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Light-sheet fluorescence microscopy (LSFM) is a kind of volumetric imaging methodology suited for long term living specimens at high temporal-spatial resolution. A single Airy beam (SAB) light-sheet can extend the field of view of Light-sheet fluorescence microscopy benefiting from its non-diffracting nature, but at the cost of out-of-focus background and low imaging contrast caused by side lobes illumination. Here, we propose a method to generate a sort of multiple Airy beams (MAB), which are linearly superimposed of multiple single Airy beams with different scale factors. Compared to the SAB light-sheet, the energy of the multiple Airy beams light-sheet is more concentrated on the focal plane of the detection objective, which can improve the imaging contrast and decrease the photodamage effect. Furthermore, we combined the complementary beam subtraction (CBS) strategy to increase the axial resolution, termed as multiple Airy beams-complementary beam subtraction method, which enables the axial resolution of 1.2 μm while keeping the field of view of 450 μm × 450 μm. The effectiveness of the method is demonstrated by imaging of fluorescent beads and aspergillus conidiophores.
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1 INTRODUCTION
Light-sheet fluorescence microscopy (LSFM) [1], also referred to as selective plane illumination microscopy (SPIM) [2], uses a scheme of selective planar illumination of samples and a orthogonal wide-field detection. LSFM is ideally suited for long term volumetric imaging of living specimens at high temporal-spatial resolution. LSFM confines the potentially damaging illumination to the in-focus region of the specimen, which minimizes the harmful phototoxicity and photobleaching. Due to these characteristics, LSFM has been successfully used in the fields of developmental biology [3], functional imaging [4], cell biology [5], plant and algae research [6], whole-brain imaging [7], and so on.
In LSFM, the properties of light-sheet (thickness, propagation length, intensity distribution, etc.) are critical to the final image quality. Traditional LSFM uses a single Gaussian beam light-sheet for illumination, where the imaging field of view (FOV) and the axial resolution are mutually restricted [8]. There is a tradeoff between the axial resolution and the imaging FOV. Higher axial resolution can be achieved by using higher numerical aperture illumination objectives, but at the cost of a narrower light-sheet and smaller FOV. Many approaches have been proposed to address this issue, such as tiling light-sheet selective plane illumination microscopy (TLS-SPIM) [9], extended focusing [10], axially swept light-sheet microscopy [11], multiple focus-shifted Gaussian beam arrays [12], multidirectional selective plane illumination microscopy (mSPIM) [13], digital adaptive optics scanning light-field mutual iterative tomography (DAOSLIMIT) [14], and so forth.
The employment of non-diffracting beams (e.g., Bessel beams [15], Airy beams [16], optical lattices [5] and Field synthesis light-sheet [17]) is another kind of approaches to expand the FOV of LSFM while keeping the axial resolution. Fahrbach et al. [15] proved the superior propagation ability of Bessel beams through inhomogeneous scattering media. Vettenburg et al. [18] had experimentally demonstrated that the Airy beam shows up to a tenfold and fourfold increase in FOV compared to the Gaussian and Bessel beam light-sheets, respectively, while sustaining the high axial resolution. However, the side lobes of the non-diffracting beams bring unfavorable background fluorescence excitation, reducing the axial resolution and the image contrast. Although other techniques, such as two-photon excitation [19], the confocal technique [20], structured sheet illumination [21], can help to eliminate the out-of-focus background, they either increase the complexity of the system or reduce the imaging speed.
In this paper, we propose a method to generate a sort of multiple Airy beams (MAB) by modifying the single Airy beam (SAB) phase spectrum. Compared with the SAB light-sheet, the energy of the MAB light-sheet is more concentrated on the focal plane of the detection objective, which can suppress the side lobes and enhance the image contrast. Furthermore, the axial resolution is further improved with the complementary beam subtraction (CBS) method, termed as MAB-CBS method. The imaging performance is validated experimentally with fluorescent beads and aspergillus conidiophores.
