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Abstract

:

Two-photon endomicroscopy is a promising technique with the ability to achieve in situ imaging and diagnosis at subcellular resolution. The large field-of-view capability is essential and useful to locate and image suspicious areas of biological tissue. In this work, we report objective-lens-free, lensed fiber-optic two-photon endomicroscopy for field-of-view enhancement. The field of view of this two-photon endomicroscopic probe is 750 μm with a resolution of 3.03 μm. This 1.6 g miniature probe has an integrated outer diameter of 5.8 mm and a rigid length of 33.5 mm. The imaging performance of the lensed-fiber-optic two-photon endomicroscopy was validated by examining an ex vivo mouse heart, kidney, brain, stomach wall tissues, and in vivo brain tissue.
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1. Introduction


Two-photon microscopy (TPM) has been widely used in life sciences since its invention in the 1990s [1,2]. Its advantages include optical sectioning capacity, deep penetration depth, and label-free structural/metabolic imaging. Recent developments in miniature TPM have enabled researchers to take this highly integrated and lightweight platform to explore more application paradigms, especially the brain imaging in freely behaving animals [3,4,5,6]. Fiber-optic two-photon endomicroscopy (TPEM) is one of the crucial branches of miniature TPM, and typical distal-scanning endomicroscopic probe configurations, such as MEMS (micro-electromechanical) scanning scheme [7,8,9] and the piezoelectric tube (PZT) fiber-scanning scheme [10,11,12,13,14,15,16,17,18,19,20], have been developed. The PZT fiber-scanning distal scanning scheme could share a single double-cladding fiber (DCF) for common-path femtosecond pulse excitation and fluorescence transmission, which is potentially more advantageous for probe integration. The fiber-optic TPEM is a promising endomicroscopic technique that performs the in vivo optical biopsy of biological tissues with histological resolution, which offers the diagnostic and translational potential in gastrointestinal [21] and brain [22] diseases.



Most of the reported TPEMs use stationary micro-objectives with magnification (M) >1 to focus. Limited by the fixed spatial bandwidth of the objective, the field-of-view (FOV) is 1/M of the PZT fiber scanner scanning range (Dscan), resulting in a FOV of less than 500 μm [10,11,12,13,14,15,16,17,18,19,20]. However, in actual clinical applications, a larger FOV is essential and helpful to locate and image suspicious areas of biological tissue. The lensed fiber technique has been applied by several groups in fiber-optic endomicroscopy due to its objective-lens-free direct imaging capability, flexible parameter optimization, and compatibility for miniature probe integration [23,24,25]. The superior advantage of lensed fiber-optic imaging without the stationary objective lens solution is that the actual FOV is Dscan, thus realizing an M-fold enhancement in FOV.



Several research groups have explored the direct imaging capability with a lensed fiber in the confocal and multi-photon endomicroscopic imaging field. In 2009, Bao et al. [26] realized the imaging validation of the hemisphere-lensed fiber for two-photon imaging with no objective lens for the first time. The numerical aperture (NA) of this lensed fiber is 0.12 and its corresponding focal spot is 6 μm. Two-photon fluorescent images of 10 µm microspheres can be obtained. In 2018, Akhoundi et al. [27] demonstrated a large FOV (>600 μm) 1700 nm excited multiphoton endoscopy prototype with 2.2 µm lateral resolution by gluing the stationary objective lens in front of DCF. The PZT drives the overall structure to achieve spiral scanning, thus resulting in a lower frame rate (15 s/frame). The integrated endoscopy probe has an 5 mm outer diameter and 40 mm rigid length. In 2021, Kim et al. [28] reported an objective-lens-free, 2.6 mm packaged diameter, Lissajous scanning confocal endomicroscopy with a PZT-driven hemisphere-lensed fiber. The lensed fiber is composed of the single-mode fiber and coreless silica fiber segment. A hemisphere is manufactured on the tip of the fiber by the arc discharge of the fusion splicer, which acts as a focusing objective lens. This scheme has verified the feasibility of using a hemisphere-lensed fiber to achieve a large FOV (>400 μm) and 2.6 μm lateral resolution in fiber-scanning confocal endomicroscopy. Considering the more stringent conditions for femtosecond pulse delivery and fluorescence signal collection, the fabrication of lensed fiber for two-photon endomicroscopy is more challenging. Additionally, from the current state of the art, the FOV enhancement capability using lensed fiber in the PZT fiber-scanning TPEM scheme has not been verified yet.



