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1 | INTRODUCTION

Three-dimensional (3D) live imaging is an important tool to under-
stand biological processes. Many different techniques have been used
for 3D imaging in recent years, such as confocal microscopy, wide-
field microscopy, light sheet fluorescence microscopy (LSFM) and
two-photon microscopy. Among them, LSFM is one of the fastest
growing teniques (Ahrens, Orger, Robson, Li, & Keller, 2013; Fahr-
bach, Voigt, Schmid, Helmchen, & Huisken, 2013; Loic et al., 2016;
Olarte, Andilla, Artigas, & Loza-Alvarez, 2015; Smyrek & Stelzer,
2017; Strnad et al., 2015; Tomer et al., 2015), because of its high
speed, noninvasion and low photobleaching. In LSFM, there are two
objective lenses whose optical axes are orthogonal to each other, so

that the out-of-focus excitation is minimized. The illumination beam
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In this article, we present a method to improve axial resolution and expand the field of view of
conventional light sheet fluorescence microscopy (LSFM) by phase modulation of the illumina-
tion beam. We added a bisected annular binary phase mask on the illumination path to modulate
the radially polarized beam. The central spot of the modulated point spread function is narrower
than that of Gaussian focus, although the sidelobe energy is increased. Then, a diffraction grat-
ing is used to produce multiple copies of this illumination pattern, and these pattern copies form
the light sheet. By matching the numerical apertures of illumination lens and detection lens, the
sidelobes on the detection axis can be suppressed in the captured data, although they do still
contribute to photobleaching and phototoxicity in the sample. The simulation results show that
the proposed method effectively reduces the thickness of the light sheet by 1.3 times, and
increase the length of the light sheet by two times compared with conventional LSFM.

light sheet microscopy, structured illumination microscopy, superresolution

should be strictly confined to the focal plane of the detection lens to
obtain clear images. LSFM has the following advantages: (a) quite low
out-of-focus fluorescence background; (b) high imaging speed; (c) low
photo-bleaching and photo-damage; and (d) high axial resolution.

There are two fundamental methods to generate the light sheet.
In the first method, a cylindrical lens is used to focus the laser beam in
one dimension to produce a light sheet. The light sheet produced by
this method is also referred to as static light sheet, because the com-
plete light sheet is formed instantaneously. Due to its simplicity, this
method is very popular. In the second method, a single, thin laser
beam is scanned across the plane by a laser scanner (galvo mirror) to
produce a light sheet, which is called virtual light sheet.

Since the axial resolution of LSFM is determined by the thickness
of light sheet, many efforts have been made to generate thinner light
sheets. According to the principle of LSFM, the numerical aperture

(NA) of the illumination lens determines the waist width of light sheet:
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the higher the NA, the thinner the light sheet. However, the higher the
NA, the smaller the useful range of the light sheet, which means the
narrower field of view. Therefore, there is a trade-off between the
length and thickness of Gaussian light sheet. In order to produce longer
and thinner light sheets simultaneously, some superresolution methods
for confocal microscopy have been introduced in LSFM, such as stimu-
lated emission depletion microscopy (Gohn-Kreuz & Rohrbach, 2016),
structured illumination microscopy (SIM; Itoh, Landry, Hamann, & Sol-
gaard, 2016), individual molecule localization (Gustavsson, Petrov, Lee,
Shechtman, & Moerner, 2017), reversible saturable/switchable optical
fluorescence transitions (Hoyer et al., 2016).

Phase modulation is a common technique to improve resolution in
confocal scanning microscopy. For example, Toraldo-style phase mask
(Francia, 1952) has been introduced in confocal scanning microscopy to
produce the focus with a narrower central spot. Researchers have con-
ducted theoretical researches on this phase mask in both paraxial limit
(Gao, Gan, & Xu, 2007; Luo & Zhou, 2004; Reza & Hazra, 2013; Shep-
pard, Calvert, & Wheatland, 1998; Sheppard, Campos, Escalera, &
Ledesma, 2008) and non-paraxial area (Kim, Bryant, & Stranick, 2012;
Raghunathan & Potma, 2010). However, the energy in sidelobes would
be increased if the Toraldo-style phase mask was used to modulate the
excitation beam. Two methods have been proposed to solve this prob-
lem. In the first method, researchers coincide a second beam with the
phase-modulated beam to eliminate sidelobes by the multi-beam non-
linear processes (Kim et al., 2012). In the second method, a spatial filter
is introduced in the detection path to eliminate the effect of sidelobes.
The pinhole in confocal scanning microscopy is a simple spatial filter,
and the resolution of confocal scanning microscopy has been increased
by 20% with this method (Le, Wang, Kuang, & Liu, 2018; Neil, Juskaitis,
Wilson, Laczik, & Sarafis, 2000).

