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Abstract

We report the characterization of three-dimensional membrane waves for migrating single and collective cells and describe
their propagation using wide-field optical profiling technique with nanometer resolution. We reveal the existence of small
and large membrane waves the amplitudes of which are in the range of ,3–7 nm to ,16–25 nm respectively, through the
cell. For migrating single-cells, the amplitude of these waves is about 30 nm near the cell edge. Two or more different
directions of propagation of the membrane nanowaves inside the same cell can be observed. After increasing the migration
velocity by BMP-2 treatment, only one wave direction of propagation exists with an increase in the average amplitude
(more than 80 nm near the cell edge). Furthermore for collective-cell migration, these membrane nanowaves are
attenuated on the leader cells and poor transmission of these nanowaves to follower cells was observed. After BMP-2
treatment, the membrane nanowaves are transmitted from the leader cell to several rows of follower cells. Surprisingly, the
vast majority of the observed membrane nanowaves is shared between the adjacent cells. These results give a new view on
how single and collective-cells modulate their motility. This work has significant implications for the therapeutic use of BMPs
for the regeneration of skin tissue.
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Introduction

Cell migration within a tissue is a fundamental biological

process. It is essential for organ regeneration [1] and wound

healing but is also involved in certain diseases like cancer

metastasis [2–4]. The mechanism of cell migration involves

membrane ruffling at the leading cell edge that is rapidly induced

in response to certain extracellular signals. Membrane ruffling is

characterized by dynamically fluctuating movements of membrane

protrusions like blebs, lamellipodia and filopodia driven by

dynamic rearrangements of cytoskeleton components beneath

the plasma membrane [5–7]. Although many aspects of the

molecular mechanisms of cell motility are still not clear

accumulating evidence indeed suggests that certain growth factors

like the platelet-derived growth factor (PDGF) and the bone

morphogenetic proteins (BMPs) [8–11] are required. They could

activate the Rho GTPases like Rac1 and Cdc42 [12] and thus

control the lamellipodia formation and membrane ruffling via

regulation of the polymerization and depolymerization of the actin

filaments.

Very interestingly, membrane waves were described in the

recent years and introduced as a new mechanistic component in

the understanding of cell motility [13–16]. In fact, cells have the

ability to produce centripetally propagating waves on their

membranes, which are traveling membrane undulations that

persist over microns. These waves are believed to be driven by the

interactions of motile proteins like actin and myosin associated

with the cell membrane. Such membrane waves have been

observed in a variety of cells [13,17,18]. For example, on

fibroblasts, the amplitudes of these waves were shown to be

smaller than 300 nm [16]. Furthermore, these waves are believed

to play a key role in cellular motility but also in probing of the

surrounding matrix, endocytosis and internalization of membrane

receptors [19].

In fact, these membrane waves were described for single

migrating cells. However, in vivo, several fundamental processes

require the coordinated motion of cell groups. This collective cell

migration plays indeed a key role in developmental processes like

gastrulation and organogenesis [20]. Collective movement re-

quires cells to retain cell-cell contacts, exhibit group polarization

with defined front-rear asymmetry, and consequently move as one

multicellular unit. Depending on the cell type, morphology of the

group and the tissue context, distinct mechanisms control the

advancing front edge dynamics and guidance. Leading edge

migration may either result from adhesion to extracellular matrix

and contractile pulling, or from forward pushing. The leading

edge consists of either one or few dedicated tip cells (leader cells) or

a multicellular leading row that generate adhesion and traction

towards the tissue substrate [21]. During development, for

example, mesenchymal cells can move in cohorts in a collective

manner to their destination. Their behavior is often orchestrated

by a collective signal, which might require that all cells have access

to guidance information and the ability to interpret this

information individually. Alternatively, coordination of mesenchy-
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mal migration might be achieved by only selected cells that read a

signal and then instruct other cells to follow them by relaying the

guidance information to follower cells through chemical or

mechanical signaling [22]. In some situations, a mixture of these

two signals might operate [23]. We note that to date there are no

studies on the role of membrane waves in collective cell migration.

In fact, first a more detailed characterization of the membrane

waves in individual cell motion is necessary. This can then pave

the way for the understanding of their role in collective migration.

Furthermore, the transmission of the motion of single cells to the

collective motion of many cells has not been extensively studied.