In this work, we report an objective-lens-free, lensed fiber-optic TPEM scheme for field-of-view enhancement. The FOV of this two-photon endomicroscopic probe is 750 μm with a resolution of 3.03 μm. Firstly, in the theoretical part, the ABCD transformation matrix of the lensed fiber based on hollow-core antiresonant fiber is established. The effects of the hemisphere radius and LCF length on the focused waist radius, working distance and NA are analyzed. Secondly, in the experimental part, the engineered fabrication of the lensed fiber, based on arc discharge, is carried out. The far-field NA and near-field spot size of the lensed fiber are measured. Finally, the performance of this lensed fiber-optic TPEM probe (5.8 mm outer diameter, 33.5 mm rigid length) is validated by examining ex vivo mouse heart, kidney, brain, stomach wall and in vivo brain tissue.




2. Methods


2.1. Lensed Fiber-Optic Two-Photon Endomicroscopy Setup Overview


Figure 1a illustrates the structure of our objective-lens-free, lensed fiber-optic TPEM. More theoretical and experimental details about the fiber-scanning TPEM platform can also be found in our previous reports [20,29,30,31,32]. In brief, the 920 nm femtosecond fiber laser with an 80 MHz repetition rate is chosen as the TPEM laser source. The femtosecond pulse passes through the dichroic mirror (DM; DMLP650R, Thorlabs, Newton, NJ, USA) and is then coupled into a custom-made double-cladding antiresonant fiber (DC-ARF) through the aspheric coupling lens (CL; 354850 B, Lightpath, Orlando, FL, USA). The DC-ARF has a geometric hollow-core and cladding diameter of 24 μm and 134 μm, respectively. The NA values of the DC-ARF core and cladding are 0.034 and 0.5, respectively. The group velocity dispersion (GVD) and transmission loss measured at 920 nm is 5.5 ps/km/nm and 0.1 dB/m [29], showing more excellent dispersion and transmission characteristics than the photonic crystal bandgap fiber [30], therefore no additional dispersion compensation devices (i.e., grating pairs and prism pairs) are used in this platform. The laser pulses are transmitted to the miniaturized TPEM via the DC-ARF core and used to excite two-photon fluorescence for biological tissue. The two-photon fluorescence is collected backwards through the DC-ARF cladding, bandpass filter (FF01-530/43-25, Semrock, West Henrietta, NY, USA), collection lens (LA1951-A, Thorlabs, Newton, NJ, USA), and converges to the photomultiplier tube (PMT; H10770PA-40-SEL, Hamamatsu, Shizuoka Prefecture, Japan) for subsequent digital signal acquisition and reconstruction.



