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organization, viscoelastic properties and cellular migration of living cancer cells under
different pH microenvironments are still poorly understood. Conventional experimental
methods of optical microscopy and atomic force microscopy (AFM) can neither break the
trade-off between resolution and rate in cytoskeleton imaging, nor achieve the structural
characterization and the mechanical measurement simultaneously. Although
multifrequency AFM with amplitude modulation-frequency modulation (AM-FM) enables
us to probe both the surface topography and the viscoelasticity distribution of cells, it is
difficult to image the cytoskeletal filaments with the diameter down to the scale of tens of
nanometers. Here, we have improved the AM-FM AFM by employing the high damping of
cell culture medium to increase the signal-to-noise ratio and achieve a stable imaging of
F-actin with the resolution down to 50 nm under in situ microenvironment. The approach
that can successfully visualize the structures of cytoskeletal flaments and measure the
distribution of mechanical properties simultaneously enable us to understand the
relationship between the organization of F-actin and the viscoelasticity of living Huh-7
cancer cells under different pH values. Our experimental results have demonstrated that,
unlike the randomly distributed F-actin and the homogeneous viscoelasticity at the normal
pH level of 7.4, the living Huh-7 cancer cells with the reduced pH level of 6.5 show highly
oriented and organized F-actin along the lamellipodium direction associated with the
significant gradient increase both in elasticity and viscosity, which are confirmed by
immunofluorescence confocal microscopy. The F-actin organization and the gradient
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viscoelasticity of lamellipodium provide structural and mechanical understanding on the
adhesion and migration of living cancer cells that undergo metastasis and malignant

transformation.

Keywords: amplitude modulation-frequency modulation atomic force microscopy, living cancer cells, viscoelasticity
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INTRODUCTION

Living cells, as the smallest unit in biological systems, plays a
pivotal role in human life and disease processes [1]. Changes in
the viscoelastic properties of cells are relevant to the fundamental
cellular physiological behaviors and functions, such as cell
migration [2], adhesion [3], differentiation [4] and absorption
[5]. Cytoskeleton that is an essential structural component of
cells, is intrinsically viscoelastic and responsible for the cell
viscoelasticity [6], controlling the cellular development and
maintenance [7]. In the cytoskeleton system, the filamentous
actin (F-actin) (Figure 1) is one of the most major constituent
building up many higher order structures in cells (e.g., stress
fibers, lamellipodia, and filopodia) [8]. The arrangement and
distribution of F-actin greatly dominates the mechanical
properties of cells including viscoelasticity [9-13]. For
example, the actin cortex is a thin layer that lies beneath the
plasma membrane, maintaining and regulating cell topography
[10]. Oberleithner et al. found that the depolymerization of
cortical actin induced by altering the local microenvironment
reduces the elasticity of cells, thus modulating the deformation of
the plasma membrane [11]. The stress fibers are arranged in
parallel by F-actin, connecting the cytoskeleton to the
extracellular matrix via focal adhesions [12]. Wang et al.
reported that viscosity of F-actin can significantly increase
stability of the cell adhesion [13]. The cellular protrusions
including lamellipodium and filopodium located at the edge of
cells is involved with the cell migration [14, 15]. Lamellipodia are

sheet-like structures, from which filopodia usually grow out [16].
Lamellipodial branched actin network not only generates a
pushing force by actin polymerization but also provides crucial
mechanical support for cell migration through the extracellular
matrix or adjacent cells [17, 18]. Laurent et al. revealed that cells
migrates toward the more rigidity side of the lamellipodia [19].
Moreover, lamellipodia-based cell migration plays a crucial role
in cancer metastasis [20]. The malignant degree of cancer cells is
related to their migration speed, that is, the metastasis and
invasiveness of cancer cells [21]. In particular, in the complex
microenvironment of tumor tissues [22, 23], the cancer cells will
change the structure and topography of lamellipodia at an acid
pH level, and then accelerate their metastasis [24, 25]. However,
the organization of the F-actin in lamellipodia under different pH
microenvironments associated with the underlying relationship
with the viscoelasticity and migration of living cancer cells remain
unclear and is in urgent need to be fully interpreted. The
nanomechanical mechanism revealing the effects of F-actin in
lamellipodia on the cell viscoelasticity and migration represents a
meaningful approach to understand the physical nature in the
malignant metastasis of cancer cell response to the change of pH
microenvironments.