In this article, we introduce a phase mask in light sheet fluores-
cence microscopy, to improve axial resolution and enlarge field of
view (FOV). Meanwhile, the introduction of bisected annular binary
phase mask can also increase energy in sidelobes. To eliminate the
effect of sidelobes, we choose the detection lens, whose NA matches
that of illumination lens. The proposed method can effectively reduce
the thickness of the light sheet by 1.3 times and increase the length of
the light sheet by two times compared with the Gaussian light sheet.

2 | POLARIZED STRUCTURED
ILLUMINATION BEAM MODULATED BY
PHASE MASK

The focal effects of incident beam propagating through an objective
lens can be calculated by vector diffraction theory. The electric field
near the focus can be calculated by the formula derived from the
Debye integral (Richards & Wolf, 1959):

E’(rz.qlevZZ) — iC[ sin (6)EoA(6, ([,)PxeiAa(H,w)eikn(zz COSH+r, sinecons(¢—¢2))d6d¢
JJQ

1)
where E(rz,qoz,zz) is the electric field vector at the point (r2, @2, o),

which is expressed in cylindrical coordinates; C is a normalized con-

stant; Eq is the amplitude function of the input beam; A6, ¢) isa 3 x 3

matrix related to the structure of the imaging lens; P is Jones vector
of the incident beam; and Aa(d, ¢) is the parameter of phase delay
generated by the phase mask.

When the objective lens satisfies the sine condition, A(0, ¢) can

be presented by,

1+ (cosf-1)cos’p (cosf-1)cospsing —sinfcosg
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When the incidence beam is spatially non-uniformly polarized,

the radially polarized Jones vector is presented by,

Px cosd
(py) = ( sin@) (3)
pz 0

The overall system point spread function (PSF) of LSFM can be
calculated by multiplying the PSF of illumination lens and that of
detection lens, which can be presented by,

PSFsystem (X: V,Z) =PSFy (X: sz) X PSFpetec (X, y:Z) (4)

where PSFgystem, PSFiiiu, and PSFpetec are the overall system PSF, the
illumination PSF and the detection PSF, respectively.

In order to obtain an effective light sheet in LSFM, in this article,
we propose to modulate radially polarized beam with a bisected annu-
lar binary phase mask to generate the illumination beam. The pro-
posed shape of phase mask is shown in Figure 1. If we used the
sweeping method to form the virtual light sheet, the sidelobes would
affect the axial resolution of LSFM significantly. So we introduced a
diffraction grating in the illumination path to produce multiple copies
of the illumination pattern (Gao, Shao, Chen, & Betzig, 2014).

Next, we consider the intensity distributions when the radially
polarized beam is modulated by the phase masks with different ratios
of r2/r1. When NA of the illumination lens is set to 0.3, Figure 2 shows
the intensity distributions at different K values (K = r2/r1), where K is
set to 0, 0.2, 0.4, 0.6, and 0.8. As shown in Figure 2, the intensity distri-
bution of the phase-modulated radially polarized beam is not radially
symmetrical in the x-z plane: the sidelobes in the x direction are
blocked, while they are not blocked in the z direction. It is not difficult
to see that when K changes, the intensity distribution of the phase-
modulated radially polarized beam also changes. As Figure 2a-d shows,
when K is increasing, both the intensity and the size of sidelobes are
increasing. However, the size of the central lobe is decreasing at the
same time. In addition, the size of the entire beam is increasing, which
causes extra bleaching and out-of-focus background. So we should
choose a suitable value of K to balance the size of central lobes and the
effects of sidelobes. It is worth noting that when K value is set to 0.8
(Figure 2e), the shape of the central lobe is a doughnut.