The integrated TPEM probe has an outer diameter of 5.8 mm, a rigid length of 33.5 mm, and a weight of 1.6 g, as depicted in Figure 1b. This lightweight probe is composed of the custom-made reverse-fixed PZT (PT230.94, Physik Instruments, Karlsruhe, Germany) fiber scanner and lensed fiber. The front end of the probe is encapsulated with a 5 mm diameter, 100 μm thick glass window to protect the scanning lensed fiber and meet the actual needs for ex vivo and in vivo biological imaging. The four-quadrant PZT has a 3.2 mm outer diameter, 2.2 mm inner diameter, and 30 mm length. To reduce the rigid length of the integrated probe, the PZT and lensed fiber form a reverse-fixed structure [32,33]. By applying and sweeping sine and cosine voltage signals amplified by voltage amplifier (TD250, Piezodrive, Shortland, Australia) to the PZT fiber scanner and monitoring the scanning track by CMOS camera (Panda, 4.2 M PCO, Kelheim, Germany), the second-order resonant point of this 30.5 mm cantilever PZT scanner is obtained to be approximately 660 Hz. In our TPEM platform, 512-ring two-dimensional spiral scanning trajectories are achieved by the synchronous amplitude-modulated sine and cosine voltage signals acting on the scanner, which are generated by the field programmable gate array control circuit. The scanning period of a PZT scanner mainly consists of an increased amplitude period (512 rings) and a decreased amplitude period (512 rings). The increased amplitude period is used for two-photon endoscopic imaging, corresponding to an imaging frame rate of approximately 0.65 fps. To achieve the correction of the elliptical trajectory to the circular trajectory, we adjust the drive voltages of the X and Y axes, and finely tune the drive phase x. More detailed content of the trajectory correction method can also be found in our previous work [29].



As the most critical optical device within this TPEM platform, the lensed fiber (depicted in Figure 1c) is obtained through DC-ARF and a large-core multimode fiber (LCF) fusion, fixed-length cutting, and the discharge generation of hemisphere surfaces. The geometric length of LCF, and the radius of the hemisphere surface in this lensed fiber is approximately 0.906 mm and 82 μm, respectively. The gradient step refractive index distribution LCF (SI 105/125-22/250, Yangtze Optical Fibre and Cable, Wuhan, China) has a geometric core and cladding diameters of 105 μm and 125 μm, respectively, with 0.22 core NA and 8 dB/km transmission loss of at 850 nm. The LCF acts as the spacer to expand the beam size in this lensed fiber model. The scanning electron microscopy (SEM) image of DC-ARF and fiber endface microscopy image of LCF are depicted in Figure 1d,e, respectively.
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Figure 1. (a) Schematic of objective-lens-free fiber-optic TPEM. DM: dichroic mirror. CL: coupling lens. DC-ARF: double-cladding antiresonant fiber. PZT: piezoelectric ceramic tube. BP filter: bandpass filter. FL: focusing lens. PMT: photomultiplier tube. (b) Photograph of the 1.6 g integrated probe. (c) Photograph of the lensed fiber. (d) SEM image of DC-ARF. (e) Fiber endface microscopy image of LCF. 
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2.2. ABCD Transformation Matrix Analysis of Lensed Fiber


Figure 2 depicts the geometric schematic of the lensed fiber composed of an ARF and LCF. As a typical photonic crystal fiber, ARF confines the light in the core of the fiber based on antiresonant principle [34], and has endlessly single-mode transmission characteristics [35]. The LCF acts as the spacer to expand the Gaussian beam size. The propagation of the Gaussian beam in lensed fiber is modeled using the ABCD transformation matrix [36,37]. The influence of the key parameters of the lensed fiber, such as the LCF length and hemisphere radius, are theoretically analyzed for their effects on the spot output characteristics. In the geometric model, the abbreviated symbols are as follows: R, L, n1, n2 is the hemisphere radius, LCF length, air refractive index, and LCF refractive index, respectively.    ω 0    is the antiresonant fiber mode field radius,  λ  is the working wavelength.



The total transformation matrix T of the lensed fiber can be obtained:


  T =  T 4   T 3   T 2   T 1  =      A   B     C   D      = [     1 + (   1 − n  R  ) d      L n  + d [ (   1 − n  R  )  L n  + 1 ]         1 − n  R      (   1 − n  R  )  L n  + 1     ]  



(1)




with


    T 1  = [    1   0     0       n 1     n 2        ]   ,    T 2  = [    1   L     0   1    ]   ,    T 3  = [    1   0         n 1  −  n 2     n 1  R          n 2     n 1        ]   ,    T 4  = [    1   d     0   1    ]   



(2)







We point out that compared to the lensed fiber model consisting of a solid single-mode fiber with LCF [23,24,28], the T1 transformation matrix is added to Equation (1) because the DC-ARF has a hollow core.



