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We demonstrate hyperspectral imaging by visible-
wavelength two-photon excitation microscopy using line 
illumination and slit-confocal detection. A femtosecond 
pulsed laser light at 530 nm was used for the 
simultaneous excitation of fluorescent proteins with 
different emission wavelengths. The use of line 
illumination enabled efficient detection of hyperspectral 
images and achieved simultaneous detection of three 
fluorescence spectra in the observation of living HeLa 
cells with an exposure time of 1 ms per line, which is 
equivalent to about 2 µs per pixel in point scanning, with 
160 data points per spectrum. On combining linear 
spectral unmixing techniques, localization of fluorescent 
probes in the cells was achieved. A theoretical 
investigation of the imaging property revealed high-
depth discrimination property attained through the 
combination of nonlinear excitation and slit detection.             
© 2020 Optical Society of America 
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Fluorescence microscopy is a powerful tool to investigate biological functions of intracellular molecules which involve the interactions between different proteins and other types of molecules. Fluorescent probes are typically used to specifically visualize the distributions and dynamics of intracellular molecules and monitor their interactions [1,2]. Multiple fluorescent probes with different emission wavelengths are typically used to observe the dynamics and interactions of different molecular species that result from complex biological events inside the cells [3]. One technique for imaging multicolor-stained samples is by detecting fluorescence with multiple spectral windows and unmixing their overlapping fluorescence emission. The additional use of multiple excitation wavelengths is also often necessary since the probes can have unique characteristic absorption and emission 

spectra. Multiple fluorescent proteins used for staining a sample then require an increased number of excitation light sources. High-speed switching of excitation and detection wavelengths [4] enables temporal separation of fluorescence emission; however, multiple probes are simultaneously detected. Recently, the use of visible wavelengths for two-photon excitation in multicolor fluorescence imaging has been demonstrated [5,6]. It has also been discussed that a high-absorption two-photon cross section can be realized via pre-resonant two-photon excitation, which is observed when the excitation energy is slightly smaller than the band gap, in the visible-wavelength two-photon excitation (v2PE) of fluorescent proteins [7-9]. In our study, we have expanded the use of v2PE by utilizing the absorption band in the DUV region to induce fluorescence emission at the visible wavelength. Since many useful fluorescent proteins share absorption features in the DUV region (250–300 nm), single-wavelength pulsed irradiation of the wavelength range around 500–600 nm can excite multiple fluorescent proteins simultaneously via two-photon absorption. It also allows the fluorescence excitation from a wide range covering violet to red wavelengths using a single wavelength for both single- and two-photon excitation. In addition, the nonlinear excitation at a shorter wavelength provides higher spatial resolution than conventional one-photon excitation confocal microscopy. In this letter, to expand the capability of v2PE for simultaneous multicolor imaging, we demonstrate hyperspectral v2PE imaging using slit-scanning confocal microscopy. The spectral detection is useful to distinguish small differences in the shape of the emission spectra, which provides us with more choices of fluorescent proteins for simultaneous multicolor imaging. As the spectra of fluorescent proteins have a similar peak wavelength with a broad shape, they tend to cause crosstalk with each other [10]. The crosstalk makes it difficult to divide the emission from different types of fluorescent proteins using glass filters [11]. In hyperspectral imaging, spectral information helps us to choose 



wavelength regions for performing fluorescence unmixing and enables us to distinguish different fluorescent proteins.  We adopted slit-scanning confocal microscopy [12,13] in order to achieve hyperspectral imaging without affecting imaging speed. Generally, hyperspectral imaging requires relatively a long exposure time because the fluorescence signal is separated into multiple pixels on a one-dimensional (1D) or two-dimensional (2D) detector. In our microscope, a line-shaped excitation focus was used to detect fluorescence spectra from multiple probes simultaneously. This configuration has been used in NIR two-photon microscope [14] and Raman microscope [15] to perform hyperspectral imaging without affecting the temporal resolution significantly. Fig. 1 shows the schematic of the optical setup constructed in this study. An NIR pulsed beam from a mode-locked Ti:Sapphire laser (Spectra physics, Mai tai HP) was converted into a visible-wavelength pulsed beam by an optical parametric oscillator (OPO) (Spectra-Physics, HF100) with a resulting pulse width and repetition rate of 200 fs and 80 MHz, respectively. The intensity profile of the laser beam was cleaned by a pinhole placed between a pair of relay lenses. A cylindrical lens was placed to form a line-shaped focus at the sample plane. A silicone-immersion objective lens (Olympus Corporation, UPlanSApo, ×60 NA 1.30 Sil) was used for the excitation and detection of fluorescence. Fluorescence emitted from the illuminated line on the sample was collected by the same objective lens and imaged on a slit with a width corresponding to 1 Airy unit (AU) at the central wavelength of detection. The fluorescence signal was separated from the excitation light by a combination of a short-pass filter (Semrock, FF01-533/SP-25) and a bandpass filter (Semrock, FF02-460/80). The 1D hyper spectral image was detected through a home-built imaging spectrophotometer using a prism (Thorlabs, PS855) and a sCMOS camera (Hamamatsu, Orca Flash 4.0 v3). A single-axis galvanometer mirror (GSI Lumonics, M2ST) was used to scan the laser focus in the direction perpendicular to the line illumination in order to perform 2D hyperspectral imaging. To evaluate the capability of hyperspectral imaging of biological samples in our setup, we observed a living HeLa cell labeled with mseCFP [16], mTFP1 [17], and EGFP [18], localized at histone H2B, Golgi apparatus, and fibrillarin, respectively. Figs. 2(a)-(c) show the fluorescence images reconstructed by averaging fluorescence intensity in different regions of the detection wavelength. Fig. 2(d) depicts an image after the linear unmixing of the multicolor images 