To understand the correlation among F-actin organization,
viscoelastic properties and cellular migration of living cancer cells
under different pH microenvironments, it is the key issue to
simultaneously obtain the high-resolution in situ images of the
cytoskeleton topography and viscoelastic properties of cells. For
the soft matter of cells that are heterogeneous with intrinsically

FIGURE 1 | Schematics of a cell with F-actin architectures. (A) Four primary types of F-actin structures in the cytoskeleton: actin cortex, stress fiber, filopodium, and
lamellipodium. (B) A magnified view of the lamellipodium. The formation of lamellipodium is facilitated by the organization of F-actin.
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viscoelastic cytoskeletons and undergo large deformation [26,
27], the structural organization and mechanical properties are
highly coupled [28]. A wide variety of experimental work has
been performed in order to assess the relationship between cell
mechanics and microstructures [29, 30], focusing on the changes
in either cytoskeletal structure [29] or elasticity [30]. However,
these experiments have been limited by the characterization
methods of cells and cytoskeletons. Although the fluorescence
imaging techniques have the advantage in the fast in situ
identification of subcellular structures, it is difficult for the
optical resolution to be smaller than the diffraction limit
around hundreds of nanometers and capture the details of
cytoskeletal ~structures [31]. The transmission electron
microscopy is usually adopted to observe the cells and
cytoskeletons [32]. Nevertheless, the sample preparation
process is complicated with fixation, dehydration, infiltration
and staining, which will cause the loss of cell activity [33].
Furthermore, the imaging of transmission electron microscopy
is slow and commonly conducted under vacuum condition,
which make it unable for the fast in situ identification of cells
and cytoskeletons under different microenvironments. For
studying cellular mechanics, a number of experimental
methodologies have been developed, including micropipette
aspiration [34], traction force microscope [35], optical
tweezers [36], and magnetic twisting cytometry [37]. Atomic
force microscopy (AFM) is one of the most major and reliable
methods for probing the mechanical properties of cells [38, 39].
Conventional AFM imaging based on contact mode force curve
measurement has been introduced to measure the cellular
viscoelasticity [40, 41]. And yet the poor resolution and long
acquisition time prevent it from fast high-resolution
characterization of subcellular microstructures and mechanical
properties. It is a key challenge to not only break the trade-off
between resolution and rate in cytoskeleton imaging, but also
achieve the structural characterization and the mechanical
measurement simultaneously.

In this work, we use amplitude modulation-frequency
modulation (AM-FM) AFM to characterize the topography
and viscoelasticity of living Huh-7 cancer cells at the same
time. We have improved the AM-FM AFM by using the high
damping of cell culture medium, instead of original damping
materials that cannot be used in liquid, to dissipate unnecessary
vibration that deviates from the standard resonance of the AFM
cantilever. The efficient stabilization of the cantilever oscillation
enables us to increase the signal-to-noise ratio, achieving a fast
imaging and mapping simultaneously of F-actin structures,
cellular topography and viscoelasticity with the ultrahigh
resolution down to 50nm under in situ pH
microenvironment. Moreover, the capability of AM-FM AFM
to capture the F-actin microstructures are validated by
immunofluorescence confocal microscopy. By using AM-FM
AFM, we study the effect of pH level on the organization of
F-actin in lamellipodium and the change in the topography and
viscoelasticity of living Huh-7 cancer cells. The experimental
results demonstrate that the F-actin in lamellipodium under
normal culture medium (pH 7.4) is short, thin and dispersed,
associated with the homogeneous distribution of cell
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viscoelasticity. On the contrary, in acid culture medium (pH
6.5), the F-actin cytoskeletons polymerize and are woven into a
long and thick bundle-like structure directed to the protruding
direction of lamellipodium. Both the elasticity and viscosity show
a significant gradient increase along the protruding direction,
which can facilitate the adhesion and migration of living cancer
cells. These results have significant implications for
understanding the significance of F-actin structures and
viscoelasticity in changing cell topography and behaviors, and
opening a new paradigm of nanomechanical mechanisms for the
metastasis of cancer cells under pH microenvironments.