3 | SIMULATION RESULTS

In order to show the effectiveness of proposed method, we simulated
with an illumination lens with 0.3 NA. The intensity distributions of
the Gaussian beam and the phase-modulated radially polarized beam
at sample are shown at the top and bottom of Figure 3a, respectively.

As stated in Section 2, the phase-modulated radially polarized beam is
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FIGURE 1 The bisected annular binary mask, which is used to
modulate the radially polarized beam. This phase mask with radius ri
is divided into two parts from the middle. The phase is O on one side
and & on another, and a & step occurs at radius r2 [Color figure can be
viewed at wileyonlinelibrary.com]

formed by modulating radially polarized beam with a phase mask. The
shape of this phase mask has also been mentioned in Section 2, and
we set the value of parameter K to 0.45. As can be seen from
Figure 3a, the section size of the phase-modulated radially polarized
beam is bigger than that of the Gaussian beam. However, the size of
the central lobe of the phase-modulated radially polarized beam is
smaller than that of the Gaussian beam.

The Gaussian beam is swept quickly across the plane by a galvo
mirror, to create a light sheet, which is called the Gaussian light sheet.
In mathematical model, the Gaussian light sheet is obtained by inte-
grating the PSF of the Gaussian beam, PSFgaussian (X,¥,2) along

x direction, which can be presented by,

PSI:IIIu (Y:Z) = JPSFGaussian (X,y,Z)dX (5)

As presented in Section 2, in order to obtain the light sheet of
phased-modulated radially polarized beam, a grating-based diffraction
optical element is added to the optical system (Gao et al., 2014). The
diffraction grating is used to produce multiple copies of the illumina-
tion pattern, so that a kind of light sheet, which is called the SIM light
sheet, is created. In mathematical model, the SIM light sheet is
achieved by the convolution of the PSF of the phased-modulated radi-
ally polarized beam, PSFp\ (x,y,2), and a periodical modulation func-

tion, M(x), in real space (Gao et al., 2014). It can be presented by,
PSFuu (x,y,2) = PSFpm(X,y,2)@M(x) (6)

The cross-sectional intensity distribution of the Gaussian light
sheet, which is calculated by Equation (5), is shown at the top of
Figure 3b. The cross-sectional intensity distribution of the SIM light
sheet, which is calculated by Equation (6), is shown at the bottom of
Figure 3b. As can be seen from Figure 3b, the width of the central
lobe of the SIM light sheet along z axial direction is narrower than that
of the Gaussian light sheet. The intensity distributions of the SIM and
Gaussian light sheets along z axis are shown in Figure 4. It can be seen
clearly from Figure 4 that the full width at half maximum (FWHM) of
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the Gaussian light sheet is 1.3 times bigger than that of the SIM light
sheet. This means that the SIM light sheet can produce images with
higher axial resolution. In order to obtain a good result, the sidelobes
of the SIM light sheet must be removed from the overall system PSF.
This can be performed by multiplying both excitation and detection
PSFs as stated in Section 2. By matching the NAs of the illumination
and detection lenses, the sidelobes of the SIM light sheet are sup-
pressed in the captured data (Chen et al., 2014). For the SIM light
sheet shown at the bottom of Figure 3b, the optimal NA of detection
lens is equal to 1.1. Both intensity distributions of the detection beam

and the SIM light sheet along z-axis are shown in Figure 5. It can be

K=0.8
(e)

FIGURE 2 Intensity distributions of illumination patterns in the x-z
plane at different K values (K = r2/r1, r1, r2 are shown in Figure 1.),
Kis set to 0, 0.2, 0.4, 0.6, and 0.8, respectively. The axes are shown
on the right [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Conventional Gaussian light sheet at the top and structured illumination microscopy (SIM) light sheet at the bottom. (a) the intensity
distributions of the pattern in the x-z plane at the focus of the illumination lens; (b) the intensity distribution of the light sheet created by
scanning Gaussian beam along x direction and that of SIM light sheet; (c) the overall system PSFs in the x-z plane. PSF, point spread function

[Color figure can be viewed at wileyonlinelibrary.com]

seen that the sidelobes of the SIM light sheet coincides with the posi-
tion with low intensity of the detection beam, so that we can remove
the sidelobes of the SIM light sheet in the overall system PSF.

