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Abstract: There are very few techniques to reconstruct the
shape of a cell at nanometric resolution and those that exist
are almost exclusively based on fluorescence, implying limita-
tions due to staining constraints and artefacts. Reflection In-
terference Contrast Microscopy (RICM), a label-free technique,
permits measurement of nanometric distances between refrac-
tive objects. However, its quantitative application to cells has
been largely limited due to the complex interferometric pattern
caused by multiple reflections on internal or thin structures like
lamellipodia. Here we introduce three dimensional reflection
interference contrast nanoscopy, 3D-RICN, which combines in-
formation from multiple illumination wavelengths and aperture
angles to characterize the lamellipodial region of an adherent
cell in terms of its distance from the surface and its thickness.
We validate this new method by comparing data obtained on
fixed cells imaged with Atomic Force Microscopy and Quantita-
tive Phase Imaging. We show that as expected, cells adhering
to micropatterns exhibit a radial symmetry for the lamellipo-
dial thickness. We demonstrate that the substrate-lamellipod
distance may be as high as 100 nm. We also show how the
method applies to living cells, opening the way for label-free
dynamical study of cell structures with nanometric resolution.

Keywords: Super-resolution; Label-free imaging; Lamel-
lipodium; Cell surface imaging; Interference imaging, Cell
membrane topography.

Cell adhesion and spreading are central phenomena reg-
ulating cell function and behavior, ranging from activation
to proliferation.* Cell spreading, as well as motility, is usu-
ally mediated by a flat and dynamic protrusion, called the
lamellipodium, >® which has been the object of numerous
structural studies based on fluorescence®® and electronic
microscopy.” The shape of a motile cell, especially the lamel-
lipodium, is known to be crucial for spreading, migration
and mechanosensing. >®° However, in cell adhesion studies
the focus is often on the substrate-proximal surface, which
is typically imaged using fluorescence based techniques to
reveal specific proteins and structures involved in adhesion
and associated signaling. ¢

An important aspect of adhesion is the quantification of
the intimate contact of the cell membrane with the surface
in terms of the cell to surface distance, usually achieved us-
ing different types of interference microscopy,'!"'? allowing
determination of distances between cell surfaces well below
the optical resolution imposed by the limit of diffraction, out
of reach for classical or confocal fluorescence microscosopy.

Different fluorescence related strategies, based on super-
resolution or deconvolution, and combined with total in-
ternal reflection fluorescence microscopy or dual objective
astigmatism, can be also used to provide nanometer resolu-
tion in the axial direction.>'*™'" While permitting molecular
specificity, fluo-based methods are limited by the necessity of
labeling the sample, which is often inappropriate for fragile
cells or medical samples. They are compromised by possi-
ble labeling or fixation artifacts'® and by photobleaching in
case of long-term live or repeated observation.

In the context of quantification of adhesion, Reflection In-
terference Contrast Microscopy (RICM) has often been the
technique of choice. '""'"2! Tt consists in epi-illuminating the
cell-surface region with a monochromatic light and collecting
the interfering rays. This purely interferometric approach,
showed great initial promise, "' but was later mostly used
in a semi-quantitative manner for cell analysis due to the
complex optics of cells, though RICM does provide excel-
lent resolution in the context of simple objects like colloids,
model membranes or thin films.2°2® Recent application
to cells of interferometric scattering microscopy (iS-
CAT?*), which relies on scattering from fine features
and edges, provides semi-quantitative informations
at high time and lateral resolution, but with lim-
ited confidence in the nature of the structure im-
aged and limited resolution in vertical direction.?%
Label-free techniques are currently undergoing a strong de-
velopment, in particular to meet the needs of biomedical
research, 2527 a striking example being the trawling of big
databases of transmitted light images of cells using machine
learning strategies.'®*® RICM of cells has known a revival
in this context. 293!