The input parameter    q 0    of the Gaussian beam and output parameter    q 1    at the waist of the lensed fiber can be expressed in Equations (3) and (4):


   q 0  = i   π  ω 0 2   λ   



(3)






   1   q 1    =  1   R 1    − i  λ  π  ω 1 2     



(4)







By considering the ABCD transformation matrix of the Gaussian-beam parameter, as depicted in Equation (5):


   q 1  =   A  q 0  + B   C  q 0  + D    



(5)







Then, Equations (3) and (4) can be combined and solved. The output waist radius (   ω 1   ), the working distance (d) and the output NA after the lensed fiber transformation can be obtained by Equations (6)–(8):


   ω 1  =  1 π    λ  ω 0      A D − B C      



(6)






  d =   (   n − 1  R  )  x 2  −  L n  (   1 − n  R   L n  + 1 )     (   1 − n  R  )  2   x 2  +   (   1 − n  R   L n  + 1 )  2     



(7)






  N  A  f i b e r   = sin ( arctan (  λ  π  ω 1    ) )  



(8)




where   x =   π  ω 0    2   λ   .



In our two-photon endomicroscopy platform, the geometric parameters of the lensed fiber hemisphere radius R is 82 μm, LCF length L is 0.906 mm, the DC-ARF mode field radius    ω 0    is 8.6 μm, and the working wavelength  λ  is 920 nm. By bringing the above parameters into Equations (3)–(5), we can obtain the theoretical simulation results of the output parameters of this lensed fiber, where the output waist radius    ω 1    is 3.02 μm, the working distance d is 233 μm, and the output NA is 0.096. The two-dimensional simulation curves of the waist radius, working distance, and output numerical aperture are depicted in Figure 3, where the hemisphere radius of the curvature varies from 50 to 100 μm and the LCF length varies from 0.3 mm to 1.2 mm.




2.3. Fabrication and Evaluation of Lensed Fiber


The fabrication of the lensed fiber is critical for lightweight TPEM probe integration and two-photon imaging. Two key technical challenges are involved in this process. First, the geometric structure of the lensed fiber (LCF length and hemisphere radius) determines the final two-photon endomicroscopic imaging performance. There is a tradeoff between imaging resolution and working distance. In order to achieve the probe integration and imaging of the biological tissue at certain depth, the working distance of the lensed fiber used in such fiber-scanning TPEM should be greater than 200 μm (100 μm of which is occupied by the probe protection glass window). On this basis, the structural parameters of the lensed fiber are then optimized to ensure imaging resolution. Second, considering the common-path design of this TPEM platform, the transmission performance of the lensed fiber determines the forward femtosecond pulse transmission and reverse fluorescence collection performance at the same time. As a type of air-hole photonic crystal fiber, the fusion conditions of ARF and LCF need to be explored. Unreasonable fusion conditions can lead to the serious collapse of the crystal fiber microstructure, which, in turn, increases the fusion loss undesirably [38,39,40]. Thus, the low-loss fusion of the DC-ARF to the LCF becomes the second technical challenge which need to be broken through.



