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Biomedical imaging lacks label free microscopy tech-
niques able to reconstruct in 3D and with high reso-
lution the contour of biological cells in solution, as re-
quired for the fast diagnosis of numerous diseases. In-
spired by computational OCT techniques, we present a
tomographic diffractive microscope in reflection geom-
etry used as a synthetic confocal microscope, compati-
ble with this goal and validated with the 3D reconstruc-
tion of a human effector T lymphocyte. © 2020 Optical
Society of America

http://dx.doi.org/10.1364/a0. XX XXXXXX

1. INTRODUCTION

Optical diffraction microscopy is an important tool in biological
and biomedical imaging as it can be used on live cells and does
not require staining. Yet, its poor axial resolution compared
to the transverse one limits its interest for three-dimensional
imaging. Now, an increasing number of applications would
benefit from highly resolved 3D images of cells. In particular,
the ability to observe the contour deformation of two interacting
cells is of major interest as conformational changes can be the
precursor of important biological phenomena [1].

Presently, the best resolved marker-free 3D images of cells
have been obtained using computational Tomographic Diffrac-
tion Microscopy (TDM). It consists in reconstructing digitally
the sample contrast from a stack of holograms obtained by in-
terferometry under different illuminations (usually provided
by a monochromatic collimated beam with varying angles) [2].
With such a data set, it is possible to form a 3D image with a
resolution typically twice better than the standard microscopy
techniques.

However, most of the studies in TDM have been performed
with set-ups in transmission [2-8], which eases the volume re-
construction of the sample, but ends up with an axial resolution
remaining at least three times worse than the transverse one. As
a result, 3D conformation changes at cell membranes or inter-
faces in the wavelength range cannot be resolved.

To image the cell contour in 3D, the reflection geometry,
which is highly sensitive to reflections from interfaces but not to
slowly varying volume inhomogeneities, may be more appropri-
ate [9]. In biomedical imaging, this geometry is mainly encoun-
tered in Optical Coherence Tomography (OCT) [10], where the
axial resolution, of at best one micron, remains insufficient to
detect sub-micrometer axial deformation such as those encoun-
tered in lymphocyte activation [1]. In this context, reflection
TDM, with its theoretical twice better resolution [11], seems an
interesting solution.

So far, this computational approach has been applied to image
thin structures deposited or etched on a reflective substrate [12—
16], and to obtain 2D reflectance images of cells [? ]. Combined
with broad band illumination, it was also used to image reflec-
tive targets under a thick diffusive layer [17, 18] and biological
tissues at different depths [19, 20], the digital reconstruction
allowing an efficient removal of the multiple scattering and aber-
rations deteriorating the images of standard OCT.

In this paper, we apply reflection TDM to the 3D imaging of
cells. We show how a TDM set-up can be used as a synthetic
confocal microscope (SyCM) and we take advantage of this
computational approach to correct the focus aberrations induced
by the use of a high numerical aperture oil-immersion objective
(NA=1.49). We compare reflection and transmission TDM on
simulated data and provide experimental images of calibrated
and biological samples.

2. LINKS BETWEEN TOMOGRAPHIC DIFFRACTIVE MI-
CROSCOPY AND CONFOCAL MICROSCOPY

TDM permits to retrieve the 3D map of refractive index of a sam-
ple from the measurement of its scattered field under various
illumination angles, using a numerical reconstruction procedure.
A sensitivity to refractive index contrasts below 0.01 is typically
attained [5-8]. Usually the field is measured in a plane conju-
gated to the sample, and then transferred to the far-field (Fourier
space) with a 2D discrete Fourier transform to ease the data
treatment steps.