RICM is sensitive to abrupt changes in the refractive in-
dex at the interface of two media, and in a first approxima-
tion, the collected intensity is related to the cell-surface dis-
tance. 32736 This approach was exploited to estimate mem-
brane fluctuations. Two major problems associated with
quantification of RICM images from cells are that the cell
refractive index is not known and that extraneous reflections
from internal organelles or the dorsal membrane may cor-
rupt the data and render interpretation difficult.?!*” How-
ever, reflections from the dorsal membrane can provide an
insight into the three dimensional shape of the lamellipod.
To quantify this, we get inspiration from previous work that
circumvented other limitations of RICM: multiple reflections
which occur in presence of more than one interface, was over-
come using a Fresnel model of multiple interfaces; 2238740
and ambiguity due to the periodic relation between distance
and phase shift, was overcome by dual wavelength illumina-
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Figure 1. Principle of 3D-RICN. A. Montage of a multichan-
nel reflectivity image stack. RICM images are taken sequentially
with 3 illumination wavelengths (A\) and 5 illumination numeri-
cal apertures (INA). Image background intensity is normalized to
1, so that cell reflectivity is measured with respect to the back-
ground. The width of each image is ca 30um. B. Thin film model
to calculate the reflectivity of a lamellipod with 3 parameters to
determine: cell surface distance h, cytoplasm thickness d, cyto-
plasmic refractive index n;,. C. Example of calculated reflectivity
map (A=436 nm, INA=0.95, n;,=1.40) for variable cell surface
distance h and lamellipod thickness d. D. Example of measured
reflectivity for a pixel taken in the middle of images A (triangle)
and fitted theoretical reflectivity (circle) for each illumination con-
dition (INA and wavelength).

tion. *'*?> Here we image adherent cells in RICM mode, with
multiple illumination angles and wavelengths, and develop a
fitting procedure to reconstruct the three dimensional profile
of the adhering lamellipodium with nano-metric resolution
(3D-RICN).

To establish the proof of the principle, we chose the
fibroblast-like simian cell-line COS-7, which spreads eas-
ily on uncoated glass, making large lamellipods and hav-
ing relatively slow dynamics post-spreading. Cells were al-
lowed to spread on glass and, after fixation, were imaged in
RICM mode with multiple illumination conditions, obtain-
ing 15 snapshots corresponding to combination of illumina-
tion wavelengths 436 nm, 546 nm, and 625 nm, and illumina-
tion numerical apertures (INA) of 0.5, 0.56, 0.68, 0.86, 1.05
(Fig. 1A). Reflection of light from the sample is modeled
assuming locally flat films oriented orthogonally to the opti-
cal axis, taking into account the s and p polarisation of light
through the polarizer / quarter waveplate / analyzer, and
using the Jones formalism to calculate the reflectivity tak-
ing into account multiple reflections and polarization 2390
(see SI for details). The lamellipodial region is modeled as
a thin layer of cytoplasm of thickness d and refractive index
Nin, sandwiched between two membranes, the whole placed
above the glass surface at a distance of h (Fig. 1B). The

images are normalized with respect to the background inten-
sity, for comparing with theoretically generated map of the
theoretical normalized reflectivity defined as 7 = lam/Ibga
with intensity liam calculated for the lamellipod and lygq
calculated for the background. For each experimental value
of A, INA and for variable ni, (in 0.005 steps), a reflectivity
map is generated for h between 0 and 500 nm in 2 nm steps
and d between 0 and 1000 nm in 10 nm steps. Qualitatively,
it accounts for an expected resolution better in h than d as
well as a limit of sensitivity for large h and d. An example of
such a map for A=436 nm, INA=0.95 and n;,=1.40 is shown
on fig. 1C.

To solve the inverse problem of finding parameters h, d
and nin, from the normalized multichannel data stack, a fit-
ting error x? is calculated for each pixel of the experimental
image (see SI), and the best solution (h,d, nin), correspond-
ing to the minimal value of x?, is identified. A graphical
example of data and best-fit theoretical reflectivities for one
randomly chosen pixel is shown on fig. 1D *. Estimates of the
error in h, d and ni, are expressed, for each pixel, in terms
of the confidence interval 6k, dd and dn;,, which quantifies
the error introduced in fitting due to acquisition noise (see
Fig. S2). The reconstruction algorithm was applied on an
area of ca. 30pm x 30um chosen in the lamellipodial region.