MATERIALS AND METHODS

Cells Culture and Treatment

The cells used in this study are the human hepatoma cell lines
Huh-7 cells, obtained from the Type Culture Collection of the
Chinese Academy of Sciences, Shanghai, China. The cells were
cultured in Dulbecco’s Modified Eagle Medium (Gibco, Life
Technologies, China) supplemented with 10% fetal bovine
serum (Gibco, Life Technologies, Australia) and 1% penicillin-
streptomycin (Gibco, Life Technologies, United States), at 37°C
and 5% CO, in humid conditions. The pH level of normal culture
medium is set as 7.4. One day prior to the AFM experiments, the
cells were seeded onto 25 mm X 25 mm glass slides. After the cells
had enough time to adhere to the substrate, the existing medium
was replaced with the fresh medium to remove dead and loosely
attached cells every 2 h. The fresh medium was prepared in the
normal or acid condition to mimic microenvironments at
different pH levels. HCI (0.5 mol/L) was added precisely to the
normal culture medium for the acid culture medium (pH 6.5) by
using a pH meter measurement to verify the targeted pH value of
6.5. Phosphate buffer saline (PBS) solution was used to rinse the
substrate every time before adding and changing the culture
medium. The cells were cultured with either pH
microenvironment for at least 6h in CO, incubator for
subsequent characterization and measurement in AFM
experiments. To maintain the pH level in the cell cultivation,
the new acid culture medium of pH 6.5 was replaced every 2 h. By
pH monitoring, we found that the acid culture medium of pH 6.5
in the CO, incubator can be kept well within 2 h. The time of AM-
FM AFM measurement was limited to a maximum of 2 h. During
the AM-FM AFM measurement, the pH monitoring was
employed constantly and the acid culture medium of pH 6.5
was added when needed.

Atomic Force Microscopy

AFM experiments were performed with an Asylum Research
MFP-3D Infinity AFM system. The AM-FM bimodal imaging
mode was performed by using BL-AC40TS cantilever (Olympus,
Japan) with 0.11 nN/nm nominal force constant (k;). The spring
constant for the first eigenmode k; of the cantilever was obtained
by force constant calibration. In AM-FM method that employs
the tapping mode, the cantilever is excited near the first and
second resonant frequencies simultaneously. To ensure the
physiological conditions of cells, the cantilever was completely
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immersed in the liquid of culture medium during the
experiments. The cantilever tuning was conducted in liquid
by which the first cantilever eigenmode was excited to the
resonant frequency (f; =30kHz) by the AFM software
(Asylum Research) and the second eigenmode to the second-
order resonant frequency (f; ~110kHz). And the spring
constant for the secon(% eigenmode k;, of the cantilever can be

calculated by k, = <;—T> k.

During the scanning, the first order amplitude A; is adjusts to
maintain constant that is equal to amplitude setpoint A ¢, so
that the displacement of scanner in z-direction can be used for
living cell topography tracking. Meanwhile, the cantilever is also
excited at the second resonant frequency f,. Here, a frequency
feedback loop adjusts the frequency by a small amount Af, to
maintain the second eigenmode on resonance as the AFM tip
interacts with the cell. The AM-FM signals were recorded by the
lock-in and feedback system and can be used to extract the
effective storage modulus Eorage for elastic property [42]:

1 3

(0 g (B8
R 6 Ql Al,set fZ

where Q; are the quality factor, A gree (4.0 V) is the free amplitude
tuned for the first eigenmode in liquid, A; (2.0V) is the
setpoint used for imaging, and R (~10nm) is the radius of
AFM tip provided by the manufacturer. As described in
details [43], the mapping of loss tangent Ej can be derived

by the amplitude (A;) and phase signals (&;) in the first
resonance mode:

Estorage

n( AA—""‘" - sin®1>

1free

Eloss = cosd .
1

The loss tangent is equivalent to the ratio of the dissipated
energy to stored energy:

E
Loss tangent = loss

storage

which allows us to calculate the loss modulus for viscous
property. Correlated topography and viscoelastic images were
generated with a resolution of 256 x 256 pixels. And the scan
speed was set at 0.5 line/s. As the modulus of the AFM tip used
defers greatly from that of the glass substrate, the mechanical
signal from the background part of glass substrate is meaningless
and not considered, and is shown as the gray background in
Figures 4, 5. The same AFM tip and imaging configuration were
used for all samples to maintain consistency between
measurements of cell viscoelasticity. Repetitions of experiments
with more living Huh-7 cancer cells under different pH states are
performed to verify the robustness of results and mechanisms in
our work.

