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Abstract

Spectroscopic single-molecule localization microscopy (sSMLM) captures the full emission 

spectra of individual molecules while simultaneously localizing their spatial locations at a 

precision greatly exceeding the optical diffraction limit. To achieve this, sSMLM uses a dispersive 

optical component to separate the emitted photons into dedicated spatial and spectral imaging 

channels for simultaneous acquisition. While adding a cylindrical lens in the spatial imaging 

channel enabled three-dimensional (3D) imaging in sSMLM, the inherent astigmatism leads to 

technical hurdles in spectral calibration and nonuniform lateral resolution at different depths. We 

found that implementing the biplane method based on the already established spatial and spectral 

imaging channels offers a much more attractive solution for 3D sSMLM. It allows for more 

efficient use of the limited photon budget and provides homogeneous lateral resolution compared 

with the astigmatism-based method using a cylindrical lens. Here we report 3D biplane sSMLM 

and demonstrate its multi-color 3D imaging capability by imaging microtubules and mitochondria 

in fixed COS-7 cells immunostained with Alexa Fluor 647 and CF 660C dyes, respectively. We 

showed a lateral localization precision of 20 nm at an average photon count of 550, a spectral 

precision of 4 nm at an average photon count of 1250, and an axial localization resolution of 50 

nm.

1. INTRODUCTION

Spectroscopic single-molecule localization microscopy (sSMLM) has recently emerged as 

a new tool for obtaining molecular insights into cellular dynamics by capturing the spatial 

information of single molecules with their inherent spectroscopic signatures [1–4]. sSMLM 

enables direct observation of the nanoscopic features of biological systems beyond the 

diffraction limit. Its ability to probe spectroscopic variations associated with interactions 

between single molecules and their local environment has allowed several functional 
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studies to reveal subcellular hydrophobicity changes and photochemical transformation with 

single-molecule sensitivity [4–7]. In addition, by identifying individual molecules based 

on minute differences in their emission spectra, sSMLM has demonstrated its versatile 

imaging applications including multi-color imaging, fluorescent impurity rejection, chemical 

recognition, and high-throughput fluorescence spectroscopy at the single-molecule level [1–

3,8–13].

Along with spectroscopic single-molecule imaging, extending sSMLM’s imaging capability 

from two-dimensional (2D) to three-dimensional (3D) in the spatial domain is essential 

for uncovering rich information about single molecules for fundamental understanding of 

subcellular structures. In conventional single-molecule localization microscopy (SMLM), 

several methods have been developed to unambiguously determine the axial position of 

single molecules together with their in-plane lateral coordinates [14–28]. The 3D SMLM 

imaging is commonly realized by manipulating the point-spread function (PSF) using 

artificially introduced astigmatism [14];however, this method is inherently sensitive to 

optical aberrations in thick samples [15]. In addition, the ellipticity of the PSF affects 

the localization precision and thus causes inhomogeneous lateral precision along the axial 

position [16,17]. Alternatively, the biplane method encodes the axial position of the same 

single molecules into distinctly defocused PSFs at two axially separated image planes [16–

19]. In this approach, the lateral precision is not affected by the depth variation. However, 

this method divides the total number of photons emitted into two detection channels and 

reduces the photon budget in each channel, which consequently restricts the localization 

precision in either channel. The third method is based on a 4π interferometric configuration 

[20,21]. Despite its outstanding performance, its usage is restricted to a thin sample limited 

by its imaging depth. Additionally, the alignment procedure using multiple cameras is quite 

demanding.

With sSMLM, researchers have already reported 3D imaging capability [1,5,27]. We and 

other groups have implemented 3D imaging using the astigmatism-based approach [1,5]. 

Along with its drawbacks described above, this method suffered from the reduced signal-to-

noise ratio (SNR) in sSMLM when the PSF was considerably enlarged. More importantly, it 

caused challenges in wavelength calibration, as the two beam paths for spatial and spectral 

images experienced different spherical aberrations, which is mainly caused by inserting a 

cylindrical lens only into the zeroth order (spatial imaging path). Reported by Smith et al. 
[29], a diffractive optic was used to obtain the 3D spatial information of single molecules 

and the emission color, but it offers relatively low spectral precision and thus limits the range 

of functional imaging applications in sSMLM.

Methods focused only on manipulating PSFs in spatial images using double-helix PSFs and 

spherical aberration were also reported for SMLM [23–28]. These adaptive optics-based 

3D imaging methods, which use a spatial light modulator or a deformable mirror, not only 

increase the complexity of system alignment but also result in undesirable attenuation of the 

photons, especially in sSMLM.

