [48]. Hence, investigating the fine
topography of cell surface benefits better understanding cells. The different roughness of cell surfaces among the three types of
cells (C2C12, HEK293, MCF-7) observed here may be associated with the different surface structures of cells. Besides, the
cell membrane patches on substrates are the direct interface during cell growth, and therefore investigating membrane patches
is useful for understanding the detailed situations about cell-substrate interactions. Studies have shown that the roughness of
living macrophage cells is in the range of 10-200 nm [49], which is much larger than the roughness of cell membrane patches
measured here. Living cells have a soft and fragile surface, which causes that AFM tip is prone to deform the cell membrane
and sense the intracellular structures [50]. Thus, roughness extracted from AFM images of living cells is the convolution of cell
surface and intracellular structures. Fig. 4E shows a cell membrane patch on which some hollow areas are discernible (denoted
by the asterisk). For the hollow areas, we can clearly see the nanogranular structures on the substrate, directly indicating that
cells grow on nanogranule-coated substrates. After performing mechanical scratching on the decellularized substrates with the
use of micropipette, AFM images of the decellularized substrates were recorded, clearly showing that the nanogranular
structures on the decellularized substrates have multiple layers (Fig. 4F). AFM section profile analysis shows that the height of
scratching is typically about 4.5 nm and the width of scratching is often several hundred nanometers (Fig. S7). A notable point
is that the scratching is associated with the force exerted on the micropipette tip and we can see the nanogranular structures in
the groove caused by scratching (l11, V in Fig. 4F), indicating that the micropipette tip did not touch the surface of bare glass
slides but touched the nanogranular structures deposited on the substrates. Statistical measurements show that the top layer is

much rougher than the bottom layer (V1 in Fig. 4F).
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Figure 4 AFM imaging and roughness analysis of membrane patches and nanogranular layers on the decellularized substrates for revealing
the detailed cell-substrate interface. AFM images were recorded in air. (A, B, C) Cell membrane patches left on the decellularized substrates.
Decellularized substrates were obtained by treating the glass slides (cells were grown on glass slides) with trypsin for 1 min. (A) C2C12 cells,
(B) HEK293 cells, and (C) MCF-7 cells. (I) Large-size scan images, (II) small-size scan images, and (I1l) section profile curves of the
membrane patches taken along the red curves in the inset AFM images. (D) Surface roughness (Mean3SD) contrast of the cell membrane
patches. (E) AFM images showing nanogranular structures beneath the cell membrane patches. (1) Large scan size imaging and (II) small
scan size imaging. The asterisk denotes the hollow area of the membrane patch. (F) AFM images showing the multiple layers of the
nanogranular structures on the decellularized substrates. AFM images were recorded after mechanically scratching the decellularized
substrates with a micropipette. (I) AFM image of the whole scan area containing multiple layers of nanogranular structures. (I1) Large-size
scan imaging and (V) small-size scan imaging of top layer. (I11) Large-size scan imaging and (V) small-size scan imaging of bottom layer.

(V1) Surface roughness (Mean+SD) contrast of top layer and bottom layer. N=50, *P<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

AFM imaging reveals that nanogranular substances from cell culture medium deposit on substrates for promoting cell
growth. AFM images of the non-cell areas of the glass slides (cells were grown on glass slides) also show the nanogranular
structures (Fig. 5A, B and Fig. S8). Bare glass slides which were placed in cell culture medium without cells exhibit the
nanogranular structures as well (Fig. 5C, D). Statistical analysis shows that bare glass slides without growing cells became
significantly rougher when the incubation time increased from 24 h to 72 h (I in Fig. 5E), and this may due to the depositions
of nanogranular structures on substrates from cell culture medium. For the glass slides growing cells, the roughness of non-cell
area of the glass slides kept stable when the incubation time increased from 24 h to 72 h (1l in Fig. 5E), and this may due to the
depositions of nanogranular structures on substrates from cell culture medium and also the substances secreted from cells,
indicating the effect of growing cells on substrate surface. Besides, freshly cleaved mica was placed in cell culture medium and
incubated at 37°C(5%). Nanogranular structures are clearly observed from the obtained AFM images of the mica after
incubation (Fig. S8). Freshly cleaved mica has a smooth surface (Fig. 1C), and thus we can conclude that the nanogranular
structures on mica were from cell culture medium. The dynamic changes of substrate surface were visualized by AFM
time-lapse imaging, clearly showing the appearance and accumulation of nanogranular structures on both glass slides (Fig. 5F)

