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We report three-dimensional fluorescence emission difference (3D-FED) microscopy using a
spatial light modulator (SLM). Zero phase, 0—27 vortex phase and binary 0-pi phase are loaded
on the SLM to generate the corresponding solid, doughnut and z-axis hollow excitation spot,
respectively. Our technique achieves super-resolved image by subtracting three differently ac-
quired images with proper subtractive factors. Detailed theoretical analysis and simulation tests
are proceeded to testify the performance of 3D-FED. Also, the improvement of lateral and axial
resolution is demonstrated by imaging 100 nm fluorescent beads. The experiment yields lateral
resolution of 140 nm and axial resolution of approximate 380 nm.
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1. Introduction

Far-field fluorescence microscopy has been applied
in biological and medical science to observe the
microstructures and their movements' owing to its
simplicity, versatility, and noninvasiveness. How-
ever, the diffraction barrier? confines the resolving
ability of conventional far-field fluorescence mi-
croscopy to about half the illumination light wave-
length, restricting observation of microstructures
featuring length scales of less than 100 nm, such
as vimentin fibers,” microtubules, and vesicles.

*Corresponding author.

Confocal scanning laser microscopy (CSLM)* can
enhance the spatial resolution by a factor of v/2 and
improve micrograph contrast by spatial filtering
with a pinhole, which also endows CSLM with op-
tical sectioning ability.” Nonetheless, CSLM reso-
lution still cannot break the diffraction barrier.
Fluorescence emission difference (FED)%" mi-
croscopy was recently reported as a novel super-
resolution technique. It is based on intensity
subtraction® between two images acquired under
solid and hollow illumination patterns. It joins a
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long list of validated super-resolution fluorescence
microscopy methods, e.g., stochastic optical recon-
struction microscopy (STORM),” photoactivated
localization microscopy (PALM),'” stimulated
emission depletion microscopy (STED),'! struc-
tured illumination microscopy (SIM),'?!% digital
image processing,'*!'° and total-internal reflection
microscopy based on a nanostructured substrate.'®
STED uses a solid focal spot to stimulate fluores-
cence emission and a hollow spot to deplete the
margin area of fluorescence spot, thus reducing the
size of fluorescence spot physically, while FED ful-
fills the similar process mathematically. Similar
methods include switching laser mode microscopy
(SLAM)'" and ground state depletion microscopy
(GSD).'® Without the depletion process, FED has
some advantages over STED: low power, simple
optical setup and wide variety of available dyes,
which undoubtedly add to its availability in prac-
tical scientific research.’

A 3D image can be produced by scanning
through the whole space in the conventional con-
focal methods, however former researches for FED
and SLAM are mostly concentrated on the en-
hancement of lateral resolution®!"?""2% but the
axial resolution is not enhanced.

In this work, we present a simple approach to
achieve 3D super-resolution imaging using FED,
and we call it the 3D-FED. Zero phase, 0—27 vortex
phase and binary 0-pi phase are loaded on the
spatial light modulator (SLM) to generate the cor-
responding solid, doughnut, and z-axis hollow ex-
citation spot, respectively. Our technique achieves
super-resolved image by subtracting three differ-
ently acquired images with the proper factors
according to the simulation and experiment situa-
tion.'??*27 Images of fluorescent beads on a cov-
erslip prove that this technique can be implemented
successfully in confocal microscopy and improves
not only the lateral but also the axial resolution.

2. Theory

In 3D-FED, three different confocal scanning ima-
ges are required to obtain the final 3D-FED image:
the confocal image is acquired under the solid ex-
citation pattern, the lateral negative confocal image
is acquired under the doughnut excitation pattern,”
and the axial-negative confocal image is acquired
under the z-axis hollow excitation pattern. The

excited fluorescence is filtered by a pinhole and
detected by a photomultiplier tube (PMT) to form
images. The final 3D-FED super-resolution image is
constructed by mathematical intensity subtraction
of the three stacks of images.