2 MATERIALS AND METHODS
Planar single Airy beam [22, 23] has a parabolic trajectory parallel to the focal plane of the detection objective, whose light-sheet has xy-plane symmetry. This avoids the limitation of the parabolic illumination on the selection of depth of field of the detection objective. The planar SAB light-sheet can be created by rapidly scanning a 45°-rotated 2D finite-energy SAB that has an initial intensity distribution as
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where the light-sheet is assumed to propagate in the y-direction, Ai (·) indicates the planar Airy function, x0 and z0 are the arbitrary transverse scale and assumed that x0 = z0, ω is a decay factor to ensure the physical realization of the planar SAB [24, 25]. Its Fourier spectrum is given by
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where u and v are normalized spatial spectral coordinates, the dimensionless parameter α determines the propagation invariance of the planar SAB [18].
In order to generate the MAB with suppressed side lobes, we design by modifying the spatial spectrum of SAB, and the spatial spectrum of the MAB is given by
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where sign(ζ) denotes the sign function, with ζ > 0, sign(ζ) = 1; ζ = 0, sign(ζ) = 0; ζ < 0, sign(ζ) = -1. To simplify Eq. 3, let [image: image], we get the MAB spectrum as
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Because Eq. 4 is a periodic function of the variable θ with period 2π, it can be represented by a Fourier series:
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Considering the odd function, thus an ≡ 0. The solution of Eq. 5 is:
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The complex amplitude of the MAB can be obtained by making a Fourier transform of Eq. 6:
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Eq. 7 shows that the MAB is linearly superimposed of infinity SABs with different scale factors. The high-order Airy beam intensity decreases inversely in proportion to the square of the coefficient (2m-1). When the value of m is 50, the intensity reduces to 1/10,000. The light-sheets can be obtained by scanning the beams along the x-axis. Compared with the SAB light-sheet, the energy of the MAB light-sheet is more concentrated on the focal plane of the detection objective, and the side lobes are relatively suppressed down, which shows that the MAB light-sheet can reduce out-of-focus background and improve the image contrast.
Furthermore, the complementary beam subtraction (CBS) method [23, 26, 27] was used to improve the axial resolution. The complementary beam of the MAB (termed as MCB) can be generated by adding 0-π phase step to the spatial spectrum (Eq. 3), resulting in:
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The Fourier transform of 0-π phase step (i.e., sign(v)) is:
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Eq. 9 means that the spatial spectrum of 0-π phase step induced destructive interference causes the focal point to split into two foci with an intermediate intensity of zero. The Fourier transform of Eq. 8, i.e., the complex amplitude distribution of MCB, could be obtained by Eq. 7, Eq. 9 with the convolution theorem:
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The MCB light-sheet has an interlayer being of zero intensity at focal plane of detection objective (xy-plane). The effective MAB-CBS light-sheet is obtained by subtraction of the MAB light-sheet and the MCB light-sheet. Compared with the SAB-LS and the MAB-LS, a higher axial resolution is retrieved with the proposed MAB-CBS method. The subtraction of multiple images to enhance the axial resolution has also been realized by photobleaching imprinting strategy [28].
3 EXPERIMENTAL SETUP
The schematic diagram of the LSFM system is shown in Figure 1A. A 488 nm CW laser (NovaPro Fiber 488–90 SM, RGB Photonics Inc.) is invoked as a light source. A lens (f1 = 50 mm) is placed behind for collimation, and a polarizer is utilized to output a horizontally polarized beam. The beam is reflected by a triangular reflector onto a phase-only spatial light modulator (PLUTO-2-NIR011, Holoeye Inc.). By addressing the specially designed computer-generated-holograms (CGHs) as shown in Figure 1B on the spatial light modulator, three kinds of non-diffracting beams, i.e., the single Airy beam, the multiple Airy beams and the complementary beam of MAB, are produced respectively, which are then conjugated to a galvanometer mirror (GVSM002/M, Thorlabs Inc.) through a pair of relay lenses (f2 = 300 mm, f3 = 100 mm). The undesired diffraction orders from the spatial light modulator (SLM) are filtered out by the iris aperture at the focal plane of lens 2. The light-sheet, generated by scanning the galvanometer mirror along the x-direction, is sent to the excitation objective (×10 NA 0.45/WD 19mm, 58–372, Edmund Inc.) through a beam expander (f4 = 39 mm, f5 = 125 mm). The detection objective (Water dipping, NA 0.8/WD 3 mm, CFI Apo 16XW NIR, Nikon Inc.) whose focal plane coincides with the light-sheet in xy plane collects the fluorescent signal emanating from the focal area of the sample, and then imaged through a zoom lens (f6 = 300 mm) to a sCMOS camera (100 fps @ 2048 pixels × 2048 pixels, pixel size: 6.5 µm, Flash 4.0 V3, Hamamatsu Inc.). The overall system magnification of LSFM is ×24. An emission filter (NF03-405/488/532/635 E25, Semrock Inc.) located in the detection path is used to block the illumination light. By using a motorized translation stage (MTS25-Z8, Thorlabs Inc.), volumetric imaging is achieved by moving the sample through the light-sheet and sequentially taking images at different depths in z-axis. Samples are mounted on agarose inside glass capillaries or slides, and loaded into water filled custom-designed 3D-printed chamber.