Figure 4 depicts the conventional fabrication process of the lensed fiber by arc discharge for fiber-optic endomicroscopy [23,28]. The primary steps are as follows: (1) The DC-ARF is spliced into the LCF by arc discharge in a fusion splicer (FSM-100P+, Fujikura, Tokyo, Japan). Because the ARF is a hollow-core fiber, excessive discharge intensity could cause the capillary structure to collapse, increasing the splice loss. Therefore, the fusion conditions need to be finely optimized to meet the needs of the lensed fiber fabrication. The optimization process of the fusion conditions will be described in detail in the next section, and only the final fusion parameters used for lensed fiber fabrication are given here. For discharge fusion, the DC-ARF and LCF are placed in the left and right fiber holders of the fusion splicer, respectively. The lateral distance between the fusion point and the discharge electrode is referred to as the fiber offset. To reduce the splice loss, the fiber offset is set to 20 μm on the left side, which means that the fusion point is 20 μm to the left away from the discharge electrode. The main discharge intensity of the fusion splicer is 200 bit and its main discharge time is 500 ms. The 200 bit main discharge intensity corresponds to 13.2 mA discharge current. In order to increase the fusion joint strength, another four re-discharges are then performed with a discharge intensity and time of 180 bit and 800 ms, respectively. In this case, the strength of the fusion point is sufficient to meet the stress needs of later cutting. (2) To obtain a specified length, the LCF is cut using a fiber cleaver under a microscope (XTL-400, Guiguang, Guilin, China). (3–4) The LCF is discharged to generate a hemispheric surface on which the output spot is focused. We use a discharge intensity of 500 bit and a discharge time of 500 ms to fabricate the hemisphere surface.



Next, the splice loss optimization process of the DC-ARF and LCF fusion conditions is optimized precisely. The two crucial parameters, discharge intensity and fiber offset, are optimized using the DC-ARF and single-mode fiber (SMF; Hi1060, Corning, Glendale, AZ, USA). The SMF has a geometric core and cladding diameters of 5.3 μm and 125 μm, respectively, with core NA of 0.14, and transmission loss of 2.1 dB/km at 980 nm. A 915 nm continuous light source (LR-PSFJ-915/1–100 mW, Changchun Laser Technology, Changchun, China) is utilized as the laser source. The DC-ARF is first aligned with the 0.75 m SMF in the fusion splicer, and the output of the SMF is connected to a desktop power meter (HS6101A, Hongshan, Shanghai, China) for power monitoring. The output powers of the SMF before and after fusion splicing are recorded as    P 1    and    P 2   , respectively. Consequently, the splice loss of the fusion point can be calculated using Equation (9):


   α  l o s s   = − 10 lg (    P 2     P 1    )  



(9)







The splice loss measurements of the main discharge intensities and times between the DC-ARF and SMF are shown in Figure 5a. The main discharge, which is the first discharge, ranges in intensity from 180 to 220 bit. The main discharge time is 500 ms, which remained unchanged. The second to fifth discharges are re-discharges. Both the 180 bit re-discharge intensity and the 800 ms discharge time remained unchanged. Throughout the discharges, the fiber offset was kept constant at 20 μm to the left. After one main discharge at 180 bit, 200 bit, 205 bit, 210 bit, 220 bit, and four re-discharges, the splice loss was 0.92 dB, 1.01 dB, 1.26 dB, 1.60 dB, and 2.23 dB, respectively. Increasing the main discharge intensity leads to a further increase in the splice loss. The splice loss measurements of the fiber offset and discharge times are shown in Figure 5b. To minimize the damage to the ARF core structure caused by excessive discharge intensity, the fusion point should be situated at a distance from the discharge electrode. For this experiment, the main discharge intensity of 200 bit and 500 ms, respectively, remained constant. From the second to fifth discharge, a re-discharge intensity and time of 180 bit and 800 ms, respectively, were kept constant. The experimental results indicated that the splice loss of 1.01 dB at 20 μm offset to the left is lower than that of 2.6 dB at no offset and 4.1 dB at the right offset.