ISdFED = Isolid —rXx Idnegative —gX Izneg‘ative' (1)

In this equation’ ISdFEDa Isolida Idnegaitve7 Iznegative are
the normalized intensity distributions of the 3D-
FED, 3D-Confocal, lateral-negative confocal, and
the axial-negative confocal images, respectively, r
and ¢ denote the subtraction factors. Negative in-
tensity values which are inevitable after subtraction
are excluded from the final image for the sake of a
better imaging quality.

Surely, as long as the system of 3D-FED is sim-
ilar to that of confocal microscopy, the background
noise of each image is also the same with confocal
images. However, the background noise is reduced
by subtraction because the three confocal images
are taken in the same environment and have the
same background noise, hence 3D-FED improve the
signal-to-noise ratio (SNR) compared to confocal
method.

The resolving ability of 3D-FED is determined
by the point spread functions (PSFs) of the three
illumination modes which can be described with
Debye integral,?0-2%29

E(TQ’ P2, 22)
—ic [ [ sing- 41(6.0) - 43(6.)
Q
Dz

py | -explif(0, )] - explikn(zy cosf

y (2)
+ 7o 8in 6 cos(p — ¢y))]d0dp.

In the integral, E(ry, o, 29) refers to the electric
field vector at the point (ry, s, 2) in cylindrical
coordinates with its origin at the focal point of the
objective lens (OL). (6, ) represents the position of
the individual points on the wave front of the inci-
dent beam, while 0 is the angle between the ray
direction and the optical axis and ¢ is the azimuthal
angle. 2 stands for the effective incident aperture of
the beam, A;(0, p) denotes the amplitude function
of the input light, and A,(0, ) is the aberration
function determined by the structure of the OL.
[pm,py,pZ]Tstands for the polarization state of the
incident beam and f(6, ) represents the phase
modulation function applied to the input light. We
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set z-axis as the optical axis of the OL throughout
this paper. According to the variables in this
equation, we obtained three kinds of focal spot by
tuning the phase distribution. The first kind is or-
dinary confocal spot without beam modulation. The
second kind is generated by 0-27 vortex phase plate
modulation called laterally hollow spot. The third
kind is generated by binary 0-m phase plate modu-
lation called axial hollow spot. Phase delay func-
tions of the three patterns of illumination are as
follows:

Aal(ea QO) = 07 (3)
AOQ(Q, QO) = d)v (4)
2
, 0 < gemaxv
Aa?)(ea 90) = \/5 (5)
0; 0 Z THInax-

The PSF of 3D-FED is given by:
PSF3qreD
= PSF, x (PSF;® p) —r x PSF,
x(PSF; ® p) — q x PSF, x (PSF; ®p).
(6)

Here, the PSF3dFED7 PSFS, PSFd, PSFZ, and PSFf
are the PSFs for 3D-FED imaging, solid spot, lat-
eral hollow spot, axial hollow spot, and fluorescence
collection spot. pdenotes the 2D transmission func-
tion of the pinhole. PSF for a fluorescence emission

Phase pattern (a)

xy intensity  (d)

XZ intensity

3D-FED microscopy based on SLM

spot is identical to the intensity distribution of
illumination spot when neglecting fluorescence
saturation.