The study of the propagation of these waves in single and

collective cell motion may reveal their potential role in the

mechanism of motility transmission and guidance relevant for the

coordinated motility of group of cells.

In this article, we characterize the membrane waves in single

and collective cell motion and describe their role in motility

transmission among migrating cells for coordinated migration. We

perform this by using a superresolution in depth microscopy

technique called ‘‘optical profilometry’’ [16,24–26] which provides

with our configuration [27,28] a depth profiling accuracy of

around 1,2 nm and lateral resolution of about 200 nm (figure
S1). Because the optical profilometry technique profiles sample

surface by light waves, it does not induce variations of membrane

topography. Here, we characterize the membrane waves on single

and collective-mesenchymal pre-osteoblast cell migration under

the influence of the BMP-2 growth factor that increases cell

migration velocity. The choice of this experimental model can

contribute to a physiological understanding of cell migration. We

finally emphasize the importance of the transmission of these

waves among many cells in the description of the dynamic

behavior in collective cell motility. The results have significant

implications for understanding the mechanistic effects of the in vivo

microenvironment and also for the therapeutic use of BMPs for

the regeneration of skin tissue.

Results and Discussion

Although the membranes can be labeled by lipid-associated

dyes and then observed with confocal or two-photon microscopy

[29,30], the height variations in membrane topography are usually

smaller than the axial resolution of these optical sectioning

techniques. Atomic force microscopy (AFM) has become a regular

tool for studies of cell membranes. But owing to the piconeweton

force exerted by the tip, AFM measurements usually result from

the coupled properties of membranes and cytoskeletons. The

interaction force between the membrane and the tip must also be

taken into account for correct interpretations of the measurements

[31]. In this work, optical profilometry technique was used. In

addition to its nanometer resolution, the optical profilometery

technique used here does not require external contact with the cell

membrane, which is a desirable feature for such nanotopography

cell studies. In fact, surface optical profilometry is a non-contact,

non-invasive technique suited to the analysis of the evolution of the

cell status during biological processes such as migration or

differentiation. Herein, we used this technique with phase-shifting

interferometry mode for measuring smooth surfaces and steps with

nanometer resolution. In this mode, a white-light beam is filtered

and passed through an interferometer objective to the test surface.

The interferometer beamsplitter reflects half of the incident beam

to the reference surface within the interferometer. The beams

reflected from the test surface and the reference surface recombine

to form interferences fringes. These fringes are alternating light

and dark bands when the surface is in focus. Figure S2 illustrates

typical micrographs with interferences fringes for stationary and

migrating cells (figure S2a and b). The experiments were

conducted on mesenchymal pre-osteoblastic MC3T3-E1 cells that

have a fibroblastic phenotype [32]. Figure 1 shows a typical

single-cell membrane topography obtained by optical profilometry

technique (figure 1a and b). Typical three-dimensional mem-

brane waves are highlighted in the magnifications of figure 1c
and figure S2c and d. Concentric membrane waves are clear

and the amplitudes gradually decrease during their propagation

towards the cell nucleus. The membrane-height profile is depicted

in figure 1d. In single migrating cells, we reveal the existence of

small and large membrane waves the amplitudes of which are

about 3–7 nm to 16–25 nm respectively. Therefore, we will

further call these waves membrane nanowaves in this article. The

mean wave amplitude is around 32 nm near the cell edge and

about 18 nm at a distance of 9 mm away from the edge. This

amplitude then decreases to nearly 6 nm with a propagation

distance of 31 nm away from the edge (figure 1e). At distances
higher than 35 nm the nanowaves are not detectable because in

the nuclear region the microtubule dynamics disrupts the

membrane shape (figure S3a).

Single-pre-osteoblastic cells migrate have a ‘‘zig-zag’’ migration

pattern [33] as schematically represented in figure 2a. Indeed,
these types of cells continuously change the direction of their

migration. In this case, we observe interestingly and for the first

time the existence of membrane nanowaves of two different

orientations in the same cell (figure 2b, c). This may participate

in the mechanism of the change in direction of the cell motion.

Furthermore, as for example in the mammalian body, the

mesenchymal pre-osteoblastic cells move into developing and

fractured bones along with invading blood vessels participating to

their stability [34]. This cell motility is induced by different signal

or growth factors in the bone such as the BMPs [35]. As

demonstrated in literature [8], BMP-2 increases cell migration.

