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Imaging of small objects such as single molecules, DNA clusters and single bacterial cells is problematic
not only due to the lateral resolution that is obtainable in currently existing microscopy but also, and as
much fundamentally limiting, due to the lack of sufficient axial depth of focus to have the full object
focused simultaneously. Extension in depth of focus is helpful also for single molecule steady state FRET
measurements. In this technique it is crucial to obtain data from many well focused molecules, which are
often located in different axial depths.

In this paper we present the implementation of an all-optical and a real time technique of extension in
the depth of focus that may be incorporated in any high NA microscope system and to be used for the
above mentioned applications. We demonstrate experimentally how after the integration of special opti-
cal element in high NA 100x objective lens of a single molecule imaging microscope system, the depth of
focus is significantly improved while maintaining the same lateral resolution in imaging applications of
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incorporated groups of molecules, DNA constructs and clusters inside bacterial cells.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years the topic of lateral super resolution has become
an important direction of research while large variety of ap-
proaches were developed and deployed in different imaging
systems [1]. One of the aspects of improving the resolution capa-
bilities of an imaging system is related to the axial rather than
the lateral dimension. Having the object larger than the depth of
focus extent provided by the imager, will generate lateral blurring
and loss of spatial frequencies and features.

Different approaches were developed during the years to
extend the depth of focus of imaging systems. Some are a combina-
tion of special optical element that codes the aperture plane of the
imaging lens and a digital post processing algorithm [2-5], some
are related to aperture apodization by absorptive mask [6-10]
and others include the usage of a diffraction optical phase elements
such as multi focal lenses or elements with spatially dense distri-
butions [11-13]. Other interesting approaches included tailoring
the modulation transfer functions with high focal depth [14] and
usage of logarithmic asphere lenses [15].
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One interesting approach of extended depth of focus (EDOF)
was presented in Refs. [16,17]. There an all-optical way for
realization of the extension was demonstrated by attaching a
phase-affecting element. The attached element is constructed from
a binary phase pattern with spatially low frequency transitions
that codes the entrance pupil of the lens. The presented approach
had several important features: since this optical element contains
low spatial frequencies, it is not sensitive to chromatic aberrations
and dispersion (as other diffractive optical elements do) and it has
high energetic efficiency not only in the element plane but rather
in the object plane. In addition its fabrication is simple and cheap
and thus its possible integration into an objective lens. The optical
element has high energetic efficiency of close to 100% since it is a
phase only element and thus it does not cause apodization by
absorptive mask and in addition the phase element has no spatial
high frequencies and thus there is no energy loss due to diffraction
orders directing energy outside the region of interest.

In this EDOF technology the extension in the depth of focus was
obtained by interference of the energy sent by the various parts of
the lens aperture to the region of interest.

This all-optical technology was demonstrated also for ophthal-
mic applications [18] and proved to show improved performance
in extending the depth of focus.
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In this paper we design and realize the concept of Refs. [16,17]
for microscopy applications related to imaging of small structures
such single molecules [19], DNA clusters and biological cells. In
those applications the spatial features are very small and thus the
natural depth of focus of the imaging objective is very short. This
causes two undesired effects: several objects positioned one near
the other cannot be focused simultaneously and single object also
has blurred lateral regions because its 3D structure that sometimes
extends beyond the depth of focus provided by the imaging system.

Since the proposed all-optical EDOF technology can allow real
time extension of focus without energetic losses nor damage to
the color fidelity we used the proposed concept for generating an
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In Section 2 we perform the numerical design of the element
adapted to the parameters of our microscope configuration. In Sec-
tion 3 we present the constructed experimental system and the ob-
tained experimental results. The paper is concluded in Section 4.

2. Extension in depth of focus

The mathematical formulation used in Ref. [17] includes defin-
ing mathematically a binary phase only element positioned on the
exit pupil of an imaging lens. In this case the Optical Transfer Func-
tion (OTF) which is the auto correlation of the Coherence Transfer
Function (CTF) equals to:

optical binary phase only element that is added to the objective

lens of special microscope configuration that is used for imaging

applications of single molecules and small biological structures.
The novelty and the goals of this paper are as follows:

e To design and to construct an integrated 100x objective lens
with high NA (of 0.95) that provides not only high transversal
resolution but also increased depth of focus.

e The optical element that we aim to add to the lens should not
increase its aberrations (such as chromatic aberrations) to avoid
reduction in the transversal resolution.

e To incorporate this new lens into special microscope system
allowing the imaging of group of single molecules, incorporated
DNA constructs and clusters inside bacterial cells.

e Due to the application we are aiming for, the energetic efficiency
is very important. Therefore, the extension in depth of focus and
the improvement of the resolution should not reduce the effi-
ciency of the energetic transmission of the constructed micro-
scope system.

e To demonstrate experimentally that indeed the new lens design
provides improved imaging performance for the above men-
tioned applications, in real time (e.g. in vivo) and in an all-opti-
cal way (without digital processing or without usage of a
computer or a screen in the loop) such that human observer
could see the outcome through the ocular lens of the
microscope.