and mica (Fig. 5G). We can even see that once the substrate was placed in cell culture medium (in less than 1 min),



nanogranules attached onto the substrates (Il in Fig. 5F, G). The attachment of nanogranules onto substrates was accompanied

with the roughening of substrates (V in Fig. 5F, G). Further, in order to examine which components in cell culture medium

contribute to the nanogranular depositions on substrates, AFM images of glass slides placed in diverse
correspond to the different types of components in cell culture medium. Cell culture medium used

containing 10% FBS and 1% penicillin-streptomycin solution. In order to split the different compo

types of solutions which
here is DMEM medium

nents of the cell culture

DMEM solution, 10% FBS diluted by PBS, and 1% penicillin-streptomycin diluted by PBS were used. PBS was used for

control. AFM images clearly show that nanogranular depositions are observed for the substrates plac

ed in 10% FBS solution

and DMEM solution (Fig. 6C, D), while no nanogranular depositions are observed for the substrates placed in PBS and 1%

penicillin-streptomycin solution (Fig. 6A, B). The results indicate that nanogranular substances from FBS and DMEM solution

are involved in the nanogranular depositions coated on the substrates. We then examined the

effects of nanogranular

depositions on substrates for cell growth. Cells were grown on cell culture medium-treated glass slides for 24 h and then

optical and fluorescent images of cells were recorded (Fig. 7). AO staining fluorescent images were

used to clearly visualize

the cell nucleus for exactly identifying cell number after growth. The results (Fig. 7) show that on the whole cells grown on

cell culture medium-treated glass slides proliferated faster than cells grown on bare glass slides (not treated by cell culture

medium in advance), indicating that nanogranular depositions on substrates from cell culture mediu

m promote cell growth.

Taken together, the experimental results show that FBS and DMEM components are involved in the nanogranular depositions

coated on substrates, which facilitate cell growth.
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Figure 5 AFM time-lapse imaging revealing that cell culture medium contributes to the nanogranular biological depositions. AFM images
were recorded in air. (A, B) AFM images of non-cell areas of glass slides after growing HEK293 cells for 24 h (A) and 72 h (B). (C, D) AFM
images of bare glass slides after being placed in cell culture medium at 37°C(5%CO3) for 24 h (C) and 72 h (D). (1) Large-size scan images
and (I1) small-size scan images. (E) Roughness (Mean +SD) changes of the glass slides. (I) Bare glass slides placed in cell culture medium
without growing cells. (11) Non-cell areas of the glass slides growing HEK293 cells. (F, G) AFM time-lapse imaging revealing the real-time
morphological dynamics of substrates. Bare substrates (glass slide or mica) were incubated in cell culture medium at 37°C(5%CO) for a
certain time and then AFM images of the bare substrates were obtained. (F) Glass slides. (G) Mica. (1) Substrates before being placed in cell
culture medium. (1) 1 min, (111) 1 h, and (IV) 4 h after placing the bare substrates into the cell culture medium and incubating at 37°C

(5%CO0z). (V) Roughness (Mean =+ SD) changes of the bare substrates. N=50, *P<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 6 AFM imaging revealing the cell culture medium components which contribute to the nanogranular biological depositions on

substrates. Glass slides were placed in various types of solutions corresponding to the different components of cell culture medium and
incubated at 37°C (5%CO) for 24 h. After incubation, glass slides were washed by pure water and then imaged by AFM. AFM images were
recorded in air. (A) PBS. (B) 1% penicillin-streptomycin solution diluted by PBS. (C) 10% FBS solution diluted by PBS. (D) DMEM