We can get the overall system PSFs by multiplying both excita-
tion and detection PSFs. The overall system PSFs of the Gaussian and
SIM light sheets in x-z plane are depicted at the top and bottom of
Figure 3c, respectively. The intensity distributions along z-axis are
shown in Figure 6. As Figure 6 indicates, we can easily find that the
axial resolution of the SIM light sheet is higher than that of the Gauss-
ian light sheet.

The proposed method can also extend the field of view in LSFM.
Figure 7 indicates the intensity distributions of the Gaussian and SIM
light sheets in the y-z plane. The intensity distribution of the SIM light
sheet in the y-z plane includes three parts: the one central lobe and
both sidelobes. However, only the central part is used to obtain
images, which means that the FOV of the SIM light sheet is calculated
by the central lobe. As Figure 7 shows, the central lobe of the SIM
light sheet is longer than that of the Gaussian light sheet. From
Figure 8, we quantify the length of the Gaussian and SIM light sheets
by drawing the intensity distribution of light sheets at the central peak

—— (Gaussian
0.9 —_— S :

0.8t 1
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0.2} 1

0 i
-3 0 3
z axis/n

FIGURE 4 lllumination intensity distributions along z axis at the focus
of the illumination lens: the blue line is Gaussian light sheet; the red
one is SIM light sheet. SIM, structured illumination microscopy [Color
figure can be viewed at wileyonlinelibrary.com]

position along y-axis. It can be seen that the length of the SIM light
sheet is longer than that of the Gaussian light sheet. When the limit
line is chosen at a value equal to 0.5, the SIM light sheet is about two
times longer than the Gaussian light sheet.

In order to obtain final images of the SIM light sheet in each
plane, the raw images should be processed. The processing method is
similar to that used in conventional wide-field SIM. In conventional
wide-field SIM, we can illuminate the sample with a periodic illumina-
tion pattern with period T, and obtain a series of raw images as the
pattern moves N times in equal steps of N/T. When N raw images of
the SIM light sheet are obtained, we can get a high-quality image by
the digital processing. The digital processing method had been proven
to be feasible in traditional SIM (Neil, Juskaitis, & Wilson, 1997), the
and N-1, (N = 3), are combined to

N raw images, [, wherej =0, 1, ...,

acquire the high-quality image as:

|=

N-1
> ljexp(i2zj/N)
j=0

Gaussian
SIM

Normalized intensity

0
-1.5 0 1.5
Z axis/i

FIGURE 5 The intensity distributions of detection beam, structured
illumination microscopy (SIM) light sheet and overall system point
spread function (PSF) along z-axis: The green line is SIM light sheet,
the blue one is detection lens, the red one is overall system PSF
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 The intensity distributions of Gaussian light sheet and
structured illumination microscopy (SIM) light sheet along z-axis: the
blue line is Gaussian light sheet; the red one is SIM light sheet [Color
figure can be viewed at wileyonlinelibrary.com]

To obtain high-quality image, the minimum number of raw images
in each plane is equal to 3. For most samples in the SIM light sheet,
N value should be set to 7 or 9. In addition, when the SIM processing
algorithm is used to achieve final image, the out-of-focus background
can be removed.

An optical system layout of the SIM light sheet is shown in
Figure 9. In this layout, the galvo mirror, G_x, is used to control the
movement of the SIM light sheet in x direction to obtain N raw images
in each plane. Sample is moved along z-axis to obtain each stack.

As is known to all, Bessel light sheet is also a useful way to
improve the axial resolution and enlarge the FOV (Chen et al., 2014).
In here, we compare imaging performance of proposed SIM light sheet
and Bessel light sheet in two conditions. The first condition, we have
ensured that the area of the incident light beam in the pupil plane is

the same. The NA of illumination lens used by Bessel beam is equal to

-30

y axis/L
o

30
-6 0 6-6 0 6

Z axis/a

FIGURE7 The intensity distributions of Gaussian light sheet and
structured illumination microscopy (SIM) light sheet in y-z plane. The
left figure is the Gaussian light sheet and the right one is SIM light
sheet [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 The intensity distributions of Gaussian light sheet and
structured illumination microscopy (SIM) light sheet along y-axis. The
blue line is Gaussian light sheet; the red one is SIM light sheet, the
green line is the limit line whose value is set to 0.5 [Color figure can
be viewed at wileyonlinelibrary.com]