To the best of our knowledge the construction and the experi-
mental demonstration of this special microscope configuration
aiming to image very small objects such as group of single mole-
cules, incorporated DNA constructs and clusters inside bacterial
cells and having integrated high resolution objective lens with sig-
nificantly increased depth of focus that improves the imaging per-
formance for such small objects, has not been realized before.

Note that the new optical design of the objective lens used the
basic concept of Ref. [17] as the starting working point but then
an iterative simulated annealing optimization algorithm was ap-
plied in which the constrain of preserving all the spatial frequen-
cies in the MTF plane obtained stronger emphasis, i.e. we took the
working point coming from the analytical solution of Ref. [17]
and applied simulated annealing optimization on it to optimize
our trade-offs which are related to the spectral contrast of the
various frequencies versus the focus extension. The parameters
that were varied in the simulated annealing process were the
diameter of the annular phase mask disc as well as the value of
its phase.

7 PG Pdx

(1)

where a, are binary coefficients equal either to zero or to a certain
phase modulation depth: a, = (0,A¢) of the phase only element
that we design. A¢ is the phase depth of modulation. Ax represents
the spatial segments of the element. 4 is the wavelength and p is
the coordinate of the OTF plane. P is the aperture of the lens having
coordinates of x (the plane of the CTF) and Z; is the distance be-
tween the imaging lens and the sensor. Since we do not want to
create a diffractive optical element, i.e. spatially high frequencies
(such that there will be no wavelength dependence and no chro-
matic aberrations) we force Ax > J.

We impose mathematical constrain that the expression of Eq.
(1) will have maximal value for the minimal contrasts defined by
the OTF within a predetermined range of spatial frequencies. The
result obtained in Ref. [17] was of an annular like disc structure
with phase A¢ of close to m/2 (for the green wavelength of
532 nm). The annular like binary phase disc had external dimen-
sion of 4.1 mm.

The obtained result is understandable since the annular shape
phase only element can cancel the sign inversions (by addition of
proper phase to the spatial frequencies where the inversion was)
of the quadratic phase generated while defocusing. Although in or-
der to cancel the phase inversion one have to add a phase of «, the
best solution in this case was the phase of /2. The phase of /2
was essential since due to the requirement for continues focused
region, one had to cancel the inversions while the quadratic phase
appeared but also when one was in focus and there was no qua-
dratic phase. Thus 7/2 is the phase that equally contributes when
the object is defocused and when it is in focus.

Thus, the mathematical analytical solution after imposing the
previously mentioned constrains over Eq. (1) yields an annular like
phase shape element with binary phase of approximately /2.

We applied this mathematical solution into Zemax software
which is often used for lenses designs (we followed the concepts
that were extensively described in Refs. [17,18]). In the software
we simulated a full microscope system having 100x objective lens
of Olympus with NA of 0.95. We assumed that in the microscope
imaging system the distance between the lens and the image plane
is Z;=250 mm and between the imaging lens and the object is
Z, = 2.5 mm. The focal length of the objective is F=2.475247 mm
and its aperture D=4.70296 mm. Thus, the F number is Fy=
F/D =0.5263.

In the simulations presented in Fig. 1 we compute the through
focus Modulation Transfer Function (MTF) at the imaging plane
(after magnification of 100x) for spatial frequency of 8 cycles per
mm (i.e. in the object plane this spatial frequency is equivalent
to frequency of 800 cycles per mm). From the obtained results
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Fig. 1. Numerical simulations of through focus MTF for spatial frequency of 800 cycles/mm (in the object plane). (a) Without EDOF at focus. (b) Without EDOF with shift of
+1 pm from focus. (¢) With EDOF at position of +1 um from focus. (d) With EDOF at position of —1 um from focus.

