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Full-Field Near-Field Optical Microscope for Cell Imaging
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We report a new full-field fluorescence microscopy method for imaging live cell membranes based on
supercritical near-field emission. This technique consists of extracting the self-interference between
undercritical and supercritical light by simple image subtraction. In the objective back focal plane, this
is equivalent to adding a virtual mask blocking the subcritical emission. We show that this virtual mask is
radically different from a real physical mask, enabling a 100 nm axial confinement and enhancing the image
sensitivity without damaging the lateral resolution. This technique is easy to implement and simultaneously
provides images of the inner parts of the cell and its membrane with standard-illumination light.
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Until recently, it was widely accepted that far-field
optical microscopes were limited by diffraction and con-
sequently could not resolve details much finer than about
half the wavelength of light. In the last 20 years, a variety
of optical methods have been developed to overcome the
diffraction limit and achieve nanoscale spatial resolution
[1]. In this quest, axial resolution needs to be addressed
specifically because of the symmetry of the implementa-
tion setups. In addition, improving axial resolution is cru-
cially important for numerous biological applications. For
instance, numerous cell mechanisms involve processes
occurring at the membrane with only minute concentra-
tions of biomolecules [2]. To track these molecules, it is
necessary to remove the background fluorescence from the
inner parts of the cell that blur the image and drastically
reduce its sensitivity.

The various optical techniques that have been developed
to improve the axial confinement can be sorted into either
excitation confinement techniques or emission-based tech-
niques. In cell membrane imaging, the favored technique
today is total internal reflection fluorescence (TIRF) micros-
copy based on excitation confinement and obtained through
supercritical illumination [3]. The evanescent incident field
has a typical sample penetration depth of about 100 nm.
However, this technique suffers from both technical and
fundamental limitations (loss of confinement due to light
scattering, inhomogeneous illumination due to laser coher-
ence, etc.) [4], which have recently triggered developments
in its counterpart emission-based geometry called supercriti-
cal angle fluorescence (SAF) microscopy [5,6].

SAF microscopy is based on the detection confinement
associated with the collection of the fluorophore electro-
magnetic near-field components. When the fluorophores
are in the direct vicinity of the glass interface, these
components become propagative and decrease sharply
with distance from the interface. In its scanning version,
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this technique has proven to be very powerful with the
ability to perform topography with a nanometer-scale reso-
lution [7]. Nevertheless, this geometry is not adapted for
live cell imaging due to the use of a parabolic objective that
needs to scan the sample in order to obtain an image. In its
full-field version, SAF uses a commercial, high numerical
aperture (NA) objective lens. The technique consists of
selecting the SAF light by using a mask to block the
undercritical angle fluorescence (UAF) components in
the back focal plane (BFP) of the objective. Although it
also achieves axial sectioning and offers some advantages
over TIRF (in particular, laser illumination is unnecessary),
this approach has been hampered by a degradation of the
image resolution [6,8]. Indeed, the point-spread function
(PSF) collecting only the SAF components would result in
a significant loss of lateral resolution and a weak contrast
in the image. Usually, the emission-based techniques take
advantage of the transverse image to store information on
the axial position. Hence, techniques such as lens astigma-
tism [9], double-plane detection [10], off-focus imaging
[11], or a double-helix point-spread function [12] are not
compatible with direct full-field imaging.

Here, we present an emission-based technique that im-
proves the axial resolution while maintaining the lateral
one. This full-field method is based on the subtraction
between two images: one image Iyap+sap composed of
all the emission components (UAF + SAF) and another
image Iy containing only UAF components. This full-
field SAF method is therefore designated as virtual SAF
(vSAF) because, as it will be shown, it can be interpreted
as using a kind of virtual mask that blocks the UAF
components in the BFP of the objective.

The first image is directly obtained without any change
using a standard epifluorescence microscope equipped
with a high NA objective to collect the SAF components.
The second image is the result that would be obtained with
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an objective of NA equal to the critical angle. The resulting
image of »SAF is given by IVSAF = IUAF+SAF - IUAF’
whereas the image of the standard SAF with a real mask
is Igap. To understand the difference between the two
images, it is convenient to write the PSF in terms of electric
field and separate it into supercritical and undercritical
components, respectively denoted Egar and Eyap. For
the sake of clarity, we have removed the vectorial nature
of the electric field, the summation over all the emission
directions, and the spatial dependence on the image. With a
real mask, the SAF PSF is thus simply given by Igzr =
| Esar|?. However, the main contribution to the virtual SAF
PSF is the interference term (the first order in Eyag):

Isar = |Eyar + Esapl* — |Eyagl?
= Isar T 2|Re(EyarEsap)| = 2|Re(EyapEdap)l. (1)

It is important to remember here that although the emission
between two fluorophores is incoherent, the emission
of a single fluorophore is spatially coherent and its com-
ponents can consequently interfere with each other. The
first term Iqap corresponds to the standard SAF image. The
second term |Re(EyarEsap)| is the interference term be-
tween the subcritical and supercritical components: this is
the dominant term of /,g5p. The SAF component is always
smaller than the UAF one and decreases sharply with the
distance z from the interface while the UAF component
remains constant (e.g., Eyap = 8Egap at z = A/15 for a
CyS5 fluorophore: A = 670 nm [7]).