Here, we treated mesenchymal pre-osteoblastic cells with the

BMP-2 factor in order to evaluate its influence on the membrane

nanowaves characteristics. First, we observed the lamellipodium

neo-formation at the cell edges (figure 3a, see arrows). The

wave’s amplitude at the cell edges increases to about 92 nm

compared to cells not treated with BMP-2 (figure 3b, c). We also

show the active ruffling lamellipodium followed by the membrane

nanowaves (figure 3d). We show the typical membrane-height

profile of migrating pre-osteoblasts treated with BMP-2 in

figure 3e. The average amplitudes are about 15 nm at a distance

of 9 mm from the cell edge. Contrary to the non-treated cells, the

amplitudes of the waves are then stabilized to around 18 nm with

a propagation distance of 31 mm away from the cell edge

(figure 3f). No change in the direction of migration was observed

in the case of pre-osteoblasts treated with BMP-2. Furthermore

only nanowaves of a single orientation were observed in the same

cell. In summary, BMP-2 increases the dimensions of the

membrane nanowaves and also inhibits the formation of

nanowaves of different orientations in the same cell and the

change in the migration direction.

The single-cell motion comprehension with membrane wave’s

changes encourages us to study collective-cell motion and

guidance with this same parameter. In fact, we applied a usual

scratch test [36] on a monolayer of mesenchymal pre-osteoblast

cells in culture (figure 4a). The cells then migrate collectively and

the communication between cells is maintained. Typically, after 1

hour, we observed the appearance of ‘‘leader cells’’ [21,37] which

were very distinct from the other cells in the migration front

(figure 4b) as they were much larger and spread out. These cells

developed a clear active ruffling lamellipodium with a loss of their
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initial morphology. However, they maintained cell-cell contacts

with their ‘‘followers’’. The leader cells are characterized by

membrane waves with amplitude of around 34 nm near the cell

edge, of about 20 nm at a distance of 9 mm, which then decreases

to nearly 7 nm with a propagation distance of 31 mm (figure 4c,
d). Some of these membrane nanowaves were transmitted from

the leader to the follower cells (figure 4e). The collective-cell

migration for cells treated with BMP-2 shows increased velocity

(figure 4f). In this case the leader cells are characterized by

membrane waves with amplitude of around 83 nm near the cell

edge and around 24 nm at a distance of 9 mm. Contrary to the

control, the amplitude is stabilized to nearly 19 nm with a

propagation distance of 31 mm (figure 4c, d). Surprisingly, the
membrane nanowaves are transmitted from leader to several rows

Figure 1. Membrane nanowaves measured by superresolution surface optical profilometry technique. (a) Surface optical profilometry
technique micrograph showing a single-cell migration. (b) Surface optical profilometry technique topography 3D reconstruction of a single-cell
migration (Top view). (c) Magnifications show cell edge and typical membrane nanowaves nanotopography on pre-osteoblast cells. (d) Membrane-
height profile along the migrated cell. In down, details of membrane nanowaves dimensions measurements. (e) Peak-to-valley amplitudes of
membranes nanowaves versus the distances to cell edges (n = 19).
doi:10.1371/journal.pone.0097855.g001
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Figure 2. Two membrane nanowaves directions on migrating cells. (a) Schematic drawing of a cell migrating. (b) Surface optical profilometry
technique micrograph showing a migrated cell changed its direction. (c) Surface optical profilometry technique 3D view micrograph of this same cell.
Magnification shows the two directions in red and green.
doi:10.1371/journal.pone.0097855.g002
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follower cells (figure 4e). The quantification of the number of

membrane nanowaves for cells treated or no with BMP-2 further

supports this suggestion (figure 4g). The transmission of

membrane nanowaves between cells may also be part of the

mechanism of synchronization of collective-cell motion. In fact,

the vast majority of the observed membrane nanowaves is shared

between the adjacent cells (figure 4h and figure S4). In

summary for collectively migrating cells the membrane nanowaves

are shared by neighboring migrating cells. As previously demon-

strated, collective-cell migration velocity is controlled by cell-cell

interactions via adherens junctions [38]. Here we also demonstrate

that collective-cell motion is also controlled by membrane

nanotopography communications. This work suggests that main-

taining collectivity during cell migration may be governed by

‘‘intimate contact’’ via the membrane nanowaves sharing.