solution. (1) Large-size scan images and (I1) small-size scan images.
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Figure 7 Nanogranular depositions on the substrates from cell culture medium promote cell growth. Cells were grown on two types of glass
slides. One type of glass slides was previously placed in cell culture medium and incubated at 37 ‘C (5%CO>) for 24 h (o), and the other type
of glass slides were regular glass slides which were not previously treated by cell culture medium (B). For both the two types of glass slides,
cells were grown for 24 h at 37°C (5%CO3) and then optical and fluorescent images of cells on the glass slides were recorded. (A) C2C12
cells. (B) HEK293 cells. (C) MCF-7 cells. (1) Bright field images and corresponding (I1) fluorescence images. The AO dye is used to stain

cells. Cells exhibit green fluorescence after being stained by AO dyes.

Utilizing AFM to image the fine structures of the substrates opens novel possibilities for the studies of nanoscopic
cell-substrate interactions. Cell adhesion to the ECM is fundamental to tissue integrity and human health [51]. Cells adhere to
the substrates via the adhesion molecules expressed on cell surface, particularly the integrin [52]. The extracellular domains of
integrin bind to the ECM components (e.g., fibronectin, collagen, and other ECM proteins) and the cytoplasmic tails of integrin
are linked to the actin cytoskeleton, which integrates cytoskeletal dynamics, cell adhesion and migration [53].
Three-dimensional super-resolution fluorescence microscopy has been utilized to investigate the nanoscale architecture of
integrin-based cell adhesion [54], showing the molecular organization at the cellular focal adhesion areas. The nanotopography
of the substrate has been shown to be able to regulate the fate of cells from the bottom [55]. Here, the results obtained by AFM
imaging show that the substrates on which cells are grown considerably exhibits nanogranular structures (Fig. 2-Fig. 4).
Besides, AFM images show that nanogranules from cell culture medium (particularly from FBS and DMEM) deposit on the
substrates to involve in the constitution of ECM and promote cell growth (Fig. 5-Fig. 7). Studies have identified several types
of proteins which are involved in FBS, including fibronectin, macroglobulin, ceruloplasmin, transferrin and albumin [56]. The
deposition of the proteins on the substrates from FBS changes the surface free energy of substrates, which has been shown to
influence cell growth [57]. Hence, further experiments, which utilize antibodies to identify the specific proteins deposited on

the substrates and then correlate these proteins with the nanogranular structures observed by AFM, will be particularly useful



for understanding cell-substrate interactions. However, it should be noted that FBS contains many different ingredients and the
compositions of FBS are still not fully understood so far [58, 59], which causes difficulties in completely revealing
cell-substrate interactions. Besides, cells are able to secrete endogenous fibronectin proteins to coat the substrates for
promoting cell growth [60], which adds the complexity of cell-substrate interactions. Altogether, the results show that AFM is
able to resolve the nanogranular structures of the substrates with unprecedented spatial resolution for cell growth, which
improves our understanding of the ECM and will facilitate investigating the underlying mechanisms guiding cell-substrate
interactions.
3.3 Structural and mechanical dynamics of substrates and cells during cell growth

AFM imaging reveals the surface alterations of substrates after growing cells. In order to examine the effect of cell
growth on the substrates, AFM images were recorded at the non-cell areas of the three types of substrates (glass slide, mica,
Petri dish) after growing cells on the substrates, as shown in Fig. 8. AFM images clearly show the nanogranular structures on
the substrates (I, I1, 111 in Fig. 8A-C). For glass slides and mica, roughness analysis shows that substrates growing C2C12 cells
were significantly smoother than the substrates grew MCF-7 cells and HEK293 cells (I1V in Fig. 8A, B). However, the Petri
dishes growing MCF-7 cells were significantly rougher than that growing C2C12 cells or HEK293 cells (IV in Fig. 8C). The
roughness of the bare substrates (glass slide, mica, Petri dish) without growing cells was shown in Fig. 1 and Fig. S4,
confirming the roughening of substrates after growing cells. ECM is composed of a large collection of biochemically distinct
components including proteins, glycoproteins, proteoglycans, and polysaccharides [9]. During cell growth, cells secrete ECM
components to facilitate their adhesion and the subsequent proliferation on the substrate. For example, studies have shown that
human glial tumor cells secrete various ECM compositions (including laminin, fibronectin, vitronectin, and thrombospondin)
during the cellular attachments to substratum [61]. Particularly, the ECM components secreted by different cells (e.g., normal
cells and cancerous cells) often exhibit different structural and mechanical properties [62-64]. In addition, nanogranules from
cell culture medium also attach to the substrates (Fig.5). Therefore, the attachments of cell-secreted ECM components and cell
culture medium nanogranules might cause the different topographical characteristics of the substrates after growing different