 
Fig. 1. Optical setup. L, CL, DM, GM, OL, M and BP represent the lens, cylindrical lens, dichroic mirror, galvanometer mirror, objective lens mirror, and bandpass filter, respectively. 

 
Fig. 2. Fluorescence images of a living HeLa cell expressing mseCFP, mTFP1, and EGFP at H2B, Golgi apparatus, and fibrillarin, respectively. (a)–(c) show the images constructed by fluorescence intensity in the spectral windows of 456–466 nm, 466–498 nm, and 498–507 nm, respectively. (d) shows the image reconstructed by spectral unmixing. (e) shows the fluorescence color spectra obtained by averaging the areas indicated by the squares in panel (d), along with the overall detection efficiency of the system shown by the dashed black line. The laser intensity and the length of the line focus were 270 kW/cm2 and 30 μm at the focal plane of the objective lens, respectively.  in Figs. 2(a)-(c). The un-mixing was performed with reference spectra shown in Fig. 2(e), which are obtained by averaging the signal in the areas indicated by the squares (i)–(iii) in Fig. 2(d) [10]. We measured the detection efficiency of the system by measuring the spectrum of halogen lamp whose emission spectrum was known. The fluorescence signals are relatively low in the shorter-wavelength region because of the low sensitivity of the camera and the reflectivity of the mirrors used in the setup. The pixel number of the image was 610 and 700 in the horizontal (scanning) and vertical (line) directions, respectively. The number of data points in the spectral dimension was 160.  The exposure time per line was 1 ms, which corresponds to about 2 µs per pixel in point scanning. We also performed multicolor imaging of cells stained with four different fluorescent proteins using the same setup. We used living HeLa cells expressing Sirius [19], mseCFP, mTFP1, and EGFP at mitochondria, H2B, the Golgi, and fibrillarin, respectively. Fig. 3(a), (b), (c), and (d) show the images of average fluorescence intensity in different regions of the detection wavelength. Fig. 3(e) shows the multicolor image, which was constructed by merging the images shown in Figs. 3(a)–(d). No image processing was applied to these images. Fig.3(e) demonstrates that, even without the unmixing, a flexible choice of wavelength regions for image reconstruction enables us to visualize the cellular components with different colors. Fig. 3(f) shows that different types of fluorescent proteins can also be investigated with the spectra at local positions. The pixel number of the image is 1024 and 700 in the horizontal and vertical directions, corresponding to scanning and line directions, respectively. The data point in the spectral dimension was 160. 



 
Fig. 3. Multicolor fluorescence image of a living HeLa cell expressing Sirius, mseCFP, mTFP1, and EGFP at mitochondria, histone H2B, the Golgi, and fibrillarin, respectively. (a) –(d) show the images constructed by averaging fluorescence intensity within the range of the detection wavelength from 410–459 nm, 459–467 nm, 467–502 nm, and 502–505 nm, respectively. (e) shows the reconstructed image given by merging (a)–(d). (f) shows the detection efficiency of the system by the dashed line curve, along with the measured spectra averaged from the areas indicated by squares in (e). The laser intensity and the length of the line focus were 270 kW/cm2 and 30 μm, respectively, at the focal plane of the objective lens. The exposure time was 50 ms per line. While a slit-scanning confocal microscope realizes a temporal resolution higher than a point-scanning confocal microscope, the spatial resolution in the line and axial direction is compromised [20]. Although the lateral resolution in the direction parallel to the line illumination is the same as that obtained from wide-field fluorescence microscopy, the axial resolution can benefit from nonlinear two-photon excitation. As the slit cannot replace a spatial filter as effectively as the pinhole, the localization of two-photon excitation within the line-shaped focus is practically beneficial in the observation of samples containing 3D microstructures.     In order to evaluate the spatial resolution of v2PE microscopy with slit detection, we calculated the optical transfer functions (OTFs) of the systems using slit detection and one-photon excitation (1PE) as well as v2PE. We also calculated an OTF for a point-scanning system using a 1PE for comparison. The OTFs were calculated by determining the Fourier transform of the effective point spread functions after normalizing their peak intensities. Effective PSFs were calculated by the scalar Debye diffraction integral which takes the inclination factor into account [21]. Here, we assumed that the wavelengths of 1PE, v2PE, and fluorescence were 405 nm, 530 nm, and 440 nm, respectively, detected by a silicone-oil immersion objective lens with an NA of 1.3. The direction of laser scanning in the slit-scanning system was along the x-axis. The slit width and the pinhole diameter for point-scanning were set to 1 AU for the fluorescence wavelength. A smaller pinhole or slit can provide a stronger confocal effect resulting in higher resolution and sectioning capability. However, it is not practical to use a size smaller than 1 AU, especially in hyperspectral imaging, because it limits the signal-to-noise ratio significantly. 