Equations (1)—(5) mentioned above are the the-
oretical basis of 3SD-FED. We can obtain the PSF of
three different patterns of emission spots by using
(Egs. 2-5). The calculated intensity distributions
with different phase patterns and the corresponding
3D-FED results are shown in Fig. 1. The region of
3D space is 2A x 2\ x 2], Figs. 1(a)-1c denote the
0, 0 ~ 2pi vortex and binary 0-pi phase patterns
loaded on the SLM. Z-axis is set as the optical axis.
When we switch the phase pattern, we can obtain
the solid spot, lateral-hollow spot, and axial-hollow
spot, alternatively. Figures 1(d)—1(f) illustrates the
zy plane PSFs of the 3D solid spot, 3D zy-hollow
spot, 3D z-hollow spot. Also, Figs. 1(g)-1(i) show
the z—z plane PSF's of the 3D spots. Then we use
Eq. (1) to process the subtraction, the subtractive
factor r is 0.7, ¢ is 0.5, the negative value is set to be
zero. Figure 1(j) is the lateral super-resolution
image of 3D-FED results and Fig. 1(k) is the axial
super-resolution image of it. Obviously, by com-
paring the lateral profiles of confocal image in Fig. 1
(d) and the 3D-FED image in Fig. 1(j), we can
easily discover that the effective PSF has been re-
duced. The same conclusion can be drawn when we
compare the axial profiles of 3D-FED and 3D con-
focal images, which means, the 3D-FED method can
be used to enhance the confocal resolution both

axially and laterally.

Fig. 1. Phase patterns and the corresponding normalized intensity distribution.
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3. Multipoint Simulation

To further demonstrate the resolving ability en-
hancement of the 3D-FED, we designed a 3 x 3 x 3
point lattice sample in a 4\ x 4\ x 4\ cube. The
lateral distance between the adjacent points is 0.4\
and the axial adjacent points are separated by a
distance of 0.8\. The PSFs are calculated by Debye
integrals using MATLAB and the system para-
meters are shown in Table 1. Then we obtain 3D-
FED images using Eq. (1). The axial and lateral
images of conventional 3D-confocal microscope are
shown in Figs. 2(a) and 2(c), from which we can see
that the points in xz—y slice cannot be clearly re-
solved and the points along the axial axis can be
hardly discerned. Figures 2(b) and 2(d) show the
lateral and axial imaging results by our 3D-FED
method. It is noted that all the points in the lateral
image can be completely resolved in Fig. 2(b). Also,
the resolution of axial point is improved dramati-
cally without obvious distortion. Figures 2(e) and
2(f) illustrate the 3D display of simulation results of
confocal and 3D-FED method. In Fig. 2(e), the
array point can hardly be discerned and appears like
a cuboid, but in Fig. 2(f) the points appear sepa-
rated from each other and hence be distinguished.
In order to further distinctly compare the reso-
lution enhancement, we extracted the linear profiles
of intensity along lateral position in Fig. 3(a) and
axial position in Fig. 3(b) from the lateral and axial
images. In Fig. 3(a), the red solid curve represented
the confocal lateral linear intensity which shows
that the points cannot be distinguished clearly while
the linear profile of 3D-FED can distinguish them.
According to the concept of Rayleigh criterion, two
peaks can be discerned when the minimum magni-
tude between them is no more than 73.5% of the
peak magnitude. Obviously, black line for 3D-FED

Table 1. System parameters for simulation.

Parameter Value

Side length of image scope () 4x4x4
Pixels of image scope 101 x 101 x 101
Size of sample (point) 3x3x3
Excitation wavelength (nm) 635
Fluorescence central wavelength (nm) 650

NA 14
Polarization Right hand circular
Refractive index 1.518
Pinhole (airy disk diameters) 0.6

Subtracted factor r=0.8,¢g=0.5

"
3d-fed IS
L
e
e
. 5
|
x>y

(f)

Fig. 2. Simulation results of a 3 x 3 X 3 point array sample.
Side length of the scope is 4\. (a) and (c): Lateral and axial
images of confocal microscope. (b) and (d): Lateral and axial
images of 3D-FED microscope. (e) and (f): 3D display of con-
focal and 3D-FED microscope.

imaging satisfies this condition while red line for
confocal imaging does not. Meanwhile, we extract
the 2D-FED linear profile as shown in Fig. 3(a) from
the image Irqpgp which is obtained from the equa-
tion (the so-called conventional FED method):