The map of height h and its error §h are shown on Fig
2A B. The distribution of & is represented on the histogram
2C, which exhibits a peak at 90 nm. The thickness of the
lamellipodium is described by the map of d (Fig. 2D) and
confidence interval dd (Fig. 2E). It is seen to be rather flat
with the distribution of d peaking at 75 nm (Fig. 2F). The
map of cytoplasmic refractive index ni, and its interval of
confidence dni, are shown on Fig 2G and Fig 2H. The dis-
tribution of n;,, shown in the histogram of Fig 2J, peaks at
1.355. 3D surface plots of the basal and apical mem-
branes were produced using Fiji,*® and are repre-
sented on Fig. 2K,L,M. Sequences with azimuthal
rotation are available in Supp. Mat. The correlation
between the fit parameters and their errors as well as the
independence of the three fitted parameters are mapped in
Fig. S4. Noticeably, h and d exhibit a certain degree of
correlation shown in Fig. S4. Correlation is also visible be-
tween d and n;,. This indicates that for certain pixel, there
is an underdetermination of the 3 parameters.

Since no other technique is able to image a lamellipodium
in 3D and with the accuracy reported here, to validate 3D-
RICN, we compared the reconstruction of the dorsal surface
with an atomic force microscopy (AFM) image, and the opti-
cal thickness (expressed in terms of the optical path density)
with quantitative phase image (QPI). The lamellipodial zone
of the AFM image was oriented and scaled to correspond
pixel by pixel to the 3D-RICN images, and was corrected for
indentation of 40 nm ' (Fig. 3A, raw image in Fig. S6) from
which the apical membrane height (AMH) was calculated by
summing h and d (Fig. 3B). Comparison of AMH images
3A and 3B is provided on the density map of Fig. 3C, which
exhibits a high density along the x=y line, indicating a high
overlap. Some points on the y axis reflects errors due to
incorrectly identified fringes in RICM. The profiles of AMH
along the blue line of Fig. 3A and B are compared in Fig. 3D

*The code used for reconstruction is available and explained in
details online: github.com/ArnaudHemmerle/3DRICN.

fThis is close to the typical deformation of 70 nm measured with
AFM, see Fig. S5, which can arise from compression of the cytoplasm
and/or pushing of the lower membrane against the substrate while
imaging, even at a moderate force.
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Figure 2. Topography obtained from the reconstruction algorithm. A. Map of height h (cell-surface distance). B. Map of dh, confidence
interval for h. C. Distribution of height h on the entire image but excluding black pixels. D. Map of cell thickness d. E. Map of dd,
confidence interval for d. F. Distribution of thickness d. G. Map of cytoplasmic refractive index n;,. H. Map of confidence interval for
nin. J. Distribution of ni,. Note that only pixels that are deemed to be non-pathological (see SI) and correspond to d > 500 nm are
represented. K, L, M: 3D representations of basal membrane (K: seen from under or L: seen from above) and of apical membrane (M:seen
from top). Numbers on images axis indicate distance in pm for 2D maps A, B, D, E, G, H and in nm for 3D reconstructions K, L, M.

and show a good agreement. The standard height difference
of the two profiles is less that 15 nm, while the lateral dif-
ference is of the order of 100 nm. A second test of 3D-RICN
reconstruction was performed by comparison with Quanti-
tative Phase Imaging (QPI). The same cell was imaged with
QPI (Fig. 3E) and the zone of the lamellipod was croped,
scaled and oriented to coincide pixel by pixel with 3D-RICN
images. The optical path difference (OPD) was calculated
from 3D-RICN data as OPD= (niy — nout) X d (Fig. STA).
The OPD from QPI and 3D-RICN were compared as den-
sity maps (Fig. S7TB) revealing a relatively poor agreement,
likely because ni, may be error-prone, as already suggested
by the observed correlation between d and ni, identified in
Fig. S4. We therefore corrected OPD from 3D-RICN taking
a uniform value of n;, = 1.355, which corresponds to the
peak of ni, distribution (Fig. 2J). This corrected OPD is

mapped in Fig. 3F. The comparison is shown as a profile on
Fig. 3G and a density map on Fig. 3H. This shows a fair
agreement between the two methods. However the compari-
son is impeded by the observed limit of sensitivity of QPI in
the lamellipod region, as well as inhomogeneous background
level correction.