We have used the vectorial Debye integral model [13] to
simulate the PSF (calculations are performed for a wave-
length A = 593 nm). Figures 1(a)—1(c) show, respectively,
the PSF profile (x axis) as a function of the fluorophore-
surface distance z (y axis) in UAF + SAF, UAF, and
vSAF. The intensity has been normalized at z = 0. As
expected, the intensity collected in Fig. 1(b) is less impor-
tant than in Fig. 1(a) since the collection efficiency has
been reduced when collecting only the UAF components.
Figure 1(c) is the result of the subtraction of the two
previous images. It shows that the intensity decreases
sharply with distance z, allowing the axial sectioning
needed for cell membrane imaging. The axial profile can
be well fitted with an exponential, as in the case of SAF
and TIRF, and provides similar penetration depth values
[Fig. 1(c)]. Moreover, the changes on the PSF profile with
distance z are minimal. To compare the lateral resolution,
we have plotted the PSF profile of the different components
for a fluorophore at the surface (z = 0) in Fig. 1(d). The
PSF profile for an image collecting only the UAF compo-
nents is slightly larger than the epifluorescence image
(UAF + SAF) since the NA of the objective is reduced.
However, the subtraction between those two profiles gives
a better PSF. Hence, the »SAF technique leads to axial
confinement that also conserves a high lateral resolution in
full field. This result contrasts with the standard SAF
technique [Fig. 1(d)]. In this latter case, the extension of
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FIG. 1 (color online). PSF profile as a function of the
fluorophore-surface distance z for (a) UAF + SAF, (b) UAF,
and (c) »SAF. The intensity of the signal is normalized at z = 0.
(d) shows the theoretical PSF profiles in UAF + SAF, UAF,
vSAF and SAF for 100 nm beads deposited at the surface. The
vSAF technique conserves the lateral resolution.

the PSF is given by the Fourier transform of the SAF circle
in the BFP and strongly depends on the width of this circle
[8]. We have also used the vectorial Debye model to
evaluate the contrast of the technique. The PSF profiles
of two 100 nm beads deposited at the surface and spaced by
a distance d have been simulated [Fig. 2(a)]. The normal-
ized contrast C is then given by
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FIG. 2 (color online). (a) Normalized PSF profiles in UAF +
SAF, SAF, and vSAF for two nanobeads spaced by a distance d.
(b) Normalized contrast in UAF + SAF, SAF, and vSAF. The
larger PSF in the SAF technique leads to a weak contrast. The
vSAF technique allows us to recover a better contrast compa-
rable to that of the standard epifluorescence image (UAF +
SAF).
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C = Imax - Imin (2)
Imax + Imin’

where [, and I, are, respectively, the maximum and
minimum intensities of the signal. Figure 2(b) shows the
normalized contrast in UAF + SAF, SAF, and vSAF. We
observe a better contrast in the ¥SAF technique: at a half
Airy unit, the contrast is 2.7 times higher in »SAF than in
SAF. The larger PSF in the SAF technique leads to a weak
contrast while the better lateral resolution of the vSAF
technique allows us to obtain a contrast comparable to that
of the standard epifluorescence image (UAF + SAF).

The vSAF technique has been implemented with the
setup shown in Fig. 3. It is composed of a commercial
inverted microscope (Nikon Ti) with an apochromatic
objective lens (1.49 NA 60X from Nikon), an EM-CCD
camera (iXon+ from Andor Technology), and a standard
fibered 130 W mercury lamp combined with a cube filter to
select the excitation and emission wavelengths. The vSAF
optical system is mounted between the microscope and the
camera. It comprises three lenses: L2 and L3, respectively
(with focal lengths f, = f3 = 100 mm), form the BFP of
the objective in the #SAF module and the image plane (IP)
on the camera; and a removable Bertrand lens BL (fp; =
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FIG. 3 (color online). Experimental setup. A standard fluores-
cent microscope equipped with a white lamp, a large NA objective
lens (1.49), and an EM-CCD camera are used. The »SAF optical
system is mounted between the microscope and the camera. A
filter wheel has been synchronized with the camera to take one
image with the whole BFP (a) and a second with only the UAF
components (b)—(c) is the result of the subtraction (a)—(b) to obtain
the virtual mask where only the SAF components are conserved.
(d)—(f) show the corresponding images of an N2a cell in the image
plane.