one may see improvement of at least a factor of 2 in the resulted
depth of focus. In Fig. 1a and b we show the through focus MTF
without the EDOF element at focus in Fig. 1a and after a shift of
+1 um from the focal position in Fig. 1b. One may see that shift
of +1 um destroyed completely the imaging contrast and resulted
with a low pass for the spatial features. Therefore, the overall depth
of focus of this objective without the usage of EDOF element is
about 1.5 pm (+0.75 pm). When the EDOF element is added one
may see that shift of +1 pm (Fig. 1c) or —1 um (Fig. 1d), from the
focal position, preserves the same contrast as obtained while in fo-
cus. Therefore, in this case the measurable overall depth of focus is
approximately 3 pm (+1.5 um). The increase of the depth of focus
from 1.5 pm into 3 pm in this high resolution microscope can sig-
nificantly improve the imaging performance for small structures
such as a group of single molecules, DNA constructs and clusters
inside bacterial cells, since for all of those examples the axial
dimension of those objects requires higher depth of focus in order
to capture at once their entire structure or in order to see more
such structures in-focus in the field of view of the microscope.
From the results of the simulation designs of Fig. 1 one may see
that a reduction of about 50% in contrast was obtained. However,
please note that this was obtained for a very high spatial frequency
of 800 cycles/mm. For a bit lower frequencies lower contrast
reduction is obtained and the average reduction in contrast is not
that significant (it is less than about 10%). Indeed reduction in sig-
nal to noise ratio (SNR) may be compensated by longer integration
time and thus one may ask the question of maybe it is simpler just
to leave the integration time as is and not to use the EDOF ap-
proach and instead increase the axial resolution by mechanical

scanning. Regarding this point please note that the reduced SNR
is not exactly equivalent to axial scanning. Specifically in the ex-
plored application, fast and not static objects are being imaged. Ax-
ial scanning will lead to capturing different molecules or other
microscopic objects each time because they are constantly moving.
There is an advantage of seeing all the axial information at one
snap shot while the reduction in the contrast may be compensated
by increasing the illumination power and by using a sensor with
higher dynamic range or better SNR. This hardware that can com-
pensate the reduction in contrast cannot compensate losing axial
resolution.

We have fabricated the designed element using photolithogra-
phy on SU-8 photo-resist on top of a plastic substrate and added
the element, after proper optical alignment, into the experimental
setup of the single molecule imaging microscope. Since the phase
of this interference element is approximately 7/2, it is very thin
(less than 0.3 um) and can easily be integrated/incorporated into
the objective lens of the microscope system.

Please note that if extension in the depth of focus comes on ex-
tent of lateral resolution one may as well reduce the NA. However,
the point of this paper is exactly to demonstrate the opposite. The
proposed approach extends depth of focus WITHOUT loosing lat-
eral resolution and this is why this new improved objective is so
suitable for microscopy applications as those explored by this pa-
per. The extension in the depth of focus comes on the extent of
some reduction in contrast but not in lose of lateral resolution. This
means that the Fourier transform of the point spread function con-
tains all spatial frequencies while some have slightly reduced
contrast.
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3. Experimental results

The schematic sketch as well as an image (upper right corner) of
the microscope system appears in Fig. 2.

The fabricated EDOF element that was designed for this system
was positioned attached to the objective lens, aligned and tested
with several biological samples.

The microscope configuration consists of: inverted Olympus
IX70 microscope, Triax 320 imaging spectrograph with back illu-
minated liquid nitrogen cooled CCD camera (Spectrum One, Jobin
Yvon, 2048 x 512 pixels, pixel size 13.5 x 13.5 pm) and picosec-
ond-pulse laser diode module (PicoQuant LDH-D-C-640, 641 nm,
lin. polar) as an excitation source.

We enlarged the objects with objective Olympus 100x, NA of
0.95, UMPLANFL infinity/0, and excited samples with 641 nm by
total internal reflection (TIRF).

The microscope is equipped with an Olympus filter cube (Olym-
pus, Japan) containing Raman emitter RS 664 LP (679.3-1497.7
nm), HC-Laser Clean-up MaxDiode 640/8 (Semrock, Germany).

In Fig. 3 we used samples that include a few E. coli cells. They are
immobilized in a thick layer of polyvinyl alcohol (PVA) (MW
145 000, 98% hydrolyzed, Merck). This places them into different ax-
ial depths. There are two transmission images, one with (Fig. 3a) and
one without (Fig. 3b) the EDOF element. One may clearly see that
when the EDOF element was added more cells are seen in focus.

Inside the E. coli cells, there are incorporated double strand la-
beled oligonucleotides which have 22 base pairs, they are modified
by fluorescent label Alexa Fluor 647. Those are incorporated DNA
constructs. In Fig. 4 we imaged those samples. Here in contrast
to the previous experiments we did not try to position several ob-
jects in different axial depths. Nevertheless, even when the objects
are in the same plane due to their 3D structure, the usage of the
EDOF element significantly improved the axial imaging resolution.
The single almost round spots are single molecules. Other shapes
on fluorescent images are clusters of constructs, which normally
fill the whole bacteria (as could be seen when focusing through
the cell). One may clearly see that in Fig. 4a where the EDOF ele-
ment was used all the clusters are seen due to the extended depth
of focus and thus we have an improved axial resolution. In Fig. 4b
we did not use the EDOF element and thus the clusters are visible
only in the focused part of the E. coli cells.