We next imaged a cell spread on a circular patch of diame-
ter 65 pm, coated with the extracellular protein fibronectin.
In this case, the normalization of the 3D-RICN raw images
was performed by dividing the cell image by the aligned im-
age of an empty fibronectin patch. The reconstruction was
performed as described above for the non-patterned sub-
strates. Results are shown on Fig. ??. The central region
of the cell has been masked since the proposed reconstruc-
tion does not apply in this zone due to the presence of the
nuclear membrane just above the proximal cell membrane.
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Figure 3. Comparison of 3D-RICN with AFM and QPI. A. AFM
image of height of the apical membrane after correction for an
average indentation of 40 nm. B. 3D-RICN map of the apical
membrane height, obtained as the sum h+d. C. Map density of
the 3D-RICN map as a function of the corrected AFM image. D.
Height profile taken along the vertical blue line in images A, and
B. E. OPD obtained by QPI. F. OPD obtained with 3D-RICN
using d and n;, = 1.355. G. Map density of OPD from F vs OPD
from E. H. Profiles comparing OPD from E and F taken along
the horizontal blue line. Scale bar for A, B, E, F: 10 ym.

Furthermore, the height of the apical membrane is expected
to exceed 1pum where the model is not applicable. h dis-
tribution peaks at 35 nm (Fig. ?7?7C), much lower than in
absence of fibronectin on the surface, with a globally uniform
distribution (Fig. ??A). This is roughly consistent with inte-
grin complex size. The histogram of cytoplasmic refractive
index peaks at 1.355 (Fig. ?7?D), as was the case before.
The cell thickness d histogram peaks at 300 nm (Fig. ??E),
and exhibits a radial distribution, as could be expected from
the symmetry of the underlying pattern (Fig. ??B). The
AMH/OPD maps calculated from 3D-RICN data (Fig. ??F,
resp. ?7H) show good agreement with AFM/QPI (Fig. 77G,
resp. 7?7J) (the latter assuming, as before, n;, = 1.355).
We next applied the method to live cell imaging, reducing
the acquisition time by a factor of 5 to make sure that it was
short enough for the cell to be considered quasi-static during
acquisition. This could be achieved by taking a single frame
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Figure 4. 3D-RICN reconstruction of a cell adhered on a patch of
fibronectin and comparison with AFM and QPI. For clarity of the
representation, the central part of the cell has been removed and
a 0.8pum radius median filter has been applied on the 3D-RICN
reconstructions. A. Membrane height h. B. Cell thickness d. C.
Distribution of A. D. Distribution of cytoplasmic refractive index
nin. E. Distribution of d. F. Apical Membrane Height calculated
from 3D-RICN data. G. AMH measured from AFM. H. Optical
Path Distance calculated from 3D-RICN data. J. OPD measured
from QPIL. NB: Lateral scale for A,B,F,H is in pum.

in each channel, rather that 5 in the static reconstruction
detailed before. The reconstruction of h, d are shown on
Fig. S9. A thinning of the cell (upper left corner, see arrow)
upon retraction can be observed. The close contact of stress
fibers is visible. Surprisingly, the extent of close contact
is very limited, hinting at weak adhesion of the whole cell
in the lamellipodial region. This confirms that the similar
heights obtained on a fixed cell were not a mere artifact of
fixation.

Future use of the technique for live imaging would require
an accelerated acquisition. This could be realized by us-
ing a filter wheel and a piezo-mounted objective to adjust



automatically the position of the focus depending on the
wavelength, as well as a reduced set of INAs for imaging the
cell. We have performed reconstructions of a close-up of the
lamellipod for different sets of INAs to quantify how the h
and d maps are influenced by the values and the number of
INAs (Fig. S8). Taking the results obtained for the full set
of five INAs as the reference, we first see that using only
two INAs leads to wrong reconstruction of most pixels, in
particular for d and h. Taking three INAs largely improves
the results, as shown also by the quantitative analysis of a
patch of 40 x 40 pixels in an area of small roughness in the
lamellipod. We conclude that the values of the INAs chosen
have a strong influence on the quality of the reconstruction,
and that taking extreme values for the INAs leads to a better
reconstruction than taking closely spaced ones.

We also observe that the roughness of the patch, as defined
by the Root Mean Square (rms) of height h, i.e. of the
bottom membrane, is a good indicator for the quality of the
reconstruction. Indeed, a wrong reconstruction of a pixel
often leads to the convergence of the fit to extreme values far
from the correct ones, leading to an artificial roughness of the
image. Through a careful analysis, we determined that the
set of 3 INAs [0.5, 0.68, 1.05], taking the two extreme values
of the full set and an intermediate one, gives almost identical
results as the reconstruction with the full set. This shows
that a carefully chosen, smaller set of INA can be used in
further studies for live imaging. Moreover, this convergence
also ensures that our method is robust and uses enough INAs
for a correct reconstruction of the lamellipod.