Confocal Fluorescence Microscopy

Confocal fluorescence microscopy was used to observe the
F-actin microstructures and validate the AFM imaging. The
cells for the imaging by confocal fluorescence microscopy were
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seeded onto 20 mm cell slides and incubated with the same
culture conditions as for AFM measurements. The cells were
washed with PBS, fixed with 4% paraformaldehyde in PBS and
kept at 4°C for around 15min. Afterwards the cells were
permeabilized with 0.5% Triton X-100 in PBS at room
temperature for 15 min and rinsed with PBS. The nucleus of
cells was stained with DAPI (Solarbio, China) for 15 min in dark.
The F-actin cytoskeleton of cells was stained in dark using Alexa-
Fluor 488 Phalloidin (Solarbio, China) for 30 min. Finally, the
slides were mounted with the DAPI mounting medium (Solarbio,
China). The stained cells were examined by using a confocal
microscope setup (Leica SP8X, Germany) to visualize the F-actin
microstructures. The fluorescent F-actin cytoskeleton images
were acquired with a 63x/1.40 oil immersion objective lens
(Leica Microsystems, Germany).

RESULTS AND DISCUSSION

Improved Amplitude Modulation-Frequency
Modulation Atomic Force Microscopy for
Mapping Topography and Viscoelasticity of
Living Cells

To simultaneously obtain the images of topography and
viscoelastic properties of living cells under physiological
conditions, we have improved the original AM-FM AFM
assembly. In the AM-FM method, two driving signals with
different frequencies (black and red signals) are superposed to
excite two independent vertical oscillation modes of the cantilever
(Figure 2A). The first resonance operates in normal tapping
mode (AM mode). The amplitude A; controls the vertical
feedback loop of the standard tapping mode for topography,
and the phase & gives the values for the loss tangent (black box).
The second resonance operates in the FM mode. The change in
resonance frequency f, determines the elasticity, while the change
in the amplitude A, gives the dissipation information (red box).
Therefore, the AM-FM method strictly relies on the resonance
information of the cantilever, and the stability of the first-order
and second-order resonance peaks limits the signal-to-noise.
Although AFM with AM-FM mode is competent for the
simultaneous mapping of topography and viscoelasticity, the
original AM-FM AFM of MFP-3D Infinity AFM system is
inappropriate for the in situ environment of cell culture
medium, as the build-in high damping material that is
required to optimize the resonance of the cantilever cannot
work in the liquid of culture medium. Without the high
damping material, it is difficult for AM-FM AFM to achieve
high-resolution imaging of F-actin microstructures [44]. In our
work of in situ AM-FM AFM imaging, we unloaded the original
high damping material and naturally used the liquid of cell
culture medium as the high damping to dissipate unnecessary
vibration in the oscillation process of AFM cantilever that
deviates from the standard resonance. Figure 2B shows the
first resonance signal of the cantilever without high damping
in air, while Figure 2C shows the first resonance signal of the
cantilever with the high damping in liquid. The introduction of
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FIGURE 2 | Mapping topography and viscoelasticity of living cells by AM-FM AFM. (A) Schematics of the AM-FM AFM showing the experimental setup and the
working principle. The AFM tip and the whole cantilever are immersed in the liquid of culture medium for in situ measurement of living cells in physiological condition. Two
separate excitation signals are combined to excite the cantilever resonances. The cantilever deflection when probing the sample is analyzed to evaluate the offsets of the
two resonances for the mapping of topography and viscoelasticity. (B) The first resonance signal of the cantilever without high damping in air. (C) The first
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the high damping eliminates spurious peaks of the vibration
information from unnecessary media and optimizes the
resonance of the cantilever to form a clean standard peak in
liquid. Similarly, the cluttered signal of the second-order
resonance is greatly reduced due to the presence of high
damping in liquid (see Supplementary Figure S1).