The simplest link between the sample refractive index map
and the scattered field is obtained under the Born approxima-
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tion, typically valid for samples with weak refractive index con-
trast [2]. In this case, in the scalar approximation, the field
scattered in far-field along wave vector ks for an illumination
plane wave along wave vector k; is given by

Es(ks, k;) o< Ae(ks — k;), )]
where Ae is the 3D Fourier transform of the permitivitty contrast
Ae of the sample (the permittivity being the refractive index
squared). The reconstructed permittivity contrast Aeyec at posi-
tion r is thus directly obtained by a 3D discrete inverse Fourier
transform :

Agrec(r) o EZEs(ks,ki)ei(kS*kQ‘r_ -
ki kg

Such a procedure is also known as synthetic aperture genera-
tion: each illumination angle permits to access different Fourier
components of the object, and combining them enlarges the
accessible domain and improves the resolution.

Synthetic aperture generation is in fact equivalent to phase
confocal imaging in which a beam is focused inside the sample
and the scattered field is detected (with an interferometric set-up,
as in OCT) at the conjugated position, in the image plane, of the
focus position [18].

This equivalence can be understood by recalling that scatter-
ing is a linear process, the field scattered by a sample illuminated
by a beam made of a sum of plane waves is equal to the sum of
the scattered fields for each plane wave. Hence, assuming that
the phase of all the incident plane waves is 0 at the focal point
of the objective, corresponding to the origin of the coordinate
systemr = 0,

(ks 1) = ZEs(ks/ki)eiiki-r €)
k;

represents the far field scattered in the k; direction obtained
when the sample is illuminated by a beam made of a sum of
plane waves interfering constructively at r. Then,

E(r) = Zé(ks,r)eiks'r, @)
ks

represents the field at r in the image domain of the microscope
(with magnification 1) obtained from the far-field é [21]. It corre-
sponds to the complex field that would be measured at the center
of the pinhole of a confocal microscope. Introducing Eq. (3) in
Eq. (4), one observes that the complex field E is proportional to
Agrec under Born approximation,

E(r) = Y0 ) Ee(ls, e 7M0 o Aeree(x). (5)
ki ks

Works in optical imaging based on synthetic aperture usu-
ally calculate the real and imaginary parts of Eq. (5) to obtain
the refractive index and absorption maps of their samples. In
fact calculating its intensity and phase is also meaningful, as
they represent the squared modulus and the argument of the re-
flectance (or transmittance) of a focused beam scanned through
the sample. We call this approach synthetic confocal microscopy
(SyCM), which we consider more general than synthetic aper-
ture generation, since optimized phase or amplitude terms can
be inserted in Egs. (3) and (4) to reshape numerically the illumi-
nation and detection of the microscope, as is done with Spatial
Light Modulators in adaptive optics, and proposed in smart-
OCT [18]. In particular, this computational approach allows

an easy correction of the focus aberrations induced by the in-
dex mismatch at the glass-water interface of our experimental
configuration, where an oil-immersion microscope objective of
NA=1.49 is used for maximizing the axial and transverse resolu-
tion. This procedure will be detailed in part 4.

3. NUMERICAL RESULTS

To show the interest of reflection SyCM, we first apply it to syn-
thetic 3D objects: two portions of spheres of refractive index 1.38
in water. The axial cuts of the samples are depicted in Figs. 1(a)
and (b). In Fig. 1(a) the top sphere touches the bottom one,
whereas in Fig. 1(b) it enters the bottom one. These two configu-
rations illustrate, with simple geometries, a T cell (top sphere)
interacting with an antigen presenting cell (bottom sphere): in
(a) the T cell is not activated, whereas in (b) it is activated [1].

Fig. 1. (a) and (b): Axial cuts of two configurations mimicking
two interacting cells (refractive index in colorbar). (c) and (d):
respective SyCM intensity reconstructions in transmission
geometry; (e) and (f) in reflection geometry. Reconstructions
are normalized to 1 at their maximal value.