IZdFED = Isolid —-—rX Idnegativev (7)

where Ipgppp, Isoa, and Igpegative are normalized
intensity distributions of subtracted results, 3D-
confocal image and 3D-doughnut confocal image
generated by the vortex phase pattern. By com-
paring the three curve lines, we can find that
the conventional FED method can also improve
the axial resolution to a certain extent and meet

1641003-4



J. Innov. Opt. Health Sci. 2016.09. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

r=0.8 g=0.5

3D-FED microscopy based on SLM

——confocal|
\ —3dfed

/ —2d fed

Normalized Intensity(a.u.)
o o o o
» ()] o

)

Lo

2 0.8 04 0 0.4 08 12
Lateral Position(.)

(a)

A6 A2 08 04 0
Axial Position()

(b)

Fig. 3. Linear profile of normalized intensities. (a) Linear profile of simulation results along lateral direction. (b) Linear profile of

simulation results along axial profile.

the demand of Rayleigh criterion though not as well
as the 3D-FED.

As well, the pink curve line named 2D-FED in
Fig. 3(b) is the axial linear profile extracted from
the Iyqpgp in Eq. (7). The black curve line named
3D-FED in Fig. 3(b) denotes the axial linear profile
of 3D-FED intensity along z-axis, while the red line
denotes the axial linear profile of 3D confocal in-
tensity along x-axis. We can see that the 3D-FED
can significantly improve the axial resolution.

4. Experiment
4.1. Phase pattern generation with SLM

Our new 3D-FED experimental setup is built up
based on the phase only SLM to generate three
kinds of time-divided phase patterns, the included
angle between the light incident on the liquid
crystal surface and the light reflected from the
surface should be less than 8°. Once the sample is
scanned, the phase pattern loaded on SLM changes.
The new system does not need extra optical path to
generate different types of phase delayed illumina-
tion light and can achieve 3D super resolution with
the appropriate binary 0-pi phase pattern.

4.2. FEzxperimental configuration

Based on the concept of 3D-FED, we built a new
3D-FED experimental setup as depicted in Fig. 4. A
collimating lens (CL1) is employed to collimate the
laser beam emitted by a laser diode (Coherent CL
2000) at the wavelength of 633 nm and transmitted
through a single-mode fiber. The collimated beam
goes through a polarizing plate and become a line-
arly polarized beam of specific angle. By rotating
the polarizing plate, the linearly polarizing beam is
turned into p-polarization beam, which will then be

reflected and modulated by the SLM (BNS 635nm).
After the phase modulation, two A/4 wave plates
(A\/4 WP) are used to modulate the linearly polar-
ized beam into right hand circularly polarized beam.
The circularly polarized beam then goes through a
galvo mirror (Thorlabs GVS002) controlled by a
DAQ card (NI USB-6259) to realize two-dimen-
sional fast scan of the sample. The scanning lens
(SL) creates an intermediate image before the tube
lens (TL) parallelizing the laser light. Then a high
numerical OL (Olympus Uplan SApo 100x/1.4 Oil)
which is fixed on a nano positioning z-stage (PI E-
665) serves to strongly focus the circularly polarized
beam and collect the fluorescence emitting from the
sample. The 3D scanning is then realized combining
the galvo mirror and the nano positioning z-stage.
The dichroic mirror (DM) (Chroma ZT647 rdc-uf3)
which reflects the illumination while transmitting
the fluorescence is then cleaned up by the bandpass
filter (ET 705/72m). Next, the fluorescence is fur-
ther filtered by a confocal pinhole, coupled into a
multi-mode fiber (M31L02, Thorlabs). The fiber is
attached to an avalanche photo diode (SPCM-
AQR-16-FC, PerkinElmer) which detects the in-
tensity of the fluorescence beam. The detected
fluorescence data are processed by the inspector and
a set of self-written routines in MATLAB (The
Mathworks, Natcik, CA).