Figure 3. BMP-2 induces cell migration by increasing dimensions of nanowaves. (a) Immunofluorescence staining of migrating pre-
osteoblastic cells without and with BMP-2 after culturing for 12 h; the cells were stained for visualization of the actin filaments (green). (b) These same
cells are taken with superresolution surface optical profilometry technique. (c) Magnifications show cell edge nanotopography on pre-osteoblast cells
treated with BMP-2. (d) Magnifications show the typical membrane nanowaves nanotopography on pre-osteoblast cells treated with BMP-2. (e)
Membrane-height profile along the migrated cell treated with BMP-2. In down, details of membrane nanowaves dimensions measurements. (f) Peak-
to-valley amplitudes of membranes nanowaves versus the distances to cell edges of migrating cells treated with BMP-2 (n = 18).
doi:10.1371/journal.pone.0097855.g003
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Recent advances have revealed that intercellular direct trans-

mission of physical forces can coordinate collective cell motion

[39]. Otherwise, mechanical waves that propagate slowly to span

the monolayer traverse intercellular junctions in a cooperative

manner, were also described to explain collective cell motion

[39,40]. Very interesting observations demonstrate that the

combination of growing dynamic heterogeneities and slowing

migration speed with increasing cell density is strikingly reminis-

cent of the nature of the relaxations observed in supercooled fluids

approaching the glass transition. This suggests the possibility of an

analogy between this cell motion within a confluent layer and the

crowding within a particulate system approaching a glass

transition with increasing density [41]. Our study here provides

an explanation of collective cell guidance by propagation of

membrane nanowaves from leader to follower cells. All these

in vitro observations could explain different physiological functions

including morphogenesis and tissue regeneration.

As demonstrated previously theoretically and experimentally,

contractile force of Myosin II and the protrusion force from actin

polymerization are required for the generation of membrane

waves [15,16,42]. Sheetz and co-workers’ study has revealed that

myosin pulls the rear of the lamellipodial actin network (which

Figure 4. Membrane nanowaves generation and propagation in collective-cell migration. (a) Phase-contrast Micrograph showing the
progression of migrating cells after scratching. (b) Phase-contrast Micrograph of leader cell 12 h after scratching. (c) Peak-to-valley amplitudes of
membranes nanowaves versus the distances to cell edges of migrating leader cells treated or not with BMP-2 (n = 11). (d) Magnification shows cell
edge and membrane nanowaves of leader cells treated or not with BMP-2. There is a very active, ruffling lamellipodium. (e) Surface optical
profilometry technique 3D view micrograph of collective-cell migration without and with BMP-2 treatment. (f) Mean pre-osteoblast cell velocity
measured with and without BMP-2 treatment. (g) Graph showing membrane nanowaves number per 100 mm2 with and without BMP-2 treatment. (h)
Surface optical profilometry technique 3D view micrograph magnification of membrane waves shared by two migrating cells in the case of BMP-2
treatment.
doi:10.1371/journal.pone.0097855.g004
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appears to sit above the lamellum), causing upward bending and

edge retraction. The network then separates from the edge and

condenses. Protrusion resumes as lamellipodial actin regenerates

from the front and extends rearward until it reaches newly

assembled myosin, initiating the next cycle. Thus, actin polymer-

ization periodically builds the lamellipodium, connecting myosin

motors with the initiation of adhesion sites, suggesting that the

actin oscillator and retrograde waves are mechanical in nature

[15]. More recently, Gov and co-workers’ proposed a theoretical

model which attributes the formation of membrane waves to the

interplay between complexes that contain activators of actin

polymerization and membrane-bound curved proteins of both

types of curvature (concave and convex) [43]. Experimentally, they

show that waves have been associated with membrane bound

activators of actin polymerization of concave shape. The convex

membrane proteins are insensitive to inhibition of myosin II

contractility [43].

It is becoming clear that membrane waves result from activation

and inhibition feedbacks in actin dynamics acting on different

scales, but the exact molecular nature of these feedbacks and the

respective roles of biomechanics and biochemistry are still unclear.

Moreover, the relationship between these membrane nanowaves

and the mechanical waves recently observed by the group of

Trepat X. [40] is still unknown. Our work demonstrates the direct

cell-cell cooperation by sharing membrane waves. This new role

attributed to the membrane waves raises the question of whether a

cooperation exists between the adherent junctions, the cell

cytoskeleton and the membrane waves and their interregulation.