In addition, the ratio A; st/Aj free is set in the range of 0.3-0.5
which ensures the optimal tracking of surface topography for
living cell imaging in AM-FM AFM. By introducing the high
damping and setting the appropriate parameters, we successfully
stabilize the cantilever oscillation, efficiently increase the signal-
to-noise ratio, and achieve a high-resolution mapping in AM-FM
AFM. As shown in Figure 3, we are able to simultaneously
measure the cell topography (Figures 3A,B), associated with
the distributions of storage modulus Egrage (Figure 3C), loss
modulus Ejes (Figure 3D), and loss tangent (Figure 3E) of living
cancer cells under physiological conditions. By taking advantage
of the high contrast in the mapping of loss tangent, we have
achieved an ultrahigh resolution down to 50 nm (Figure 3F) and
captured cytoskeleton microstructures under in  situ
microenvironment.

Figure 3 shows the topography and viscoelasticity of living
cells. It is important to note that the string microstructure

observed in the images of viscoelasticity (Figures 3C-E) are
highly correlated to the features observed in the topography
image (Figures 3A,B). The widths of the strings are tens of
nanometers. The storage moduli Etorage Of the strings are higher
than the gaps in between as shown in Figure 3C, while the loss
tangents of the strings in Figure 3E are lower. These results show
that the string microstructure takes the elasticity as the dominant
property, which may correspond to the mechanical
characteristics of cytoskeletons reported in previous study [45].
Hence, the same topography and viscoelasticity give us a strong
implication that the microstructures shown by AM-FM AFM are
cytoskeletons, which will be confirmed as F-actin by the latter
section of immunofluorescence confocal microscopy. This AM-
FM AFM method allows a direct observation in correlation of
cytoskeletal structure with both topography and viscoelasticity
for living cells, which shows better capability and application than
the optical microscope that is limited by the diffraction limit
resolution [31], the transmission electron microscope that cannot
maintain the physiological state of living cells [32], and other
methods for measuring mechanical properties of cells including
the traction force microscope, optical tweezers and magnetic
twisting cytometry that cannot obtain the topography
simultaneously [35-37]. Our improvement of AM-FM AFM
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FIGURE 3 | Capability to image cytoskeleton microstructures of living cells by improved AM-FM AFM. (A,B) Topography of microregion near the periphery of living
cancer cell. The view of (B) magnifies the rectangular region within the red box in (A). Topography of the red box in (A). (C—E) Mapping of Estorage (C), Eioss (D), and loss
tangent (E) simultaneously obtained by AM-FM AFM. (F) Cross-section profiles for the loss tangent along the red solid line in (E).
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has increased the resolution of cell mechanical imaging, and
achieved simultaneously characterization of cytoskeleton
topography, viscoelasticity, which are crucial for studying the
relationship between the organization of cytoskeleton
microstructure and the distribution of mechanical properties
associated with their effects on cellular behaviors and functions.

Topography and Viscoelasticity of

Cytoskeletons in Lamellipodium at pH 7.4

Based on the in situ AM-FM AFM method we improved for
simultaneous mapping topography and viscoelasticity of living
cells, it is feasible to study the relationship between the
organization of cytoskeleton microstructures and the
distribution of viscoelastic properties under different pH
microenvironments. The microenvironment of cancer cells in
tumor tissue is constantly acidified [23], with a lower extracellular
pH value (~6.5) than the basic value (~7.4) in normal tissue [22].
The acid microenvironment enables the progression of cancer
cells by promoting proliferation, the evasion of apoptosis,
metabolic adaptation, migration and invasion that are involved
with the malignant transformation and metastasis [46]. During
this stage, the F-actin and the lamellipodium are the two crucial

media linking the cellular behaviors and the mechanical
properties. It has been reported that the acid extracellular pH
induces the reorganization of F-actin cytoskeleton and facilitates
the formation of lamellipodial protrusion [25], which can
modulate the morphology and rigidity against the forces
needed for cell migration [47]. It would be a key challenge
and a great significance to study the correlation between the
organization of F-actin structures and the viscoelasticity
distribution in lamellipodium of living cancer cells under
normal (pH 7.4) and acid (pH 6.5) microenvironments for
revealing the nanomechanical mechanism of the cellular
migration in metastasis.