A home made program based on the Coupled Dipole Method
(CDM) [22] estimated the scattered fields E; (ks, k;) of these two
configurations by solving rigorously Maxwell equations. 121
linearly polarized plane waves were used for the illumination,
with maximal polar angle of 55°, and a numerical aperture of 1.2
in water was assumed for detection. We chose an imaging con-
figuration in which the incident and scattered transverse wave
vectors laid on a regular two-dimensional grid. Calculations
were performed in transmission and reflection.
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The 3D intensity |E(r)|?, Eq. (5), was estimated plane by
plane using 2D inverse Fourier transforms, as in [23]. In
Figs. 1(c) and (d) the reconstructions obtained in transmission
show no difference between the two cell-cell configurations. In
contrast, the contour of the objects can be retrieved with high
fidelity with data in reflection (Figs. 1(e) and (f)). This highlights
the great potential of reflection SyCM to probe the surfaces and
interfaces of biological cells.

4. EXPERIMENTAL VALIDATION

A. Experimental set-up

incident and 9 BS1

reflected field Ny AZ4som A

------------ scattered field " HW1 !
------ reference field

Camera

Fig. 2. Reflection TDM set-up: M, rotating mirror; BE, beam
expander; D, diaphragm; OL, objective lens; L1, tube-lens;
Ly_s, lenses; BSq_3, beamsplitters; HW;_,, half-waveplates; P,
pinhole

We built a TDM set-up in reflection geometry sketched on
Fig. 2. Detailed description can be found elsewhere [15]. The
light source is a supercontinuum laser (NKT Photonics SuperK
Extreme EXW-12) filtered at 475 nm with a spectral width of 6 nm
thanks to a variable bandpass filter (NKT Photonics SuperK
Varia). The laser beam is linearly polarized, its illumination
angle controlled by a fast steering mirror (M, Newport FSM-300).
The scattered field is collected by an oil-immersion objective
(Nikon-TIRF 100X, NA = 1.49) and imaged on a sSCMOS camera
(Andor Zyla) with a global magnification of about 200.

For samples like biological cells in water, the back-scattered
signal is very weak. Depending on the illumination angle, par-
asitic reflections from the tube lens and the objective can be of
the same order as the useful signal. The use of a low coherence
source for the off-axis holography permits to wash away these
parasitic reflections: here, the coherence length is about 40 ym,
much shorter than the distance between the sample and the
parasitic reflective surfaces.

B. Phase normalization procedure of the data set

All the reconstruction procedures in TDM consider that the dif-
ferent incident plane waves used to illuminate the sample have
the same null phase at the chosen origin of the coordinate system.
This origin is usually taken at the focal point of the objective. But
the mechanical and thermal drifts between successive illumina-
tions introduce random phase shifts to each incident plane wave.
A phase normalization procedure is therefore crucial to correct
the data so that the phases of each illumination plane wave can
be considered null at the origin. Then, forming a synthetic beam
that focuses at any position is simple algebra.

This normalization is based on the complex amplitude of the
far field in the specular reflected direction for each hologram. It

corresponds to the reflection of the incident beam at the glass-
water interface and appears as a Dirac-like peak in the Fourier
plane of the microscope. We assume that this reflection is not
affected by the sample. The whole signal is corrected so that the
experimental specular reflection corresponds to its theoretical
value. Contrarily to the transmission coefficient which is gener-
ally always close to one, the theoretical reflection coefficient can
be easily calculated only if the glass-water interface is placed at
the object focal plane (conjugated to the camera plane): it will
then be equal to the Fresnel formula. However it is seldom the
case, especially if the sample is thick. In this case, the optical
path of the specular reflection towards the camera, and therefore
the phase of the theoretical reflection coefficient, will strongly
depend on the unknown distance d between these two planes
and on the illumination angle. To avoid this issue, we numeri-
cally propagate the fields to reach the glass-water interface. d is
estimated from a three dimensional image that is insensitive to
illumination phase errors and corresponds to a 3D incoherent
brightfield image:

2

Y Eq(ks, K)e'eT 6)
ks

I(r) = Z

k;

Even though less resolved than the synthetic confocal reconstruc-
tion, the 3D brightfield image I permits to detect the interface
with enough accuracy for the phase normalization to be satisfac-
tory.