types of cells.
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Figure 8 AFM imaging and roughness changes of the substrates after growing cells. The non-cell areas of the substrates (cells were grown on
the substrates) were imaged by AFM. AFM images were recorded in air. (A) Glass slide. (B) Mica. (C) Petri dish. (I, I, 111) AFM images of
the non-cell areas of the substrates growing C2C12 cells (1), MCF-7 cells (I1) or HEK293 cells (II1). (1) Surface roughness (Mean=+SD)
statistics of the substrates after growing cells. N=50, *P<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

AFM mechanical measurement reveals the diverse adhesion forces of cells cultured on different types of substrates. Under
the guidance of optical microscopy (Fig. S9), AFM probes were moved to the living cells cultured on substrates (glass slide,
mica, or Petri dish) and then force curves were obtained on the cells. By analyzing the retract curves of the force curves
obtained on living cells, the adhesion forces between cells and AFM tips are measured. From the retract curves, two types of
the molecular unbinding events are significantly observed (Fig. 9C), including the unbinding of membrane receptors which do
not anchor the cytoskeleton and the unbinding of membrane receptors which anchor the cytoskeleton [65-67]. Typical force
curves obtained on cells cultured on different substrates are shown in Fig. 10. From the statistical histograms of adhesion
forces (IV in Fig. 10), we can see that for all of the three substrates (glass slide, mica, and Petri dish) the adhesion forces of
MCF-7 cells are significantly larger than that of C2C12 cells and HEK293 cells. Besides, the adhesion forces of MCF-7 cells
cultured on glass slide are much smaller than the adhesion forces of MCF-7 cells cultured on mica and Petri dish. For C2C12
cells and HEK293 cells, the cellular adhesion forces also vary when they are cultured on different substrates. Cell adhesion
characteristics plays an important role in regulating the behaviors and biological functions of cells. Abnormal cytoadherence
capability is often associated with the pathological changes [68], such as cancer metastasis [69] and cardiovascular disease [70].
Therefore, cancerous cells (MCF-7) and normal cells (C2C12 and HEK293) may exhibit different adhesion forces. Besides, the
three types of substrates used here have different surface topographical features (mica surface is smoothest while dish surface

is roughest, as shown in Fig. 1 and Fig. S4) and the cell types are different from each other, which may cause that the adhesion



forces of cells are diverse when cells are grown on different substrates.

A’ B®
1 al
Or 3l

= — Approach . . =

c -1f R Baseline correction <

~ etract — 2}

3 > g

‘6 7 =

s B
_5 1 1 1 1 L ——“
0 1 2 3 4 5 6 T

Distance (pm) -

—— Approach
— Retract

’

(]

<)
B
T

Force (nN)

K

Membrane tethers

Forcestep

Fdetach

Figure 9 Typical force curves with adhesion force peaks obtained on living cells in cell culture medium. (A) An original force curve. (B) The
force curve after performing baseline correction with the use of AFM offline software Nanoscope Analysis (Bruker, Santa Barbara, CA,
USA). (C) The amplifying plot of the retract curve (denoted by the dashed square in B). Two types of molecular unbinding events are
observed from the retract curve, including the unbinding of membrane receptors which do not anchor the cytoskeleton (denoted by the green

arrow) and the unbinding of membrane receptors which anchor the cytoskeleton (denoted by the blue arrow). The adhesion force (Fdetach) iS

1 2 3 4
Distance (um)

defined as the maximum downward force exerted on the cantilever of AFM.