We also tested the reconstruction of the zones out of the
lamellipod, including that under the nucleus, using appropri-
ate layer-models. This however proved to be unsatisfactory,
possibly because we were forced to limit the range of val-
ues searched due to the time required by the minimization
algorithm. An obvious improvement will be the implemen-
tation of faster algorithms like progressive step refinement.
One inherent problem of RICM that partly remains here is
ambiguity linked to periodic fringes. Furthermore, the sensi-
tivity of the technique to measure the refractive index is lim-
ited. Use of an additional wavelength may help to overcome
both these problems. In addition to the reconstruction
of the basal nuclear membrane, perspectives of ap-
plications for 3D-RICN include monitoring of api-
cal membrane ruffle or mitochondrial membranes,
as well as cell volume dynamics. Compared to wide-
field fluorescence, we can expect lower phototoxicity
due to the alternance of illumination wavelengths in
3D-RICN.

To conclude, we have reconstructed the 3D shape of a
lamellipod, with 10 nm axial resolution and 100 nm lateral
resolution, of a label-free cell adhering to a functionalized
substrate. We thus provide, for the first time to our
knowledge, a validated reconstruction of the abso-
lute height of the basal and apical membrane of a
cell based on interference contrast microscopy prin-
ciple. We have demonstrated the reconstruction of a live
cell with time resolution of ca. one minute per frame. For
both fixed and live cells, the lamellipod is relatively flat and
with a thickness of about 100 nm, as could have been ex-
pected from previous studies with AFM or with state-of-art
super-resolution microscopy of the actin cytoskeleteton using
double objective astigmatism. The substrate proximal sur-
face, inaccessible to AFM, of a cell adhering non-specifically
to glass was also imaged. The cell-surface distance was dis-

tributed around 80 nm and reduced to about 40 nm when
specific adhesion was present, which is compatible with flu-
orescence data for COS cells.® Such ultra-fine topographical
maps of the under-surface of cells are of interest not only
for fundamental cell biophysics but also for applications like
building cell-on-chip connections, for example in the con-
text of neurotechnology. ** The method presented here opens
the way to high throughput characterization of cell shape at
nanometer resolution without labelling.
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Material & Methods

Sample preparation: Fibroblast-like cells of the COS-7 cell line were cultivated in DMEMc¢ medium with 5% COs. 24h
before observation, cells were detached with 5% EDTA, and were deposited in a petri dish with glass bottom (Fluorodish
FD-35, e=170pum, WPI) at 37° C. Alternatively, the glass bottom was first coated by incubating during 10 min a 10:1 mixture
of fibronectine (50ug/ml, Sigma) and fluorescently labeled fibrinogen (5ug/ml, Thermofisher).

Before some observations, cells were fixed with 2% paraformaldehyde during 15 min and rinsed with PBS. The microscope
chamber was filled up with about 1 ml of PBS, resulting in a liquid height of about 2 mm above the cells.

Patterning of the substrate with fibronectin was performed by using Micro-Contact Printing Method (Thery M and
Piel M, Cold Spring Harb Protoc. 2009 Jul;2009(7):pdb.prot5255). PDMS stamp exposing disks of 65 pym diameter were
inked with a mixture of fibronectin and fluorescent fibrinogen for 45 minutes at room temperature in the dark. Then,
the ink was removed and the PDMS stamp gently dried with N2. The stamp was transferred to the petri dish glass
surface for 10 minutes at 37°C 5% CO2 and then removed. The glass surface was extensively washed with PBS 1X and
backfilled with pluronics F127 2% (Sigma) for 1 hour at room temperature in the dark, in order to avoid non-specific adhesion.