4.3. Results of nanoparticles

We imaged 100nm fluorescent nanoparticles
(T7279, TetraSpeck™ Microspheres, 0.1 um, fluo-
rescent blue/green/orange/dark red) to verify the
resolution enhancement of our 3D-FED system. The
fluorescent beads are prepared without dilution
because of its low concentration. In order to obtain
the solid fluorescent images, doughnut fluorescent
images and z-axis negative images, we scanned the
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Fig. 4. Configuration of a 3D-FED microscopy system. CL1-collimating lens, \/4WP-A/4 wave plate, PBS-polarizing beam
splitter, M-reflecting mirror, BNS SLM-BNS phase only SLM, BP filter-bandpass filter, DM, SL, TL, OL, CL2-convergent lens,

APD-avalanche photon diode.

sample for three times. The 3D-FED images is
obtained by processing three stacks of images
according to Eq. (1) using a self-developed MATLAB
software.

Negative values may appear in 3D-FED image as
a result of subtraction, in order to present an ac-
ceptable image with only positive voxels, these
negative values can be set to 0. Although this oper-
ation is at the risk of discarding useful signal, which
may lead to the missing of objects, it is the case of
very high subtractive factor. It is clear that in-
creasing the value of r and ¢ will enhance the reso-
lution, however the negative values will magnify by
this operation. Take an example from simulation,
when the values of r and ¢ are set to be 0.7 and 0.5,
the corresponding normalized negative value will be
—0.6, continuous magnification of the factors will
slightly enhance the resolution while tremendously
magnifying the negative values. Consequently, the

values of r and ¢ are adjusted under the balance
between negative artifacts and resolution to obtain
the best quality 3D-FED images.

4.3.1. 2D-FED imaging

We first examined the lateral resolution enhance-
ment of the new FED system using 2D analysis
according to Eq. (7). The 2D experimental results
of the fluorescent beads is shown in Fig. 5.
Figures 5(a)-5(c) presents the confocal, FED and
deconvolution-FED images. In the top right corner of
the three images are magnified view of the region
indicated by the white boxes in Figs. 5(a)-5(c), from
which we can see that the two beads in confocal image
appear stuck together and can hardly be discerned,
but they are clearly separated into two nanoparticles
in FED image and shows an even better resolution in
the FED+ image. Figure 5(f) shows the normalized
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Fig. 5. 2D fluorescent nanoparticle imaging by FED and confocal methods. The (z,y)-scan size is 8 x 8um?(512 x 512pixels)
resulting in a total acquisition time of ~ 5.24 s. (a) Confocal image. (b) The new 2D-FED image with the subtractive factor r = 0.61.
(c) Corresponding deconvoluted FED image. (d) Schematic of 2D solid spots. (e) Schematic of 2D doughnut spot. (f) Lateral
intensity profiles along the white dashed line in aand correspondingb, c verify the resolving ability of the 2D-FED, indicating an

effective resolution of ~ 140 nm.

intensity profiles along the dashed line in Figs. 5(a)—
5(c), the green, blue, and red lines denotes the
intensity profiles in the confocal, FED and FED+
images, respectively. In confocal profile, the two
particle peaks cannot be separated but in FED pro-
file, we can obviously see the peaks and valley. The
full width at half-maximum (FWHM) of FED image
indicated by the double headed arrow in Fig. 5(f) can
be 140 nm, which demonstrate the lateral resolution
enhancement of our FED method.