[image: Figure 1]FIGURE 1 | (A) The schematic diagram of the LSFM system. (B) Computer-Generated-Holograms (CGHs) of the SAB, MAB and MCB, respectively. (C) Top-view of the specimen chamber. SLM: spatial light modulator; EO: excitation objective; DO: detection objective.
Compared with our previous LSFM system [23], several improvements are made as follows: The excitation objective was changed from a ×40 water dipping objective to a ×10 long working distance air objective (NA 0.45/WD 19 mm, 58–372, Edmund Inc.). Since the air excitation objective is mounted outside the sample chamber, larger chamber space facilitates mounting and movement of standard slides samples [Figure 1C]. The ×40 detection objective (Water dipping, NA 0.8/WD 3.5 mm, CFI Apo 40XW NIR, Nikon Inc.) was replaced with a lower magnification objective (Water dipping, NA 0.8/WD 3 mm, CFI Apo 16XW NIR, Nikon Inc.). With the same NA, the ×16 detection objective can support a larger FOV without sacrificing the lateral resolution.
To measure the transversal cross-sectional (xz-plane) intensity distribution of the non-diffracting beams, a plano mirror at a 45° angle with respect to both the optical axes of the two objectives is placed in the sample chamber to reflect the beams to the sCMOS camera. The measured intensity distributions of the single Airy beam, the multiple Airy beams and the multiple complementary beam are shown in Figure 2D–F, which show good agreement with the theoretical results as shown in Figure 2A–C. The light-sheet is generated by rapidly scanning the galvanometer mirror along the x-axis, and the intensity distribution of the single Airy beam light-sheet (SAB-LS), the multiple Airy beams light-sheet (MAB-LS) and the multiple complementary beams light-sheet (MCB-LS) are measured as shown in Figure 2G–I. To analyze the characteristics of different light-sheets, the intensity profiles along z-axis are plotted in Figure 2J. The main lobe energy ratio (defined as the ratio of the energy of the main lobe to the total energy of the light-sheet) increases from 30% of the SAB-LS to 37% of the MAB-LS as shown in Figure 2J1. Fewer side lobes of MAB-LS can reduce the out-of-focus background and improve the image contrast and the optical sectioning capability. The MAB-CBS light-sheet (Figure 2J3) can be obtained by subtraction of the MAB light-sheet with the MCB light-sheet, which can enhance the axial resolution compared with the SAB-LS and the MAB-LS.
[image: Figure 2]FIGURE 2 | Numerical simulation and experimental measurement of the SAB, the MAB and the MCB. (A–C) numerical simulation in the transversal (xz-plane) of the SAB, MAB and MCB, respectively. (D–F) experimental measurement of the transversal cross-sections. (G–I) The transversal (xz-plane) cross-sections of the SAB light-sheet, MAB light-sheet and MCB light-sheet, respectively. The scan direction is along the x-axis. (J) The intensity profiles along the z-axis in (G–I).
