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With	the	help	of	wavefront	shaping	techniques,	we	propose	to	develop	an	innovative	and	
elegant	 microscopy	 architecture	 that	 uses	 a	 single	 objective	 for	 both	 selective	 plane	
illumination	 and	 signal	 collection	 in	 the	 context	 of	 single-molecule	 fluorescence	
microscopy.	
	
One	 of	 the	 biggest	 drawbacks	 in	 epifluorescence	 microscopy,	 where	 the	 whole	 sample	 is	
illuminated,	arises	from	the	out-of-focus	background	noise.	A	solution	to	this	problem	consists	

in	 using	 a	 second	 objective	 to	 selectively	 illuminating	 only	 a	
thin	 slice	 of	 the	 sample	 perpendicularly	 to	 the	 direction	 of	
observation.	 Selective	 plane	 illumination	microscopy	 (SPIM),	
also	 known	 as	 light-sheet	 illumination	microscopy,	 has	 been	
widely	used	in	developmental	biology	but	its	implementation	
in	single-molecule	microscopy	remains	challenging	due	to	the	
short	 working	 distance	 and	 high	 numerical	 aperture	
objectives	necessary	 for	detecting	single	molecules.	Although	
single-objective	 SPIM	 architectures	 have	 been	 proposed	 (e.g.	
Galland	 et	 al,	 Nat.	 Meth.	 2015),	 these	 rely	 on	 complex	
illumination	schemes	and	the	use	of	micromirrors	that	need	to	
be	properly	placed	on	the	sample.	
	

	
A	 simple	 and	 cheap	 alternative	 for	
selective	 plane	 illumination	 compatible	
with	 SM	 microscopy	 consists	 in	 highly	
inclined	 and	 laminated	 optical	 sheet	
(HILO)	microscopy,	 leading	 to	 an	 increase	
up	 to	 a	 factor	of	8	 in	 signal-to-noise	 ratio.	
The	 major	 limitation	 of	 this	 approach	 is	
that	 the	 illumination	 and	detection	 planes	
are	not	the	same.	
	
In	 this	 internship,	we	propose	 to	 implement	an	elegant	 solution	 to	match	 the	detection	
plane	 to	 that	 of	 the	 illumination	 by	 HILO	 microscopy	 by	 placing	 a	 wavefront	 shaping	
element	 in	 the	 emission	 path	 of	 the	 microscope.	 The	 candidate	 will	 be	 in	 charge	 of	
building	 the	 set-up	 around	 a	 commercial	 microscope	 and	 perform	 the	 first	 proof-of-
principle	experiments	with	a	deformable	mirror	or	a	spatial	 light	modulator,	as	well	as	
performing	simulations	prior	to	the	fabrication	of	a	phase	mask.	
	
The	 internship	will	 take	place	at	 the	Institut	Langevin,	ESPCI,	under	the	supervision	of	 Ignacio	
Izeddin,	in	close	collaboration	with	Antoine	Coulon,	UMR3664	and	UMR168,	Institut	Curie.	The	
aim	 is	 to	use	 this	new	approach	to	 the	study	of	genome	organization	and	 its	 influence	 in	gene	
expression	at	the	molecular	level.	
	
	
For	more	information	about	this	project,	contact	 Ignacio	Izeddin	at	 ignacio.izeddin@espci.fr	or	
Antoine	Coulon	at	antoine.coulon@curie.fr.	
	

Highly inclined thin
illumination enables clear
single-molecule imaging
in cells

Makio Tokunaga1–3, Naoko Imamoto4,5 &
Kumiko Sakata-Sogawa2

We describe a simple illumination method of fluorescence
microscopy for molecular imaging. Illumination by a highly
inclined and thin beam increases image intensity and decreases
background intensity, yielding a signal/background ratio about
eightfold greater than that of epi-illumination. A high ratio
yielded clear single-molecule images and three-dimensional
images using cultured mammalian cells, enabling one to
visualize and quantify molecular dynamics, interactions and
kinetics in cells for molecular systems biology.