Optical setup: The light source is a Lumen 200 (Prior) connected to the microscope via a liquid optical fiber. The
inverted microscope AxioObserver (Zeiss) is equiped with: three passband filters (436/20, 546/10, 625/26 nm), protected
with heat filters and disposed on a slider; a motorized aperture diaphragm; a fluorescence cube containing a polarizer, a 50/50
semi reflector mirror and a crossed analyzer; an objective Antiflex 63x NA=1.25 devoided of phase ring (Carl Zeiss). Camera
is a 1004x1002 pixels, 16 bits Andor iXon+. Optionally, an additional 1.6x magnification integrated to the microscope was
used (Optovar). Andor Camera and microscope are controlled by MicroManager, allowing semi-automated image acquisition.
For measurements with the phase camera Sid4Bio (Phasics, Palaiseau, France), a dual port (Carl Zeiss) is used to connect
both cameras simultaneously to the sideport of the microscope. The phase camera was controlled by a dedicated computer
using the Sid4Bio software (Phasics).

Optical imaging: For 3D-RICN imaging, image acquisition was performed by exposing the sample successively to green,
blue and red light using the passband filters. The focus was carefully adjusted between each wavelength in order to compensate
for chromatic aberrations of the objective. For each wavelength A, five different openings of the aperture diaphragm were
automatically and successively selected, corresponding to Illumination Numerical Apertures INA=0.5, 0.56, 0.68, 0.86, 1.05.
The exposure time, typically comprised between 0.1 and 1s, was adapted in order to obtain in average about 3000 counts
per pixel on the camera for each illumination (A, INA). 5 images were taken and averaged at each illumination. Finally, raw
RICM images of the cells were compiled in a test stack of 15 images corresponding to 15 (A, INA) combinations or channels.
A reference stack was taken in identical conditions in a neighbouring region of the sample devoided of cells. Finally, the value
of the camera offset was subtracted for test and reference stack, and a stack of images with background normalized to 1 was
obtained using image by image division of the test stack by the reference stack. An example of normalized multichannel stack
is shown on the montage of fig. 1A. For live cell imaging, only one frame was taken in each illumination. A calibration of the
INAs was performed with a simpler system consisting in a glass shard forming an edge with the glass substrate in PBS (see
Fig. S1).

For quantitative phase imaging, the halogen lamp was set to 7 V and the condenser for transmission bright field microscopy
was adjusted for Kohler illumination. The recorded interferograms were transformed automatically in OPD images by the
Sid4Bio software. A reference image was first taken in a cell free zone of the sample. Then a series of 5 images with exposure
ca. 1 s each was taken and averaged to produce one phase image representing the map of optical thickness.?® In case of
patterns, an empty (cell-free) motif was taken as reference.

Atomic force microscopy (AFM) imaging and force mapping: AFM was performed using a JPK Nanowizard 1
(z range 15um), mounted on an Zeiss Axiovert 200M. Gold coated MLCT levers (Veeco, nominal spring constant 10pN/nm)
were used. Contact mode was used for imaging. Set point and gains were manually adjusted to keep the applied force the
lower possible ie around 100 pN, while scanning at 0.3-0.5Hz areas as large as 100pm x 100pum, and down to 15pum x 15um.
Areas of interest were chosen using transmision and/or fluorescence microscopy, in order to localize and find the exact same
cells as the ones examined using other optical techniques performed on a different microscope. At the end of imaging, the
cantilever was calibrated using built-in procedures based on the analysis of its thermal motion. Sensitivity was determined
using contact with cell-free glass surface. This allowed us to determined that our imaging forces were as low as 100pN in
regular conditions.

For force mapping, 16 pts x 16 pts grids were set onto the AFM imaged zone. Typical contact force was 100 to 150
pN, indentation and retraction speeds were 1 - 2um/s for a motion range of up to 3um. Rather flat parts of the cells
were selected in order to be able to gain complete force curves, regarding our 15um piezo range. One force curve was
collected per force pixel, and was analysed using a homemade python set of functions, allowing to fit the pressing curve,
after tip-sample correction, with a linear model for the contact zone to estimate the indentation. Indentation maps were
then rebuilt and an average indentation estimated, since the force pixels were, in order to keep the experiments doable and
the data tractable, by far larger than the optical ones (Fig. S5) (Franz CM, Puech PH 2008 Cell. Molec. Bioengin. 1(4) :1865.)