Another example for imaging of small objects is seen in Fig. 5
where a few molecules are incorporated inside the bacterial cell
and some others are outside the focal plane. In Fig. 5a where the
EDOF element was used much more molecules are seen due to
the extended depth of focus and thus improved axial resolution
is obtained. In Fig. 5b we did not use the EDOF element and thus
much less molecules are visible.

Note that the depth of focus enhancement factor in the experi-
ments validated the numerical designs. The depth of focus exten-

SINGLE MOLECULE SET-UP

picosecond pulsed laser diode excitation source

imaging spectrograph

Fig. 2. The experimental setup for single molecule imaging. Item (1) is a quartz TIRF prism, item (2) is quartz cover slip with spin coated layer, item (3) is thin polymer layer

with sample, item (4) is the EDOF mask and item (5) is the objective lens.

(b)

Fig. 3. Samples including a few E. coli cells: (a) Transmission image with the EDOF element. (b) Transmission image without the EDOF element.



T. Fessl et al. / Optics Communications 282 (2009) 2495-2501 2499

(b)

Fig. 4. Imaging of “in cell” incorporated DNA clusters. (a) Fluorescence image of two clusters inside bacterial cell with the EDOF element. (b) Fluorescence image of cluster

without the EDOF element.

(a)

==
1pm

(b)

=
1pm

Fig. 5. “In-cell” imaging of few molecules that were incorporated inside the bacterial cell. (a) Fluorescence image with the EDOF element. (b) Fluorescence image without the

EDOF element. White line borders the cell shape.

sion factor that was obtained in the experiments was also close to
two as obtained in the numerical simulations. Larger extension fac-
tor can allow many interesting biological studies such as observing
dynamics throughout whole cell body. In our future work we in-
tend to improve the optimization of the EDOF element such that
larger extension factors are to be obtained while not as increasing
the contrast related compromise.

In further investigation we modified a bit the experimental con-
figuration as it appears in Fig. 6. The microscope configuration con-
sists of: inverted Olympus IX70 microscope, Triax 320 imaging
spectrograph with back illuminated liquid nitrogen cooled CCD
camera (Spectrum One, Jobin Yvon, 2048 x 512 pixels, pixel size
13.5 x 13.5um) and HeCd laser (lin. polarized cw. laser at
442 nm - Kimmon, Japan) as an excitation source. We enlarged
the objects with objective Olympus 100x, NA of 0.95, UMPLANFL
infinity/0. The microscope is equipped with an Olympus filter cube
(Olympus, Japan) containing Razor edge long pass filter 442 nm
(Semrock, Germany).

The results from this configuration appear in Figs. 7 and 8.

In Fig. 7 the object was a chlorophyll fluorescence image of
moss (Ceratodon purpureus) fragment. Leaves of Ceratodon purpu-
reus were cut into oligocellular linear fragments. Linear chloro-
phyll containing fragment was fixed in a firm position in the
polyvinyl alcohol (PVA) matrix. Due to the tilted position of frag-
ment in the PVA matrix the ends are in different axial depths
(the upper-left part of fragment is in focal plane, the down-left part
is the most distant visible part). Therefore, we can compare the
depth of focus, using the EDOF mask. The object did not move.
One may see in Fig. 7a the image obtained without the EDOF mask
and in Fig. 7b with the mask. It is easy to see the significant
improvement in the depth of focus.

In order to show that the extension in the depth of focus did not
reduce the lateral resolution we have captured the images of Fig. 8.
The images of Fig. 8 are the transmission image of flake-like crystal
structure of PVA. The dark circle in the background is a disc shaped
light-shield applied at the condenser side of the cover slide. Due to
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Fig. 6. The schematic sketch and image of the modified experimental setup. Item (1) is a quartz TIRF prism, item (2) is quartz cover slip with spin coated layer, item (3) is thin
polymer layer with sample, item (4) is the EDOF mask and item (5) is the objective lens.

Fig. 8. Transmission image of flake-like crystal structure of PVA. (a) Without EDOF mask. (b) With the EDOF mask.
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its fine structure this object can be used as a lateral resolution
microscopic target. In Fig. 8a we present the captured image with-
out the EDOF mask and in Fig. 8b it is with the mask. One may see
that the lateral resolution is not reduced due to the addition of the
EDOF mask.

4. Conclusions

In this paper we have presented the implementation of an all
optical approach for extended depth of focus in single molecule
imaging microscopy system.

The designed phase only optical element for the extension in
depth of focus was fabricated and positioned attaching the objec-
tive lens of the microscope. Then, it was experimentally tested in
imaging of sub-micron biological samples as incorporated mole-
cules, DNA constructs and clusters inside bacterial cells.

Improved performance of imaging were experimentally demon-
strated for plurality of objects positioned in different depths as
well as for single small object having 3D structure larger than
the existing depth of focus range of the given imaging lens.
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