Much progress in single-molecule techniques has provided a new
and direct approach to study molecular mechanisms1–9 in recent
years. Real-time imaging of single fluorescent molecules in aqueous
solution was achieved by refining epifluorescence microscopy4,5

and total internal reflection fluorescence microscopy (TIRF)4,6.
As TIRF illuminates only surface areas10, it has been used to
visualize single molecules in vitro11. Furthermore, single-molecule
imaging with objective-type TIRF6 allowed researchers to observe
individual molecules on the cell surface12,13. However, the applica-
tion of TIRF is limited to surfaces. To overcome this limitation, here

we describe an approach, called highly inclined and laminated
optical sheet (HILO) microscopy for single-molecule imaging
inside cells.

The main technical challenge of single-molecule fluorescence
imaging is increasing the signal/background ratio. We achieved
notable success in this by inclining the illumination beam and by
minimizing the illumination area. The incident laser beam is highly
inclined by a large refraction and is laminated as a thin optical sheet
at the specimen side (Fig. 1a,b). In HILO microscopy, this thin
optical sheet is used for illumination. Its thickness dz along the
z-direction is roughly dz ¼ R/tany, which is the thickness of
the geometrical optics not including the divergence, where R is
the diameter of the illuminated area at the specimen plane, and y
is the incidence angle at the specimen (Fig. 1b). When R/tany is less
than a few tens of micrometers, divergence increases the thickness
dz by more than the value obtained by the calculation above. To
reduce the divergence of illumination at the specimen, we incor-
porated a field stop for the illumination beam into the incident
light path to be conjugate with the specimen plane. The image of
the field stop is formed at the specimen plane so that the divergence
of the illumination at the edge of the field-stop image is minimized
(Fig. 1b and Supplementary Fig. 1a,b online).

One of the features of HILO microscopy is that the illumination
beam always passes through the center of the specimen plane
(Supplementary Fig. 1c–f), which means the illumination beam
follows the z-directional shift of the specimen plane. This feature is
powerful for three-dimensional imaging.
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Figure 1 | HILO microscopy for molecular imaging in cells and three-
dimensional imaging of the NPCs. (a) Optics. The incident beam is positioned
to propagate near the objective edge. It is highly inclined by a large
refraction at the glass-specimen surface, and then it is laminated as a thin
optical sheet on the specimen side. TIR, totally internally reflection
fluorescence microscopy for surface imaging; Epi, epifluorescence.
(b) Specimens are illuminated with a thin sheet of laser beam. (c) Stereo
pair of a three-dimensional image reconstructed from serial images (see
Supplementary Video 1). The photobleaching was linearly corrected using
to-and-fro scanned images (reduction of image intensity by photobleaching
during z-scan from z ¼ 0 to 16.2 mm with an interval of 0.44 mm was 11%).
The distribution of NPCs on the nuclear envelope is not uniform but often in
line, which may indicate a correlation with inner nuclear structures. Scale
bars, 5.0 mm.
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Glossary in Box 1) or the higher the laser power needs to be, which
can lead to noise and fluorophore saturation (see Glossary in Box 1),
respectively. The excitation light is not axially confined, i.e. the whole
depth of the sample is exposed to the fluorescence excitation light, and
hence the sample is potentially bleached or damaged even when only
a single image is acquired. These negative effects scale with the
number of planes that are acquired: In a stack of 100 planes, the last
plane imaged has already been exposed 99 times. In addition, the
efficiency of the photomultipliers (see Glossary in Box 1) of a
confocal microscope is approximately two to three times worse than
the efficiency of modern cameras. Nevertheless, the confocal
microscope is a routine instrument found in many laboratories. Its
optical sectioning properties make it ideally suited for the 3D imaging
of tissue sections of thickness in the order of 100 µm and for time-
lapse experiments of tissue dynamics near the surface of relatively
transparent embryos, such as those of the zebrafish (e.g. Haas and
Gilmour, 2006; Rembold et al., 2006).
In the third approach to optical sectioning, fluorescence is excited

only where it is needed, which leaves the remainder of the sample
unexposed and therefore free of photo-bleaching and -damage. This
approach is taken in multi-photon microscopy and in fluorescence
light-sheet microscopy in two very different ways. In multi-photon
microscopy, a tightly focused high-intensity infrared laser pulse
penetrates the sample and excites fluorescence only in a small
volume in the focus of the beam. This nonlinear multi-photon
excitation prevents excitation outside of the focal plane. The use of
longer wavelengths employed for multi-photon microscopy
increases the penetration depth (up to 700 µm) (Helmchen and
Denk, 2005) but reduces the resolution compared with single-photon
confocal microscopy. In addition, high power laser pulses are
required, and over time the whole sample can suffer from the
detrimental effects of light, such as heating, photo-bleaching and
photo-damage. Absorption of infrared light can severely damage
specimens, one of the reasons why zebrafish embryos are routinely
treated to be pigment-free when imaged with multi-photon
microscopy (e.g. Kamei and Weinstein, 2005). In light-sheet
microscopy, however, a different approach is taken to selectively
illuminate the area of interest while at the same time preventing the
sample from damage, as discussed in the following section.