4.3.2. 3D-FED imaging

To demonstrate both axial and lateral resolution
improvement, the (z,y, z)-stacks consisting of 40-
(xz,y) slices of 8 x 8um?2(400 x 400 pixels) are
recorded, with an axial distance of 60 nm between
adjacent slices, a lateral direction pixel size of 20 nm
and a dwell time of 0.01 ms per pixel. Thus, the
volume of reconstructed 3D-FED image is
8 x 8 x 2.4um® and corresponding scanning period
is approximatly 64 s. Lateral and axial view of the
obtained confocal and 3D-FED images is shown in
Fig. 6. Figure 6(a) is the lateral view of confocal

image obtained by employing the 22nd slice in the
stacks, in which the nanoparticles in white box
overlap with each other and consequently cannot be
discerned. While in Fig. 6(b), the nanoparticles are
readily discernible and the beads in the image are
smaller than that in Fig. 6(a). Figures 6(c) and 6(d)
are the z—z view of the confocal and FED images
along the line in (a) and (b) with the image size of
8 x 2.4um?(400 x 120 pixels, side length of each
pixel is 20nm). By comparing the two images, we
can see that the nanoparticles along the axial di-
rection in confocal image appear stuck together and
can barely be distinguished, but they are separated
in the corresponding 3D-FED image. Figure 6(e)
shows the intensity profiles along the direction in-
dicated by the arrows in Figs. 6(c) and 6(d), from
which we can further verify that the resolving
ability is enhanced with 3D-FED. The z-axis profile
indicated in green line in Fig. 6(d) quantifies the
FWHM of axial beads can reach to about 380 nm
comparing to the 650nm of confocal images in
Fig. 6(e) and break the diffraction barrier along
z-axis to a certain degree. The results confirm that
the z-axis resolution is improved as well.
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Fig. 6. Characterization of the lateral and axial resolution improvement using 0.1 ym beads on a coverslip. (a), (b) z—y view of
confocal and 3D-FED images by employing the 22/40 slices in stacks. (c) z—z view of the confocal image along the dashed line in (a),
in the middle of (a) and (b) is the partly magnified view of the dashed line. (d) Axial profile of 3D-FED image counterpart to (c). (e)
Line profile intensity at the indicated direction in (c) and (d). (f) Intensity profiles along the z-axis extracted from (d) at the solid

line, quantifying the axial resolution gain in 3D-FED method.

5. Discussion and Conclusion

In this work, we first theoretically demonstrated
performance enhancement of our 3D-FED method
using Debye integral calculations and MATLAB
simulations. To verify the theoretical results, a 3D-
FED system based on our proposal is built. The
subtractive factor r and ¢ range from 0.4 to 1.0
empirically, depending on the practical situation.
The 3D-FED system has superior resolving ability,
with lateral resolution of less than 150 nm and axial
resolution of about 380 nm.

The confocal pinhole in our setup is composed of
a multimode optical fiber (M31L02, Thorlabs) with
a pinhole size Sy = 62.5 pm, combing with the
TL, SL, OL and convergent lens in Fig. 4. This
yields a pinhole size Spiyhole = 0.74iy- The pinhole
size has been demonstrated to render the proper
SNR and resolution in our 3D-FED system.

The sample is scanned frame by frame with the
galvo mirror and the z-stage. We scan several zy
plane slices with the help of galvo mirror. When the
scanning of each slice is done, the scanning plane is
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moved along the z-axis position by using the PI
z-stage. The 3D volume is then obtained by pitching
the scanned zy slices together. Finally, the super-
resolved 3D volume is realized by the subtraction of
three 3D volumes with different excitation modes.
In the conventional FED method in which we use
the phase plate to change the illumination pattern,
the phase pattern does not change until every
scanning is completed. Sample mismatch may be
introduced and eventually cause the pixel mismatch
as well as the deterioration of the image quality. By
utilizing the SLM to complement the new FED
experiment, we does not need to introduce addi-
tional device to change the phase every time we
change the phase pattern into solid, doughnut or
binary 0-pi, only to change the phase images im-
posed on the software which is related to the SLM
device.

In conclusion, compared with the existing 3D
super-resolution methods for the simplicity and
convenience, our 3D-FED microscopy has a signifi-
cant resolution improvement both laterally and
axially, thus we believe that such method can be
developed into a useful technique.
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