Modeling 3D-RICN: Reflection of light from the sample is modeled assuming locally flat films oriented orthogonally to

the optical axis. Taking into account the s and p polarisation of light through the polarizer / quarter waveplate / analyzer,
the reflected intensity is equal to: 2
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In the case of the lamellipod, one considers for the model a thin layer of cytoplasm comprised between two membranes and
hovering above the glass surface of the sample (Fig. 1B). The bottom membrane to glass distance is noted h, the lamellipod
thickness d, with unknown refractive index nin comprised between 1.34 and 1.40 (fig. 1B). The theoretical normalized reflec-
tivity is defined as r = liam/Ibga with the intensity liam calculated for the lamellipod and Ipgq calculated for the background.
For each experimental value of A, INA and for variable n;, (in 0.005 steps), a reflectivity map is generated for h between 0
and 500 nm in 2 nm steps and h between 0 and 1000 nm in 10 nm steps. Example of such a map for A=436 nm, INA=0.95
and ni,=1.40 is shown on fig. 1C.

3D-RICN image reconstruction The inverse problem of finding parameters h, d and n;, from the normalized multi-
channel data stack is performed as follows. For each pixel of the experimental image, a fitting error x? is calculated

Isimu,i(h, d, nin) - [data,i)2
— _ (®)
Is@mu,z (h7 d7 nln)

where the sum is performed on i different illuminations. The best solution (h,d, n;,) is obtained for the minimal value of
x2. A graphical example of data and theoretical reflectivities for one given pixel is shown on Fig. 1D.

The reconstruction algorithm was implemented in Python 3 and conceived to run on a multicore processor by division of
the image in the same number of subimages as the number of cores. The strategy consists in comparing, for each pixel, the
series of measured illuminations with a 3D model matrix calculated for h, d and channel number. The coordinates of the
minimum of the difference matrix, corresponding to the best parameters, are recorded. This procedure is looped for every
value of the refractive index tested. The current implementation running on a 24 core i7 computer with 64 Go RAM, with
operating system Windows 7 pro, would reconstruct an image of 1000*1000 pixels in 1.5h, with 17 possible values for niy, 2
nm step for h, 10 nm step for d.

The detailed procedure for one example pixel is illustrated on Fig. S2. The x? map shows periodic valleys in the (h,d)
plane. To estimate a confidence interval associated with the best solution, the next solutions (corresponding to the values of
X% < XZ.ax) are also considered. x2 ., was chosen from a measure of the noise in data, obtained by reconstructing individually
the 5 frames recorded before averaging. For each pixel, xZ . is taken equal to the highest x? out of the 5 reconstructions.
This sets a range of acceptable solutions (h, d, nin ), with respect to the data noise, on which ensemble statistics are calculated,
like the range, the median and the interquartile range. We note dh, dd, dnin respectively the interquartile range of h,d, nin.
Fig. S3 shows a comparison of reconstruction parameters between best solution and median solution.

X’ (hod,nin) = Ei(

To restrict the representation to the lamellipod in Fig. 2, only the pixels corresponding to a thickness between 1 and 500
nm are shown. Additionally, pixels were not represented when certain conditions, considered as pathological, were fulfilled:
(a) d > 50 and dd < 15 nm, to prevent too low dd above a minimal d; (b) n;, < 1.3475 and dn;, > 0.0075 to prevent too high
0nin under a minimal n;, (¢) h > 50 nm and d < 15nm to prevent low d at high h.

Surface plots of basal and apical membranes (Fig. 2K,L,M) were produced using the 3D surface plot plugin for Imagel
implemented in Fiji.*®> A preliminary median filter with a radius of 4 pixels was applied on images 2A, D.

S3



Supplementary Movies
Supplementary Movie 1: Azimutal rotation of the 3D surface plot of the basal membrane seen from under, corresponding

to Fig. 2K. Axis scale in nm.

Supplementary Movie 2: Azimutal rotation of the 3D surface plot of the basal membrane seen from above, corresponding
to Fig. 2L. Axis scale in nm.

Supplementary Movie 3: Azimutal rotation of the 3D surface plot of the apical membrane seen from above, correspond-
ing to Fig. 2M. Axis scale in nm.
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Supplementary Figures
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Figure S1. RICM images at various INA and wavelengths of a glass shard deposited in water on a glass substrate, forming an edge
with an angle of 22 mrad. The bottom row shows fits of the intensity profiles on a line perpendicular to the fringes for the three colors

simultaneously (shown on the top left image), allowing for a determination of each INA with a precision of +0.02. Blue and green profiles
are shifted vertically for convenience.