Future experiments and physical models can answer these

attractive questions.

Conclusions

In summary, we used the wide-field optical profiling technique

with nanometer resolution to characterize the three-dimensional

membrane waves and their role in single and collective cell

migration. The membrane waves investigated on mesenchymal

pre-osteoblastic cells have nanodimension size. The treatment with

the BMP-2 growth factor changes effectively the characteristics of

these membrane nanowaves like their amplitude at the cell edge

and their distance propagation. This can explain the guidance of

collective-cell migration through leader cells. We suggest that

collective cell migration velocity is controlled by cell-cell interac-

tions that are governed by membrane topography communica-

tions. More generally, this work also suggests that cellular

functions in particularly migration could be governed by external

mechanical properties via membrane nanowaves. Furthermore, in

the future, the surface optical profilometry technique used here

can provide more information regarding the mechanisms of other

cellular functions such as differentiation by monitoring changes in

the cell membrane nanotopography. The results have significant

implications for understanding the mechanistic effects of the in vivo

microenvironment and also for the therapeutic use of BMPs for

the regeneration of skin tissue.

Experimental Procedures

Cell Culture
Mouse mesenchymal pre-osteoblastic cells [32] (MC3T3-E1,

from ATCC) were cultured in Alpha-MEM medium supplement-

ed with 10% fetal calf serum (FCS) and 1% penicillin/

streptomycin. All cells were used at a low passage number

(passage 4), and subconfluent cultures were used; the cells were

plated at 10,000 cells/cm2 for experiments. For the soluble BMP-2

protein induction mode, the pre-osteoblast cells were cultured on

plastic substrates and were exposed to 300 ng/mL of recombinant

human BMP-2 (Peprotech)-containing media for 1 to 12 hours.

For superresolution surface optical profilometry technique obser-

vations, the samples were dehydrated in increasing concentrations

of ethanol (30, 70, 80, 90, 95 and 100%) and critical-point dried.

Finally, the samples were metallized for 10 sec with gold or

titanium were examined. This protocol doesn’t affect the cell

shape and dimension. We have previously induced both shrinkage

and swelling of different type of cells (mesenchymal stem cells,

osteoblast and endothelial cells) and have thus demonstrated that

superresolution surface optical profilometry technique does not

induce any artifacts on the performed measurements. Three

selected examples are listed and briefly presented here to show our

expertise of this technique. In the first example, we have developed

a differentiation model and have characterized differentiated cells

by using this superresolution wide-field optical profilometry

microscopy technique. We have induced cell swelling and have

demonstrated that the cell fixation method (which also involves

gold or titanium deposition) does not alter the surface topography

to any significant degree thus ruling out any artifacts [32,44]. In a

second example, we have developed another nanotopographical

model for stem cell differentiation and have analyzed cell adhesion

and collective cell organization by using the same superresolution

technique. We have proposed a functional model for stem cell

differentiation through the adhesion process and the cytoskeleton

organization [27]. Finally, we have also used this technique to

characterize lamellipodial and filopodial cell migration [28]. In all

of these examples, we have performed induction of different types

of cells towards different cell statuses with both shrinkage and

swelling. Our protocol (fixation, dehydration and gold coating)

does not modify the cell morphology or cell shape. The

superresolution technique used here is very sensitive but also

suitable to study the cell membrane waves. During the drawing of

the profile of waves, all the disturbances (more specifically, the

actin stress fibers) have been eliminated. The actin stress fibers

were removed by superimposing the surface optical profilometry

technique profile and the F-actin immunostaining profile. Ana-

lyzed cell-surface topography was only the physical deformation of

representative membrane waves as they have been previously

defined in literature [16,42].

Immunostaining
As previously described [27,45,46], after 1 to 12 hours in

culture, the cells on the plastic surfaces were fixed for 20 min in

4% paraformaldehyde/PBS at 4uC. After fixation, the cells were

permeabilized in PBS 1X containing 1% Triton X-100 for

15 min. The cytoskeletal filamentous actin (F-actin) was visualized

by treating the cells with 5 U/mL Alexa Fluor 488 phalloidin

(Sigma, France) for 1 h at 37uC. The images for this experiment

were produced using a Leica SP5 microscope and MetaMorph

software.