A Cc2Cc12 6 MCF-7 HEK293 v
1.57 -
all |1 I 1 = p=0.4731
@ 4 4 £ * x
.‘g -Z; —— Approach E —— Approach E —— Approach § 1.0
E 32 Retract 82 Retract g2 Retract ‘E
o 2 2 2 2 0.5
© 0 0.681 ° —— 5 0 0.719 nN %
A . n
N 0.998 nN < oo
0 2 4 0 2 4 0 2 4 o
Distance (um) Distance (um) Distance (pum) W C2C12  MCF-7  HEK293
B 6 Kkdk
ay | I ARRLL =0 _kkk ek
3 £
= —— Approach = —— Approach = —— Approach o 15
© c c c o
9 2 Retract T 2 Retract 2 2 Retract o
£
S 2 2 2 1.0
2 £ & s
0.527 nN 0 ki
° T Zos
1.52 nN ©
- <
0 2 4 0 2 4 _ 0.0
Distance (um) Distance (um) Distance (pm) c2c12 MCF-7  HEK293
C 5 1
2.0 —_—
4 l " 4 "I = *% ke ke
£ ~4 c ——
wn = —— Approach 2 —— Approach = —— Approach ~ 1.5
T £ = c 3~
— 2 Retract © Retract ~ Retract =
= 3 82 o 2 =}
- = 5 2 < 1.04
Q & £ L §
0 n
1.143 nN £ 057
-
0 2 4 < o0l
Distance (Lm) Distance (um) Distance (um) €2012  MCF7  HEK293

Figure 10 Measuring the adhesion forces of cells cultured on different types of substrates by AFM in cell culture medium. (A, B, C) Cells
grown on glass slide (A), mica (B), or Petri dish (C). (I, I, 1) Typical force curves obtained on C2C12 cells (I), MCF-7 cells (Il) or
HEK293 cells (I11). (V) Statistics of cellular adhesion forces (Mean+SEM) on different substrates. The blue arrows denote the adhesion

forces calculated from the retract curves. N=50, *P<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Effects of substrates on the elastic and viscoelastic behaviors of cells are revealed by AFM. During the process of
controlling AFM tip to perform approach-dwell-retract process on living cells in the vertical direction, two types of curves are
recorded, including force-distance (F-D) curves and force-time (F-T) curves. The F-D curves are used for analyzing cellular
elastic properties, whereas F-T curves are used for analyzing cellular viscoelastic properties [25, 29]. Fig. 11Al shows a typical
F-D curve, which includes two portions, including an approach curve and a retract curve. Fitting the indentation curve with
Hertz-Sneddon model yields the cellular Young’s modulus [71, 72] (shown in the inset in Fig. 11Al and Fig. S10), showing
that the experimental indentation curve is consistent with the theoretical fitting curve. Fig. 10All shows a typical F-T curve
obtained on cells. Fitting the F-T curve with two-order Maxwell model yields two cellular relaxation times (shown in the inset
in Fig. 11All and Fig. S11), showing that the experimental indentation curve is in agreement with the theoretical fitting curve.
From the statistical histograms, we can see that the Young’s modulus of C2C12 cells is significantly larger than that of
HEK293 cells and MCF-7 cells except for mica (I in Fig. 11B-D). Besides, the cellular Young’s modulus changed when cells
were grown on different substrates, indicating the influence of growth substrate on cellular elasticity. For cellular relaxation
times, on the whole there are no significant differences for the three types of cells (11, 11 in Fig. 11B-D), but cells cultured on
different types of substrates exhibit diverse cellular relaxation time t1. Cell mechanics has been shown to be an important
indicator which tightly links cell structures and cell functions [73, 74]. Mechanical changes of cells are often accompanied
with the physiological or pathological changes of cells, for example cancerous cells are commonly softer than their normal
counterparts [75, 76]. Here, the different cellular Young’s modulus between cells may due to the fact that the cells are from

different origins (MCF-7 cells are from breast tissue, HEK293 cells are from kidney, and C2C12 cells are myoblasts). For the