The total loss of this lensed fiber is approximately 1.8 dB at 915 nm, primarily due to the coupling losses between the CL and DC-ARF, the transmission loss in the 1 m DC-ARF, and fusion losses between the DC-ARF and LCF. The optimized fusion loss of 1.01 dB between the DC-ARF and LCF also causes approximately 21% transmission loss for the fluorescence signal reverse transmission. As shown in Figure 6a, the far-field output NA test of the lensed fiber (also the imaging NA) is performed by measuring the   1 /  e 2    diameter of the output spot at different locations (Photon NanoScan, Ophir Optronics Solutions, Darmstadt, Germany). The experimental NA results in the X and Y directions are 0.11 and 0.095, respectively. The variability of the two axes of NA may be influenced by the inconsistency of the surface shape of the curved lens fabricated by the arc discharge. As shown in Figure 6b, the near-field output spot full-width at half maximum (FWHM) of the lensed fiber is also measured. The 20× objective (Plan N, Olympus, Tokyo, Japan) and a 250 mm plano-convex lens (GCL-010803, Daheng Optics, Beijing, China) form a 14.7× spot magnification system, and the measured near-field FWHM of the lensed fiber is 3.65 μm. The working distance of the lensed fiber is obtained by subtracting the hemisphere radius of the lensed fiber surface from the distance between surface S1 and S2 (illustrated in Figure 2), and the working distance is approximately 260 μm.





3. Experimental Results


In the experimental results, we first evaluate the maximum FOV and lateral resolution of the objective-lens-free TPEM probe. A square standard grid with a side length of 50 μm is used for the FOV testing. The maximum FOV is 750 μm (X axis at ±93.75 V driving voltage and Y axis at ±71.25 V driving voltage), as shown in Figure 7a. An uneven intensity distribution image in parts is mainly due to the influence of off-axis aberrations such as field curvature and grid standard fabrication by uneven coating fluorescent microbeads. Green fluorescent polymer microspheres (G400 Fluoro-max, Thermo Scientific, Waltham, MA, USA) measuring 380 nm were chosen for the full width at half-maximum (FWHM) of point spread function (PSF) measurement. The lateral resolution, calculated from the Gaussian fit curve, is 3.03 μm, as shown in Figure 7b.



The two-photon endomicroscopic imaging of ex vivo organs, such as the heart, kidney, brain, and stomach wall, of an eGFP-labeled (enhanced green fluorescent protein) mouse was first performed to verify the enlarged FOV imaging capability. Figure 8a illustrates the heart muscle with long cardiomyocyte structures (the power under the probe is 65 mW, 10 frames averaged), and some regions of the cardiomyocyte structures have a similar orientation. Figure 8b illustrates the kidney tissue with distinguishable renal tubules (90 mW, 20 frames averaged). Figure 8c,d show the two-photon imaging of the brain tissue in two different FOVs (90 mW, 10 frames averaged), and white arrows indicate micro brain blood vessels. The results of the inner gastric walls at depths of 20 μm, 70 μm, and 120 μm are shown in Figure 8e–g. The white arrow illustrates the structure of the gastric pit in the mucosal layer of the gastric wall (80 mW, 30 frames averaged). The in vivo brain imaging results of a 10-week-old Thy1-YFP-labeled (yellow fluorescent protein) mouse is also depicted in Figure 8h (100 mW, 30 frames averaged), from which neural cell bodies can be obtained. The mouse is craniotomized to remove the skull by handheld cranial drill (RWD Life Science, Shenzhen, China), its body is fixed to a customized body fixator for stable imaging, and this lensed fiber-optic nonlinear endoscopic probe is placed on the craniotomized brain region for in vivo two-photon fluorescence imaging. The ex vivo and in vivo two-photon imaging results above have demonstrated objective-lens-free lensed fiber-optic TPEM with an enlarged FOV capability at subcellular resolution. The current imaging NA of the lensed fiber leads to a reduction in image signal-to-noise background (SNR). Subsequent improvements around the imaging NA will result in higher SNR and collection efficiency. We will further discuss the options for NA enhancement in the discussion section.