 
Fig. 4. The effective optical transfer functions (OTFs) of point-scanning 1PE ((a) and (d)), slit-scanning v2PE ((b) and (e)), and slit-scanning 1PE ((c) and (f)) microscopy. OTFs on the kx-kz and ky-kz planes are shown in (a)–(c) and (d)–(f), respectively. (g), (h), and (i) show the line profile of each OTF on the kx, ky, and kz axis, respectively. Figure 4 shows the calculated OTFs. The value is represented in the log scale. In the x-direction, which is perpendicular to the line illumination, the resolution of v2PE slit-scanning confocal microscopy is close to that of 1PE point- and slit-scanning confocal microscopy. In the y-direction, which is parallel to the line illumination, the resolution of v2PE slit-scanning confocal microscopy is the same as that of slit-scanning 1PE microscopy and lower than that of the point-scanning 1PE, because the principle of the image formation in slit-scanning confocal microscopy is wide-field imaging. In the z-direction, the resolution of v2PE slit-scanning confocal microscopy is higher than 1PE slit-scanning and almost the same as 1PE point-scanning confocal microscopy.   Although much shorter excitation wavelength was used in the calculation of the 1PE cases and a slit provides less sectioning than a pinhole, v2PE slit-scanning confocal microscopy provides similar resolution in the x and z direction with point-scanning 1PE confocal microscopy. Our method shows high resolution in the focusing direction and high depth discrimination by the combination of the 2nd-order nonlinearity of v2PE and slit detection. In this paper, we demonstrated the use of v2PE in slit-scanning confocal microscopy to achieve hyperspectral imaging of fluorescent proteins by a single-wavelength excitation. We performed simultaneous multicolor fluorescence imaging of living HeLa cells by obtaining the fluorescence spectra of each type of fluorescent protein. The exercise enabled us to distinguish their distribution in the cells. We also performed the imaging using different combinations of fluorescent proteins without changing the detection system. Spectral detection has advantages over filter-based multicolor imaging in that there is no loss of fluorescence signal as it consists of using glass filter around the edge wavelength. Another advantage is that the detection system does not need to be redesigned when observing different fluorescent probe type samples, unlike filter-based imaging, where the set of filters needs to be changed according to the selected fluorophore.      In our system, it is also possible to increase the number of species, which can be detected by the fluorescence probes. However, to unmix multiple overlapping spectra, a high signal-to-noise ratio in spectral detection is required. In addition, by utilizing 1PE at the same wavelength for v2PE to excite yellow and red 



fluorescent proteins [22,23], we can further increase the number of fluorescent probes for staining multiple targets. Compared with the point-scanning v2PE confocal microscopy, the imaging speed of our line-illumination system is higher owing to the combination of the line illumination and parallel detection of fluorescence. The exposure time of the measurement is as low as 1 ms per line, which is comparable to the exposure time per pixel in point-scanning v2PE microscopy, resulting in an improvement of speed by two orders of magnitude. Under the same total imaging time, line-illumination offers a lower excitation intensity compared to single point-scanning, which is advantageous in avoiding photodamage nonlinearly proportional to the excitation intensity. Note that the photobleaching and photodamage in two-photon excitation shows a nonlinear response to excitation intensity higher than 2nd order [24, 25, 26].  Brief investigation of the photo-damage in hyper spectral v2PE imaging is given in Supplement 1. One of the current limitations in our setup is the field of view (FOV). For imaging a larger FOV in our setup, using longer line illumination is effective if the laser power is sufficient for two-photon excitation over the illuminated area. In our setup, the maximum intensity obtained using the objective lens was 40 mW, which allows only an illumination length of 30 µm. One method to overcome this problem is by employing point focus illumination with fast scanning in one direction, which works similarly to line illumination [12,27,28]. However, this can increase the photodamage of samples because of the requirement of a high intensity excitation for a short pixel dwell time. Considering that the two-photon excitation at a shorter wavelength induces more photo-bleaching [9,29,30], the damage increase by the use of higher intensity should be more serious in v2PE than NIR two-photon excitation. Another method is the use of a lower repetition frequency of pulse light with a high peak power [31].  An advantage of our system compared with the simultaneous multicolor imaging by a confocal microscope using multiwavelength one-photon excitation is that it is not required to align the optics for overlapping multiple laser spots in a sample. The difference of the spot positions in a typical multiwavelength system results in the localization error. This chromatic aberration occurs as well as the inevitable chromatic aberrations in the detection side. In our system, since the excitation of all fluorophores is done by only one laser spot, chromatic aberrations are significantly reduced and occur only on the detection side. The OTFs revealed the asymmetric spatial resolution in the x- and y-directions, which causes asymmetry of structures in the fluorescence image. This can be compensated by utilizing structured illumination to increase the resolution in y-direction [32,33], which is also useful to improve the axial resolution [34].  
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