three types of cells grown on different substrates, the cellular Young’s modulus exhibits uniform changes, indicating the
influence of substrates (e.g., substrate surface features) on cellular elasticity. On the contrast, the cellular viscoelastic properties
exhibit various changes for different types of cells in response to the substrates, indicating the diverse effects of substrates on

the viscoelastic behaviors of cells.
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Figure 11 Measuring the elastic and viscoelastic properties of cells cultured on different types of substrates by AFM in cell culture medium.
(A) Measuring the Young’s modulus (I) and relaxation time (II) of cells by AFM. (I) Extracting cellular Young’s modulus from the approach
curve of the force curve. The black curve corresponds to approach curve and the red curve corresponds to retract curve. The black arrow
denotes the contact point in the approach curve. According to the contact point, the approach curve is converted into the indentation curve.
The inset shows the comparison between experimental indentation curve and theoretical fitting curve. (I1) Extracting cellular relaxation times
from the relaxation curves. The inset shows the comparison between experimental relaxation curve and theoretical fitting curve. (B-D)

Statistical cellular mechanical properties (Mean+SEM) measured on the cells grown on glass slide (B), mica (C), or Petri dish (D). (I)



Cellular Young’s modulus. (II) Cellular relaxation time t1. (I11) Cellular relaxation time t2. N=50, *P<0.05; **p<0.01; ***p<0.001;

*xx%0<0,0001.

The experimental results revealed by AFM from visualizing the fine structures of cell-substrate interface and probing the
mechanical properties of cells will potentially benefit the studies of cellular behaviors. First, the regulatory role of substrates
on cell functions has been largely investigated from the structures and properties of substrates. The nanoscale geometry and
size of the features of the ECM have significant effects on various cell behaviors, such as attachment/adhesion, migration, and
proliferation, but the mechanisms responsible for these effects are poorly understand [77]. The cell/material interface is a
complex, dynamic microenvironment in which the cell and the material cooperatively dictate one another’s fate [78]. A recent
study by Mpoyi et al [79] has shown that protein adsorption on the substrates is a key mediator in the nanotopographical
control of cell behavior. Here, our results obtained by AFM high-resolution imaging clearly show that nanogranules from cell
culture medium attach onto the substrate to form nanogranular topography for promoting cell growth. To the best of our
knowledge, the results are previously unrecognized and thus provide novel insights into the regulatory role of substrates for
cellular behaviors at the nanoscale. Second, interactions between cells and ECM may cause the alterations of cellular functions
[80], which are often accompanied with the changes of cellular structures (such as cytoskeletons [81]) and cellular mechanical
properties, such as adhesion force, elasticity, and viscoelasticity [82]. Hence, investigations of cell mechanics on substrates
with different surface features are meaningful to examine the role of physical interactions and mechanical forces [83] in
pathological processes for guiding cellular behaviors.

4. Conclusions

This work has demonstrated the outstanding capabilities of AFM in observing the detailed situations of cell-substrate
interactions at the nanoscale on three different types of substrates (glass slide, mica, Petri dish) with the use of three different
types of cells (C2C12, HEK293, MCF-7). AFM images of decellularized substrates prepared by ammonia or trypsin
significantly reveal the nanogranular topography of the substrates on which cells grow, while AFM images of native substrates
prove that nanogranules from cell culture medium (particularly from FBS and DMEM solution) contribute to the nanogranular
depositions on the substrates to promote cell growth, which are previously undiscovered and improve our understanding of
cell-substrate interactions. AFM imaging and mechanical measurements reveal the dynamic changes of substrate topography
and cell mechanics during cell growth, showing the diverse impacts of cell-substrate interactions on substrates and cells. The
established methods here can be applied to other types of biological and biomaterial systems, which is therefore with generally
fundamental significance. Taken together, this study provides a novel method based on AFM to investigate nanotopographical
cues for cell-substrate interactions from visualizing substrate fine structures to characterizing surface roughness as well as
single-cell mechanical analysis, which will be particularly useful for uncovering the underlying mechanisms guiding cellular

behaviors.
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