In the normal microenvironment (pH 7.4), we use the
improved AM-FM AFM method to characterize the
topography and the viscoelasticity of living Huh-7 cells as
shown in Figure 4. Figure 4A shows an overall topography of
the cell edge, with the region of lamellipodium in the red box
measured by larger contact force and scanning density for higher
resolution in topography (Figure 4B), storage modulus Egiorage
(Figures 4C,D), loss modulus Ej.ss (Figures 4E,F), and loss
tangent (Figures 4G,H). The topography image of Figure 4B
represents the shot and thin cytoskeletal structures randomly
dispersed in lamellipodium, which is also reflected by the
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Estorage, Eioss, @nd loss tangent in (C), (E) and (G), respectively.

FIGURE 4 | Topography and the viscoelasticity of Huh-7 cells at pH 7.4. (A) Topography of cell edge. (B) High-resolution topography of lamellipodium region within
the red box in (A). (C,E,G) Mapping of Esiorage (C), Eioss (E), and loss tangent (G) simultaneously obtained by AM-FM AFM. (D,F,H) Histogram analyses of the measured

400 . Estorage

300F

200

100

60 (kPa) 70

Eloss

300
200F

100f

14 16 2 24

18 20
(kPa)

Loss tangent

homogeneous patterns of viscoelasticity (Figures 4C,E,G and
Supplementary Figure S2). The histogram analyses of storage
modulus, loss modulus and loss tangent for Figures 4C,E,G were
performed as shown in Figures 4D,F,H, respectively. The storage
modulus in the lamellipodium region (Figure 4D) indicates a
single Gaussian peak for elasticity with the main range of
50-80 kPa and the mean value of ~65kPa, which are in good
agreement with previous studies [29, 48]. Similarly, the viscous
properties measured by loss modulus and loss tangent exhibit
monomodal Gaussian peaks, which further indicates the
homogeneous distribution of cytoskeletons (Figures 4F,H).
The Gaussian peak of loss modulus has a mean value of
~18 kPa with the range varying from 14 to 24 kPa, while that
of the loss tangent has a mean value of ~0.28. The mappings of

storage modulus and loss modulus demonstrate that the
cytoskeletons have slightly higher elasticity and viscosity than
the background of intracellular fluid or other organelles (Figures
4C,E) [48]. Note that the greater difference between the
cytoskeletons and the intracellular background is shown in the
mapping of loss tangent (Figure 4G), owing to the dominant
elasticity of cytoskeletal filaments [28, 29]. As a result, the
mapping of loss tangent can show higher contrast and
resolution with the patterns greatly corelated to the
cytoskeletal structures in the topography image, which further
proves the capability in characterizing the detailed organization
of cytoskeletal structures by the improved AM-FM AFM.
Repetitions of experiments for more living Huh-7 cancer cells
at pH 7.4 (Supplementary Figure S2) show similar cytoskeleton
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Topography
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FIGURE 5 | Topography and the viscoelasticity of Huh-7 cells at pH 6.5. (A) Topography of cell edge. (B) High-resolution topography of lamellipodium region within
the red box in (A). (C,E,G) Mapping of Esiorage (C), Eioss (E), and loss tangent (G) simultaneously obtained by AM-FM AFM. (D,F,H) Histogram analyses of the measured
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organization and cell viscoelasticity, which verify the robustness
of our results.

Topography and Viscoelasticity of
Cytoskeletons in Lamellipodium at pH 6.5

To study the effect of acid microenvironment on living cancer
cells, we change pH value of the culture medium to pH 6.5 [22],
and measure the topography and the viscoelasticity of Huh-7 cells
by the improved AM-FM AFM as shown in Figure 5 and
Supplementary Figure S3. Unlike the homogeneous
dispersion of cytoskeletons in lamellipodium at pH 7.4, the
topography of Figures 5A,B show highly oriented and
organized patterns of cytoskeletal structures at pH 6.5. The
cytoskeletons are polymerized to long filaments and woven
into thick bundle-like structures directed to the protruding
direction of lamellipodium. The viscoelasticity, including
storage modulus, loss modulus and loss tangent, of the same
lamellipodium region in Huh-7 cells are measured and analyzed
in Figures 5C-H in which the polymerized filaments and bundles