75 mm) to image the BFP on the camera. To realize the
subtraction between two images (one with all the light
components Iyari+sap and the other with only the UAF
components Iyap), a fast filter wheel from Thorlabs has
been put into the conjugate plane of the BFP. It allows a
fast switch (in less than 50 ms) between the UAF+SAF
image [Fig. 3(a)] and the UAF image [Fig. 3(b)]. The
positioning of the wheel is performed with an XY micro-
translation stage. The result of the subtraction between the
two previous images [Fig. 3(c)] is equivalent to a virtual
mask where only the SAF components are conserved. The
corresponding images in the IP (with exposure time
100 ms) are shown in Figs. 3(d)-3(f) for an N2a mouse
neuroblastoma cell tagged with mCherry. Figures 3(d) and
3(e) are almost identical, since little of the signal has been
removed. However, the subtraction of those two images
(pixel-to-pixel subtraction) reveals the cell membrane
[Fig. 3(f)]. The entire image acquisition process is con-
trolled by LABVIEW interface. It is noteworthy that, con-
trary to TIRF, the optical setting is very easy and there is no
need for a laser source. Hence, a simple incoherent white
light will provide a much better homogeneous illumination
field. Besides, the acquisition rate of ¥SAF images is that
of the total acquisition rate since it is possible to obtain an
image from any set of two successive images (with and
without SAF components) regardless of the acquisition
order. At the same rate, it is possible to obtain simulta-
neously the standard epifluorescence image of the cells
since the UAF image is very similar to the UAF + SAF
image. This information related to the inner cell activity is
of particular interest in many applications.

We have used 100 nm fluorescent latex beads
(FluoSpheres® carboxylate-modified microspheres from
Life Technologies) deposited at the surface to measure
the PSFs experimentally. Figures 4(a)-4(c) show, respec-
tively, a bead in UAF + SAF, vSAF, and SAF in the IP
magnified 6.7 X . The PSF profile of each mode has been
plotted. We noticed a »SAF profile that is slightly larger
than expected. This limitation probably originates from
the aberrations of the high NA objective. (Their tuning is
of crucial importance.) However, the »SAF profile is
equivalent to that of UAF + SAF and greatly improves
the lateral resolution as compared to the standard SAF
technique.

We have also compared the ¥SAF technique on biologi-
cal samples. First, the comparison has been done with the
standard SAF technique. In this experiment, the filter
wheel has been programmed to take three different com-
ponents in the BFP: UAF + SAF, UAF, and SAF. The first
two images are used to obtain the images in epifluores-
cence and vSAF. The third one allows us to obtain the
standard SAF image. Human embryonic kidney (HEK
293) cells transfected with type I cannabinoid receptors
tagged with green fluorescent protein (CB1R-GFP) have
been used. Figures 5(a)-5(c), respectively, show HEK in

218101-3



PRL 108, 218101 (2012)

PHYSICAL REVIEW LETTERS

week ending
25 MAY 2012

1.0 — T T T T T %
— — UAF+SAF ]

VSAF
— - - SAF

0.5

Normalized Intensity [a.u.]

0.0 === T I S S S e — ===
0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8
Distance from the center of the nanobead [um]

FIG. 4 (color online). A 100 nm fluorescent latex bead in
(a) epifluorescence (UAF + SAF), (b) »SAF and (c) SAF. The
bead profiles from those three images have been plotted. The
improvement of the lateral resolution with the »SAF is signifi-
cant.

UAF + SAF, vSAF and SAF. Those images confirm that
membranes appear with a higher contrast and a better
lateral resolution with the »SAF method. Then, we have
compared »SAF with the most common technique based
on excitation confinement: the TIRF technique. N2a mouse
neuroblastoma cells tagged with mCherry have been used
for this purpose. Exceptionally, the white lamp has been
replaced by a green laser (A = 532 nm) to switch from
an epi-illumination to a TIRF-illumination. Figures 5(d)
and 5(e), respectively, show the UAF + SAF and vSAF
images. For comparison, the image obtained with a TIRF-
illumination is shown in Fig. 5(f). This result shows that
the »SAF technique allows cell membrane imaging com-
parable to the TIRF in terms of lateral resolution and
confinement. Moreover, it is important to note that the
vSAF image is obtained in epi-illumination, which enables
the simultaneous observation of Figs. 5(d) and 5(e), while
the TIRF technique requires a change in the angle of
illumination.

In this Letter, we have introduced a new, powerful full-
field method in live cell microscopy based on PSF engi-
neering and self-interference. This method is particularly
well suited for real-time imaging of membrane processes.
Since the image is obtained in epi-illumination, this tech-
nique allows us to follow the cell shape and its membrane
simultaneously, which is of particular interest in many
applications. Contrary to the standard technique to obtain
a full-field SAF image, vSAF offers no loss of lateral
resolution and a higher contrast. Contrary to TIRF, there
is no need for laser sources and complex excitation, which
allows a homogeneous illumination of the sample and
therefore a constant axial sectioning over all of the IP.

FIG. 5. HEK cell tagged with GFP in (a) UAF + SAF,
(b) ¥SAF and (c) SAF. The improvement in lateral resolution
and contrast is significant in the »SAF image. N2a mouse
neuroblastoma cell tagged with mCherry in (d) UAF + SAF,
(e) »SAF and (f) TIRF. The »SAF image is comparable to the
TIRF image in terms of lateral resolution and axial sectioning.

We are currently combining ¥»SAF with other microscopy
techniques in the context of biomedical issues.
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