4. Discussion


This work has proposed a lensed fiber-optic two-photon endomicroscopy probe for field-of-view enhancement. We point out that the technical advantage of this lensed fiber scanning scheme is the use of curved hemisphere surfaces for convergence, so that the actual scanning range of the PZT scanner (Dscan) is the final imaging FOV. Compared to imaging through an M-fold microscope objective, there is an M-fold enhancement in the FOV at the same PZT driving voltage; therefore, a FOV enhancement can be obtained. Considering that the spiral scanning is a circular FOV, the imaging throughput of this TPEM probe can be calculated by Equation (7) [20,25,41]:


  T h r o u g h p u t ≈  π 4    (   F O V    δ  P S F     )  2  = 48095.7  



(10)







Compared with our previous work on TPEM based on DC-ARF with 3× objective [29] and microsphere-spliced DC-ARF with 3× objective [20], the imaging throughput of this objective-lens-free TPEM scheme is increased by 14.7 times and 2.3 times, respectively. Compared to the integrated rigid length of TPEM, which is 49.1 mm with 3× objective [20], the integrated probe has an integrated rigid length of 33.1 mm, which is 31.8% smaller than that of TPEM. Additionally, this objective-lens-free, lensed fiber-optic TPEM scheme can lower the assembly difficulty and integrated probe cost. In the future, the following approaches can be considered for the resolution improvement of this objective-lens-free imaging scheme while maintaining the FOV enhancement capability. First, the development of double-cladding photonic bandgap fibers can improve the fiber NA and thus improve the output imaging NA. Second, by using advanced micro- and nano-fabrication techniques to fabricate ultracompact objectives (GRIN lens [25]/aspherical microlens [42]) to the fiber end face, a higher output NA can also be achieved [43]. The above two schemes can further improve the imaging resolution and expand the imaging throughput in the PZT scanning endoscopy system.



Additionally, our current miniature TPEM probe has a 5.8 mm integration diameter, which is mainly due to the current PZT outer diameter (3.2 mm). Using a PZT with a smaller outer diameter (1 mm), the assembled probe diameter can be less than 2.8 mm. The fabrication of a forward-fixed PZT fiber scanner with a shorter cantilever length [44] and active braking for the PZT scanner driving signals [45] can be integrated into this lensed fiber-optic scheme to improve the imaging speed and provide an objective-lens-free fiber scanning imaging scheme to achieve neuron dynamics imaging in freely behaving animals [46].




5. Conclusions


In summary, we proposed an objective-lens-free, lensed fiber-optic TPEM for field-of-view enhancement. The two-photon endomicroscopic probe had an FOV of 750 μm and a lateral resolution of 3.03 μm. To validate the FOV enhancement capability, we performed ex vivo and in vivo experiments on biological tissues. The lensed fiber-optic TPEM present promising opportunities for internal organ imaging and freely behaving brain imaging in the biomedical field.
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Figure 2. Geometric schematic of the lensed fiber. 
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Figure 3. Simulation of the hemisphere radius and LCF length for the lensed fiber output: (a) waist radius; (b) working distance; and (c) numerical aperture. The dashed line in the figure is the equipotential line. 
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Figure 4. The fabrication process of lensed fiber. 
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Figure 5. Splice loss measurement of the (a) main discharge intensities and times and (b) fiber offset and discharge times. 
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Figure 6. (a) Lensed fiber far-field NA measurement. The inset figure in the upper left is the Gaussian beam spot measured at the lensed fiber output. (b) Lensed-fiber near-field spot measurement. Red circle: measured data; Blue line: Gaussian fit. The inset figure in the upper left is the Gaussian beam measured by CMOS camera after the convergence of the lensed fiber. The scale bar is 100 μm. 
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Figure 7. (a) Two-photon imaging of a 50 μm square standard grid for FOV measurement. Scale bar: 100 μm; and (b) Two-photon imaging lateral resolution measurement. Red circle: measured data; Blue line: Gaussian fit. 
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Figure 8. TPEM imaging results: (a) heart; (b) kidney; (c,d) brain tissue; (e–g) stomach inner wall tissue at 20 μm, 70 μm, and 120 μm depths; and (h) in vivo brain tissue. Scale bars: 100 μm. 
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