0.6. The cross-section of Bessel PSF is shown Figure 10a. The inten-
sity distribution of Bessel light sheet along z-axis is shown in
Figure 11c. The comparison of the overall system PSF excited by Bes-
sel light sheet and SIM light sheet is shown in Figure 11a,b, respec-
tively. Figure 12 shows the length of SIM light sheet and Bessel light
sheet. As can be seen from Figure 12, the length of SIM light sheet is
longer than that of Bessel light sheet. Additionally, the NA of illumina-
tion lens used by SIM light sheet is lower, which is 0.3, so the working
distance of illumination lens of the proposed method can be longer.
This is an advantage in the practical applications. Although the axial
resolution of Bessel light sheet is better than that of SIM light sheet
according to the FWHM in Figure 11c, the difference between them

S ®
L <> 2
P ‘ xl—» y
N

v :
DOE

L: <l
L2 <>
L < R

fj/

Sample
L4 L5 L6

FIGURE 9 The optical system layout of the structured illumination
microscopy (SIM) light sheet. S is laser source; L1-L5 are relay lenses;
L6 is illumination lens; L7 is detection lens; L8 is a tube lens; P is a
radial polarization plate; PM is a phase mask; DOE is a grating-based
diffraction optical element, which is placed behind the phase mask;
G_x is a galvo mirror which is used to control the shift of SIM light
sheet along x direction to obtain N raw images on each plane; IP is
detector [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 The cross-sectional intensity distributions of Bessel light sheet in x-z plane: (a) the Bessel light sheet has the same area in the pupil
plane structured illumination microscopy (SIM) light sheet and (b) the Bessel light sheet has the same FOV in the pupil plane SIM light sheet. The
unit of axes is wavelength. FOV, field of view [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 The intensity distributions of overall system point spread function (PSF) excited by Bessel light sheet (a) and structured illumination
microscopy (SIM) light sheet (b) in x-z plane. The intensity distributions of overall system PSF excited by different light sheet along z-axis is
shown in figure (c). The dotted red line is the distribution excited by Bessel light sheet; the blue one is the distribution excited by SIM light sheet

[Color figure can be viewed at wileyonlinelibrary.com]

is slight. Besides, as Figure 11c shows, the intensity distribution of
Bessel light sheet is stronger than that of SIM light sheet in a specific
area, which might lead to more background of images in the x-y plane
by using Bessel light sheet. In other words, the SIM light sheet has
great advantages over Bessel light sheet, in the FOV, working distance
and background. The second condition, the area of incident light beam
in the pupil plane will shrink if we ensure that FOV of Bessel light
sheet and SIM light sheet is the same. The intensity distribution of this
Bessel beam is shown in Figure 10b. As Figure 10b shows, the shape
of intensity distribution of Bessel beam near center is not changed
and therefore the axial resolution can be kept (Olarte, Andilla, Emilio, &
Pablo, 2018). However, the sidelobes become wider, which means

increasing photobleaching and phototoxicity in the sample.

4 | CONCLUSION
In this article, we have demonstrated that the SIM light sheet can
overcome the contradiction between the length and thickness in con-

ventional LSFM. To modulate the radially polarized beam, we have

1 T
> 087 I
o /
@ I Y
Eosf f
_O .,’ A
@ / y
T 04r .
= fi | sm—— Bessel \
o / |
2 ol SIM |
' Limit line
0 Lt :
-30 0 30
y axis/ A

FIGURE 12 The intensity distributions of Bessel light sheet and
structured illumination microscopy (SIM) light sheet along y-axis. The
dotted red line is Bessel light sheet; the blue one is SIM light sheet,
the green line is the limit line whose value is set to 0.5 [Color figure
can be viewed at wileyonlinelibrary.com]
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introduced a bisected annular binary phase mask. Then the diffraction
grating is used to generate the SIM light sheet. The simulation results
demonstrated that the proposed SIM light sheet can be used to obtain
1.3 times higher axial resolution and two times longer length com-
pared with the conventional Gaussian light sheet. In the future, we
will use this SIM light sheet to obtain 3D live imaging with higher axial
resolution and wider FOV.
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