Light-sheet fluorescence microscopy: concept and
components
The idea behind SPIM and other light-sheet-based microscopy
techniques is to illuminate the sample from the side in a well-defined
volume around the focal plane of the detection optics (see Box 2).
Even though there are many different implementations of this idea
(see below and Table 1), the common general principles remain the
same and are illustrated in Fig. 1. The following sections describe
the illumination, detection and photo-manipulation units in SPIM
and illustrate the major benefits of this approach, such as optical
sectioning, reduced photo-bleaching and high-speed acquisition (see
Box 3 for a historical perspective of the concept).

Illumination
The ideal scenario, a perfectly thin optical section, would be
obtained if a sheet of light illuminated only the focal plane of the
detection objective. Preferably, this sheet should be as thin as
possible and uniform across the field of view (see Glossary in Box
1). However, diffraction sets a limit on how thin the illuminated
volume can be. In SPIM, a currently widely adopted light-sheet
microscope system, cylindrical optics are used to create a sheet of
light of varying thickness. The light converges towards the sample

and diverges away from it. The waist of the light-sheet is positioned
in the center of the field of view. The dimensions of the light-sheet
can be adapted to different sample sizes: for smaller samples (20-
100 µm), the light-sheet can be made very thin (~1 µm); whereas for
larger samples (1-5 mm), the sheet has to be thicker (~5-10 µm) to
remain relatively uniform across the field of view (Engelbrecht and
Stelzer, 2006).
Alternatively, the sheet of light can be generated by focusing a laser

beam to a single line and by rapidly scanning it up and down during
the exposure time. This concept was recently introduced as digital
scanned laser light-sheet fluorescence microscopy (DSLM) (Keller et
al., 2008). The benefit of this technique is the uniformity of the light-
sheet intensity profile and the ability to control its height through
computer-controlled scan mirrors (see Glossary in Box 1). In other
light-sheet-based techniques, the laser light is expanded and cropped
with apertures to cover the field of view of the detection lens, resulting
in a less uniform intensity profile. Owing to the sequential line
illumination in DSLM, the beam illuminates only a fraction of the
final image at any one time. Therefore, the sample is typically exposed
to a local light intensity that is ~300 times higher than in SPIM in order

Box 2. SPIM basics
The basic principle of SPIM is to illuminate the sample from the side
in a well-defined volume around the focal plane of the detection
optics (Fig. 1). The illumination and the detection path are distinct
and perpendicular to each other. The illuminated plane is aligned to
coincide with the focal plane of the detection objective. Hence, the
illumination light can be shaped and positioned independently of the
detection optics and thus does not share the same constraints, such
as numerical aperture and working distance. The sample is placed at
the intersection of the illumination and the detection axes. The
illumination sheet excites fluorescence in the sample, which is
collected by the detection optics and imaged onto a camera. For a
single 2D image, no scanning is necessary. To image the 3D extent
of the sample, the sample is moved along the detection axis in a
stepwise fashion, and a stack of images is acquired.
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Fig. 1. The concept behind fluorescence light-sheet microscopy. In
light-sheet microscopy, fluorescence excitation (blue arrow) and
detection (green arrow) are split into two distinct optical paths. The
illumination axis is orthogonal to the detection axis. A microscope
objective lens and common widefield optics are used to image the
sample onto a camera (not shown). The illumination optics are
designed to illuminate a very thin volume around the focal plane of the
detection objective. Many different implementations of this principle
exist, however, the most common one is the generation of a sheet of
laser light that illuminates the sample in the focal plane from one side.

Principle	of	SPIM	microscopy,	adapted	
from	Huisken	and	Stainier,	Development	
(2009)	

Principle	of	HILO	microscopy,	adapted	from	Tokunaga	et	al,	Nat.	
Meth.	(2008)	