C. Experimental reconstructions

SyCM was tested experimentally on a calibrated sample made
of a glass bead of diameter 5 ym and refractive index 1.46 (Bangs
laboratories), deposited on a glass lamella and immersed in wa-
ter. Figure 3 shows reconstructions obtained from simulated
(a) and experimental (c) data. We observe that they are very
similar, the slight differences can be attributed to discrepancies
between the optical transfer function of the objective and the
ideal one assumed for the simulations. Figure 3(b) shows the
distorted reconstruction obtained when the phase normalization
is done without propagating the fields to the glass-water inter-
face. It points out the importance of this procedure, even for
small values of d (which, in this case, was estimated to 1.1 ym).

0.5

0

Fig. 3. Axial cuts of SyCM intensity reconstructions for a glass
bead immersed in water: synthetic data (a), experimental data
without (b) and with (c) the correct phase normalization. Col-
orscale has been readjusted on (c) for visualization purpose.

Note that the reconstructions are performed in darkfield
mode, by filtering out the specular reflection in the Fourier space
for each hologram. As a result, the glass-water interface cannot
be seen. This is an important advantage over classical confocal
microscopy, as this interface produces a strong signal that masks
that scattered by the sample and corrupts the 3D reconstruction.
Another advantage is that the 2D angular scans in SyCM (121 il-
lumination angles here) can be performed in a quicker way than
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the 3D position scans of standard confocal microscopy (typically
more than 10° positions required).

Next, we tested the ability of SyCM to image a biological
cell. We considered human effector T lymphocytes, deposited
on a glass lamella coated with adhesion molecules ICAM-1, then
fixed by a treatment with paraformaldehyde at 4%. Effector T
cells migrate on ICAM-1 substrates with a strongly polarized
shape. Their central and front parts are strongly adherent and
spread, while their rear part forms a partially detached tail,
called uropod [24].

0.15
(b)
0.6 |‘
0.1 |
04 L soomm |
_l.400nm |
0o 005 H | ‘\
L MU
IRNAN \"u', I“\.“l‘ \H\‘ | I \‘I‘"w Il
0 ol LR WA AR YR AWAY
10 -5 0 5 10

z(pm)

X(pm)

x(um)

Fig. 4. Reflection SyCM intensity reconstruction of a human
effector T lymphocyte: (a) axial cut along dashed green seg-
ments of (c); (b) intensity profile along vertical dotted green
line of (a); (c) and (d) transverse cuts along green dashed seg-
ments of (a) atz = —5 um (glass interface position), and at

z = 2.3 um, respectively. Colorscale has been readjusted on (a)
and (d) for visualization purpose.

Figure 4 shows the 3D reconstruction obtained on one of such
T cells: the central body on the right and the uropod on the
left can be clearly identified. The central body appears filled
with numerous inhomogeneities in comparison with the uropod.
This can be explained by the fact that the central body contains
the nucleus where highly compacted DNA is bound to produce
refractive index changes stronger than anywhere else in the
cell. The bottom and top membranes of the cell are also clearly
retrieved on the axial cut Fig. 4(a), showing the high sectioning
capability of reflection SyCM. An axial resolution about 400 nm
can be evaluated from the full width at half maximum of the
signal profile Fig. 4(b) when crossing these membranes, close to
the effective wavelength of illumination of 357 nm in water.

5. CONCLUSION

In conclusion, we have shown that tomographic diffractive
microscopy in reflection can be used to provide 3D images
of cells that are complementary to that obtained in the more
classical transmission configuration. Our TDM set-up was
used as a synthetic confocal microscope in which the incident
plane waves are combined numerically to form a synthetic

focused beam scanning the sample. This computational
approach permitted to correct easily the focus aberrations
induced by the index mismatch between the oil objective
(NA=1.49) and the mounting medium (water). It was able to
image the top and bottom membrane of cells with an axial
resolution about 400 nm. This result is promising for biomedical
applications where contours of biological cells have to be
monitored, like for T cells activation detection. As a next
step, the quantitative iterative reconstruction scheme used
in [15] will be adapted to cells to retrieve their permittivity maps.
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