S5



1
1 0
1 B Sssssnns
1 12.51
1
1 10.01
1
7 200 o s
' =
1 5.01
1
1 2.51
1 400
1 E 0.0
: c 0 100 200 300 400 500
1T h (nm)
1600 3.0
1 4
. 2.5
! 2.0
1
: 800 Fl t1sd
1 1.0
1
1 0.5
' 1000 Lo
! 100 200 300 400 500 001, : : ; . .
1 h (nm) 0 200 400 600 800 1000
1.6 —— data : 0 d (nm)
> —— fit 1 F 150/
‘@ 1.44 1 .
S 1
g . 1.251
£1.21 '
o 1.001
N Ve
= 107 I £ 00 < 0.751
£ 1o
= 125 ]
S 0.8 . 0.50
1150 ¥ 0.25 1
0'6< T T T T T T T T ! 175
13 5 7 9 1113 15 000 3 13 13 137 138 139 140
lllumination set v 200 ' ' ’ n ' ' )
1 0 50 100 150 200 in
¥ h (nm)

C 60{ - vedin \ —\

B Sy AT v
s \ , /\ /\ _ E:\/ LR VAST I : /\/\/
. \/ \/\/ \ ’ \/ 130 W

101 ‘ ‘ ‘ ‘ . / : : ‘
0 0 5 10 15 0 5 10 15
Solutlon number Solution number Solution number

Figure S2. (a) Top: RICM image of the cell showing the position of the pixel of interest. Bottom: Normalized intensities for the
pixel and associated best fit. (b) Top left: x? landscape of the pixel at a fixed n;,. Right: x? profiles following the dashed lines on
the x2 landscape, and as a function of n;, for h and d fixed. Bottom left: zoom on the landscape around the best solution. The blue
pixels at low x? correspond to solutions (h,d,ni,) with x2 < x2,. used for the analysis shown in (c). (c) Values of d, h and n;, for the
solutions with x2 < Xfmx. The red squares show the best value (smallest x2), the blue dashed lines is the median, and the green lines
are the first and third quartiles defining the interquartile range (IQR).
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Figure S3. Comparison of different methods for determining h, d and n;,. This demonstrates a fairly close agreement between the 2
solutions, except the median thickness which is significantly lower than the best thickness for d < 50 nm (Fig. S3B).
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Figure S4. Density maps illustrating the degree of correlation between the parameters h, d, ni, and their confidence interval. Data
correspond to the reconstructions shown in Fig. 2. A. Density map of height h and height confidence §h showing the absence of correlation
between these quantities. B. Relation between thickness d and confidence interval dh. C. The density map shows a certain degree of
correlation between height h and thickness d. D-F. The dependence of h, d and dn;, as a function of n;,. A certain degree of correlation
between d and ng, is visible.
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Figure S5. Indentation mapping in AFM. A. Part of a lamellipodium imaged at a force of 100 pN in contact mode. B. Typical
force curve obtained in this region, with the determination of the indentation at a force comparable as the force used for imaging. C.
Reconstruction of the indentation map of a region of A, considering a particularly recognizable zone (*).
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Figure S6. Complement to Main Fig.3. Raw AFM image of Fig. 3A. Scale bar: 10 pm.
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Figure S7. Complement to 3D-RICN QPI comparison (Main Fig.3). A. OPD obtained with 3D-RICN using d and n;,. B. Density
map for image A and phase image Fig.3E. Scale bar: 10 pum.
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Figure S8. Top: Recounstructions of the lamellipod using the best solution of the model for different sets of INAs. Bottom: Analysis
of the mean variation of d, h, d + h, ni, and the roughness of the patch, as defined by the white square on the top left image. The
variations are relative to the reconstruction obtained with the full set of INAs. The roughness is here defined as the Root Mean Square
(rms) height of h (bottom membrane).
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Figure §9. 3D-RICN Reconstruction of h, d (all in nm) for a sequence of ca. 10 min long. Scale bar: 10um. Black indicates values
under 1nm, white values above 150 nm for h, or above 500 nm for d. Black arrow on first image of h shows a stress fiber. The lamellipod

region is essentially in red for A and in green for d.
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