The Surface Optical Profilometry Technique
As described previously [27,28,32], the surface profiler system is

non-contact optical profilers that use two technologies to measure

a wide range of surface heights. The phase-shifting interferometry

(PSI) mode allows for the measurement of smooth surfaces and

small steps, whereas the vertical scanning interferometry (VSI)

mode allows for the measurement of rough surfaces and steps up

to several micrometers high. In this work, we used only PSI mode

to characterize membrane waves. The light for both modes

originates from a white-light source; however, it is filtered during

PSI measurements to produce red light at a nominal wavelength of
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632 nm. In this PSI mode, the objective does not move through

focus. Instead, we focus on the sample so the region of interest is at

precise focus, then we make the measurement. During the

measurements, the piezoelectric transducer (PZT) causes a slight

shift between the reference and sample beams. The measurement

is very quick. For the calculation of the cell membrane waves, the

reference is different for each wave. In fact, the reference is the

point that the wave starts (figure S3b and c). Moreover, a

fluorescence microscopy was adapted for the optical profilometer

configuration. A superresolution optical profilometry microscopy

technique provides with our configuration [27,47] a depth

profiling accuracy of around 1,2 nm and lateral resolution of

about 200 nm. We have determined the vertical resolution of our

system by taking the difference of two measurements from the

same location on the sample. The resolution data is essentially the

noise limit of our system. It should be a near-flat profile with Rq

value approaching the non-averaged values. To get the best

nanometer resolution from optical profilometry microscopy

technique, consistent and correct measurements have been used.

Figure S1 shows the example amplitude parameters (Ra and Rq)

obtained in our control surfaces. Ra represents the roughness average,

the arithmetic mean of the absolute values of the surface

departures from the mean plane. The digital approximation for

three-dimensional Ra is:

Ra~
1

MN

XM
i~1

XN
i~1

DZjiD

Where M and N are the number of data points in the X and Y

direction, respectively, of the array, and Z is the surface height

relative to the reference mean plane.

Rq represents the root mean square roughness, obtained by squaring

each height value in the dataset, then taking the square root of the

mean. The digital approximation for the three-dimensional Rq is

given by:

Rq~

ffiffiffiffiffiffiffiffiffi
1

MN

r XM
i~1

XN
i~1

Z2 xi,yið Þ

Rq has statistical significance because it represents the standard

deviation of the surface heights, and it is used in the more complex

computations of skewness (briefly, Rsk that measures the asymmetry

of the surface about the mean plane) and kurtosis (briefly, Rku that

measures the peakedness of the surface about the mean plane).

In our work, we characterize the three-dimensional membrane

waves for migrating single and collective cells and describe their

propagation using a superresolution wide-field optical profiling

technique as described by Reed et al [48]. The goal of this study is

not to prove the existence of membrane waves but to apply a new

protocol coupled to this method in order to obtain cell-surface

high resolution in the context of single and collective cell

migration. Based on our observations reported in this work, we

propose for the first time a role for these membrane waves. The

results and conclusions of this article can thus contribute to the

mechanistic study of cell migration.

Statistical Analysis
In terms of cell velocity, the data were expressed as the mean 6

standard error, and were analyzed using the paired Student’s t-test

method. Significant differences were designated for P values of at

least ,0.01.

Supporting Information

Figure S1 (a) shows a surface optical profilometry technique

micrographs showing a control surface. Ra is about 1.38 and Rq

about 1.83 for this image. (b) shows a surface optical profilometry

technique 3D reconstruction of the control surface.

(TIF)

Figure S2 (a) and (b) shows a surface optical profilometry

technique micrographs with high-contrast fringe mode showing a

single-cell on two different stationary and migration status

respectively. (c) Surface optical profilometry technique topography

3D reconstruction of a single-cell migration. (d) Magnification

showing typical membrane nanowaves nanotopography on pre-

osteoblast cells (see red lines and white arrows).

(TIF)

Figure S3 (a) Surface optical profilometry technique topography

3D reconstruction of a single-cell migration. (b) Surface optical

profilometry technique micrograph showing a single-cell migra-

tion. (c) Membrane-height profile of the red line on the migrated

cell.

(TIF)

Figure S4 Surface optical profilometry technique 2D (a) and 3D

view micrographs (b) of collective cell migration with BMP-2

treatment. We show membrane nanowaves directions (small white

arrows: nanowaves, big white arrows: direction of nanowaves).

(TIF)
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