are visible. The strings that have higher storage modulus, higher
loss modulus and lower loss tangent than the intracellular
background indicate the cytoskeletal filaments in Figures
5C,E,G, respectively. Interestingly, along with the convergence
of cytoskeletal filaments towards the protruded lamellipodium,
the storage modulus and loss modulus increase while the loss
tangent decreases. The gradient of viscoelasticity in the
lamellipodium region with the relationship to the cellular
migration will be discussed in details in the latter section.

The histogram analyses of storage modulus, loss modulus and
loss tangent were also performed as shown in Figures 5D,F,H,
respectively. Unlike monomodal Gaussian peaks at pH 7.4, all of
the storage modulus, loss modulus and loss tangent show bimodal
distributions at pH 6.5, corresponding to the heterogeneous
organization of cytoskeletons. In Figure 5D for elasticity, the
lower peak of storage modulus with the mean value of ~35kPa
represents the thin and unwoven cytoskeletal filaments, while the
higher peak (~60 kPa) the thick cytoskeletal filaments that have
been bundled together. These results of elasticity distribution are
consistent with the previous studies that the increased density of
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FIGURE 6 | Immunofluorescence confocal microscopy images of F-actin filaments in living Huh-7 cells under different pH microenvironments. (A,B) F-actin in Huh-
7 cell at pH 7.4. (C,D) F-actin in Huh-7 cell at pH 6.5. The F-actin filaments are highlighted by green and the cell nuclei by blue. The view of (B) and (D) magnifies the
rectangular region near the periphery of cell within the red box in (A) and (C), respectively.

actin filaments can lead to the stiffening of cells [28, 29, 49]. The
bundled actin filaments are bound by crosslinking proteins and
molecular motor, such as fascin and myosin-X, providing strong
viscosity [50, 51], which results in an elevated loss modulus as the
higher peak (~40kPa) in Figure 5F. Our work visualizes the
organization of cytoskeletal filaments and reveals the structural
origins of the viscoelasticity distribution in the lamellipodium
region of living cancer cells under acid microenvironment.
Repetitions of experiments for more living Huh-7 cancer cells
at pH 6.5 (Supplementary Figure S3) show similar cytoskeleton
organization and cell viscoelasticity, which verify the robustness
of our results. We also performed the experiments at the pH level
within the range from 6.5 to 7.4, and found that the more cells
with F-actin polymerization and viscoelasticity gradient can be
seen at the lower pH state.

Validation of F-Actin Cytoskeletons by

Immunofluorescence Confocal Microscopy
To identify the type of cytoskeletal structures shown by the
improved AM-FM AFM as in Figures 4, 5, the
immunofluorescence confocal microscopy was adopted and
the fluorescent phalloidin that can selectively bind to F-actin
was used to image the distribution of F-actin in the living Huh-7

cells (Figure 6) [52]. The Huh-7 cells were cultured in the two
different pH environments (pH 7.4 and pH 6.5) as in AFM
experiments and stained with Alexa-Fluor 488 Phalloidin and
DAPIL The imaging of confocal microscopy shows that the
F-actin filaments dyed by green are short, thin and randomly
dispersed within the whole Huh-7 cell at pH 7.4 (Figure 6A).
Although becoming slightly thicker near the periphery, the
F-actin filaments are loosely arranged with the same
homogeneous feature observed in AFM experiments
(Figure 6B). On the contrary, at pH 6.5, the F-actin filaments
that are much thicker and longer form highly oriented bundle-
like structures (Figure 6C) and converge toward the front of
lamellipodium (Figure 6D), which is in good agreement with the
AFM imaging as well. The consistency of intercellular structures
confirms that the cytoskeletal filaments visualized by the
improved AM-FM AFM are the F-actin.