4 RESULTS AND DISCUSSION
Imaging experiments were firstly performed on 500 nm-diameter fluorescent beads to verify the properties of the MAB-CBS method. A series of image stacks (200 slices with axial interval 0.3 μm @ 2048 × 2048 pixels) were acquired by illuminating the fluorescent beads with CGHs (for SAB, MAB and MCB respectively) alternately loaded on the SLM. Figure 3A is the maximum intensity projection (MIP) image of yz-plane obtained with the SAB light-sheet, which covers the entire FOV of 450 μm × 450 μm. The MAB light-sheet (Figure 3B) can cover the same large FOV. The image in Figure 3C is obtained by subtracting the two image stacks of the SAB light-sheet and the MCB light-sheet for each slice. It can be seen that the axial resolution and contrast are clearly improved with the MAB-CBS method. Figure 3D present the normalized axial intensity profiles of the corresponding beads selected in Figure 3A–C. To quantify the axial resolution, we selected 100 fluorescent beads to analyze their FWHMs, and the statistical average value was used as the axial resolution. The statistical axial FWHMs are: 2.6 μm for SAB light-sheet [Figure 3A], 2.6 μm for MAB light-sheet [Figure 3B], and 1.2 μm for MAB-CBS [Figure 3C]. The proposed MAB-CBS method can cover the field of view of 450 μm × 450 μm while keeping the axial resolution of 1.2 μm. As a comparison, the single Gaussian beam light-sheet has the FOV of only 37 μm when the axial resolution is 1.2 μm [29]. Thus, the MAB-CBS method enables a twelve-fold increase in FOV without sacrificing the axial resolution.
[image: Figure 3]FIGURE 3 | Imaging results of 500 nm-diameter fluorescent beads. (A–C) The yz-plane maximum intensity projection (MIP) images of fluorescent beads excited by using the SAB light-sheet, MAB light-sheet and MAB-CBS method, respectively. (D) The normalized intensity profiles along the z-axis of the fluorescent beads selected in (A–C). The insets are the magnified views of the selected beads indicated by the dashed box in (A–C).
Next, we performed imaging experiments on the aspergillus conidiophores (Carolina Inc.) to compare the imaging performance. Each stack of raw images contains 200 slices @ 2048 × 2048 pixels with an axial interval of 1 μm. The 3D imaging results of SAB light-sheet and MAB-CBS method are shown in Figures 4A,B, respectively. Moreover, the MIP images of the xz-plane obtained with the SAB light-sheet, the MAB light-sheet and the MAB-CBS are shown in Figure 4C–E, respectively. Because the energy of the MAB light-sheet is more concentrated on the focal zone, the images obtained with the MAB light-sheet provide better contrast compared to the SAB light-sheet. The MAB-CBS method further effectively removes the out-of-focus background and improves the axial resolution. The normalized intensity profiles along z-axis (i.e., the red dotted lines in zoom figures) and along x-axis (i.e., the yellow dashed lines in zoom figures) are plotted in Figures 4F,G, which further highlight the superior imaging properties of the MAB-CBS method.
[image: Figure 4]FIGURE 4 | Imaging results of aspergillus conidiophores excited by 488 nm laser. (A) and (B) The 3D views of the sample imaged by using the SAB light-sheet and the MAB-CBS method, respectively. (C–E) The xz-plane MIP images of the sample by using the SAB light-sheet, the MAB light-sheet and the MAB-CBS method. 1, 2, 3, are the zoom-in parts of the marked areas indicated in (C–E). (F) and (G) The normalized intensity profiles along the red dotted lines and along the yellow dashed lines in 1, 2, 3, respectively.
CBS method would induce artifacts if there are some very saturation bright signals in the raw images. By carefully adjusting the exposure time and the laser power of the light sheet, overexposure is avoided to produce saturated signals in large dynamic range raw images. The background noise would add together after CBS operation, a low-noise sCMOS camera can partially solve this problem.
5 CONCLUSION
We have proposed a method to generate multiple Airy beams which have fewer side lobes compared to the classical Airy beam. Combined with the complementary beam subtraction strategy, the MAB-CBS method enables extension of the FOV of LSFM by over twelve-fold without sacrificing the axial resolution. The effectiveness of the method was demonstrated by imaging specimens of fluorescent beads and aspergillus conidiophores. The design method of novel non-diffracting beams with fewer side lobes can also bring benefits to other light-sheet-based imaging systems, promoting the development and application of LSFM.
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