Viscoelasticity Gradient Facilitates Cell

Adhesion and Migration

In previous sections, by using the improved AM-FM AFM, we
have successfully characterized the viscoelasticity distribution of
the lamellipodium regions in living Huh-7 cells at pH 7.4 and 6.5
(Figures 4, 5). To compare them quantitatively, we rescale the
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FIGURE 7 | Acid microenvironment inducing viscoelasticity gradient in the lamellipodium of living Huh-7 cells. (A,B) The storage modulus for elasticity (A) and the
loss modulus for viscosity (B) of the lamellipodium under different pH environments. The upper panels are at pH 7.4, the middle panels are at pH 6.5, and the lower curves
analyze the storage modulus or the loss modulus within the white rectangular boxes along the arrows directed to lamellipodium protrusion. The white rectangular boxes

mapping of storage modulus (Figure 7A) and loss modulus
(Figure 7B) to the same color range for studying the effect of
viscoelasticity distribution on cell adhesion and migration.
Figure 7A shows that along the direction of lamellipodium
protrusion (as the arrows), the storage modulus of cell
elasticity increases from ~50kPa to over 60 kPa at the acid
microenvironment and maintains at a plateau (~60 kPa) at the
normal microenvironment. For cell viscosity following the same
arrows, the loss modulus increases from 35 to over 50 kPa at pH
6.5, while staying at a low level of ~10 kPa at pH 7.4 (Figure 7B).
Combining the AFM images of cytoskeletons, we can conclude
that the acid microenvironment may result in the organization of
F-actin filaments and the gradient of both elasticity and viscosity
in living cancer cells.

Recent researches of cell migration and cancer metastasis have
reported that the living cancer cells prefer to migrate toward the
substrate with higher stiffness [19, 53]. However, few studies
focus on the distribution and alteration of cell viscoelasticity
during migration associated with the effects of cell viscoelasticity
on migration. According to literatures, the higher elasticity and
viscosity enable stronger adhesion to substrate [13, 54]. In our
work, by using the improved AM-FM AFM, we found that the
F-actin cytoskeleton aggregate and form the thick bundle-like
filaments directed to the protruding direction of lamellipodium,
leading to gradient increases in elasticity and viscosity. The
gradient of viscoelasticity suggests a gradient of adhesion
strength, which means that the lamellipodium can achieve

stable adhesion at the front but have high possibility to detach
the substrate at the back, resulting in the driving force for cell
migration towards the direction of lamellipodium protrusion.
Moreover, the aggregation and the stiffening of F-actin
cytoskeleton allow focal adhesions to enhance cell adhesion,
and provide sufficient cell rigidity against the forces needed
for migration [55, 56]. In all, the homogeneity of F-actin
cytoskeleton and viscoelasticity in the lamellipodium at pH 7.4
suppresses the migration of cancer cells, which consistent with
the fact of uneasy malignant transformation of cancer cells under
normal environment [47, 57]. Conversely, the aggregation of
F-actin cytoskeleton and the gradient of viscoelasticity at pH 6.5
facilitate cell adhesion and migration, which explains the strong
tendency in migration and metastasis of cancer cells under the
acidified microenvironment in tumor tissues [47, 58]. These
findings may help us to understand the structural and
nanomechanical mechanism of malignant behavior of cancer
cells under different pH microenvironments.

CONCLUSIONS

In summary, we have improved the original AM-FM AFM
assembly, achieved the simultaneous mappings of topography
and viscoelasticity of living cells under physiological conditions,
and reached an ultrahigh resolution down to 50 nm for the
imaging of F-actin cytoskeletons. By using the improved AM-
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FM AFM, we were able to study the effect of pH
microenvironment on organization of F-actin cytoskeletons
and the distribution of viscoelasticity in lamellipodia of living
Huh-7 cancer cells correlated with the cell adhesion and
migration. The acidified environment can transform the
short, thin and dispersed F-actin structures to the long, thick
and oriented bundle-like structure converged along the
protruding direction of lamellipodium. The conformation of
F-actin cytoskeletons leads to the gradient increases of both
elasticity and viscosity directed to the lamellipodium front,
which provides sufficient driving force and rigidity that can
facilitate cell adhesion and migration. Our work has paved the
avenue for the in situ characterization of the F-actin
microstructures and cell viscoelasticity, and contributed
insights into the structural origins and nanomechanical
mechanism of the migration and metastasis of living cancer
cells under the acidified microenvironment.
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