In fact, sSMLM fundamentally suffers from a limited photon budget because the emitted 

photons from single molecules need to be divided into two detection channels to 
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simultaneously capture the spatial and spectral images [1–7,9]. This fundamental constraint 

restricts the direct adoption of many different approaches for 3D imaging. Although the 

spectral image contains both the spatial and spectral information of single molecules, only 

the spectral information has been used, and the spatial information was often ignored in 

sSMLM [1–7,9].

Here we present 3D biplane sSMLM, which provides simultaneous acquisition of 3D spatial 

information and the spectroscopic signatures of single molecules by taking advantage of 

the two already existing spatial and spectral imaging channels. By recognizing that sSMLM 

already divides the photons into two independent channels, 3D imaging can be efficiently 

implemented using the biplane method without the need for excessive additional optical 

elements or tedious modification of the system only in the spatial channel. Therefore, the 

drawback of dividing photons into two imaging channels becomes an added benefit. In 

this work, we demonstrate spectroscopic 3D imaging of single molecules using 3D biplane 

sSMLM and show multiplexed 3D imaging of subcellular structures in fixed cells.

2. 3D BIPLANE SSMLM SYSTEM

Figure 1(a) shows the schematic of the 3D biplane sSMLM. To divide the emitted photons 

into the zeroth- and first-order imaging paths for simultaneous spatial and spectral imaging, 

we added a diffraction grating to a conventional SMLM system. First, we focused a 640 

nm CW laser to the back aperture of the objective lens (CFI Apochromat 100×, NA = 

1.49, Nikon) by a dichroic beamsplitter (FF649-DI01–25X36, Semrock). We offset the 

excitation beam from the optical axis of the objective lens for highly inclined and laminated 

optical sheet (HILO) illumination. Then the emitted fluorescence photons were transmitted 

to the intermediate image plane by a mirror after passing through an emission filter (BLP01–

647R-25, Semrock) and a tube lens inside an inverted microscope body (Eclipse Ti-U, 

Nikon). We inserted a slit in front of the spectrometer to confine the field of view (FOV) 

of the spatial distribution of the emitted fluorescence at the intermediate image plane. 

Subsequently, we inserted a transmission grating with a ratio of 1:3 between the zeroth order 

and the first order in the far-red spectral range (100 grooves/mm, Star Analyser 100, Paton 

Hawksley Education Ltd.), to separate the spatial and spectral images.

The relative positions between the grating and the intermediate image plane determined a 

pixel-wavelength relationship, referred to as the spectral dispersion [nanometer per pixel 

(nm/pixel)] in the spectral image (see definition and principle in Method A) [30]. We 

used a spectral dispersion of 8 nm/pixel. In addition, after a relay optics (focal length = 

150 mm) we added a pair of mirrors in the first-order (spectral) imaging path in front of 

the electron-multiplying charge-coupled device (EMCCD) camera (iXon 897, Andor) to 

introduce a delay line. This delay created an axial separation of 500 nm between the spatial 

and spectral imaging object planes for biplane imaging. We placed the EMCCD camera 

in the middle of the two axially separated object planes, which enabled the simultaneous 

capturing of the spatial and spectral images with different PSF sizes corresponding to the 

relative axial position to the optical focal plane. Except for the pair of mirrors, no additional 

optical elements were necessary
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Figures 1(b)–1(f) show the working principle of the 3D biplane sSMLM. Figures 1(b) 

and 1(c) are illustrations of the detected spatial and spectral images of a single-molecule 

emission. Note that the camera image plane (the gray plane) is in the middle of the 

zeroth-order (or spatial imaging) and first-order (or spectral imaging) focal planes. The 

spectral image shown in Fig. 1(c) is the convolution of the PSF of individual stochastic 

fluorescent-emitting molecules in the spectral imaging plane and the linearly spread spectral 

profile shown in Fig. 1(d). Therefore, we can retrieve the emission spectrum [Fig. 1(d)] 

and the one-dimensional (1D) PSF [defined as PSFy, Fig. 1(e)] by integrating the spectral 

image along the y axis and x axis, respectively. Meanwhile, we can calculate a similar 

1D PSFy from the spatial image as shown in Fig. 1(f). These two 1D PSFys collectively 

provide the z-axis information of the fluorescent emitter with respect to the camera image 

plane. Meanwhile, the emission spectrum, shown in Fig. 1(d), is still used for spectroscopic 

analysis. Experimentally acquired spatial (top row) and spectral (bottom) images at different 

axial positions (−700 to 700 nm) from single molecules are shown in Fig. 1(g).

For every single-molecule emission, we integrated the simultaneously acquired spectral 

and spatial images along the x axis to extract the 1D PSFys from the two focal planes 

as shown in Figs. 1(e) and 1(f). We then took the ratio of the full-widthat-half-maximum 

(FWHM) values of the two 1D PSFys and compared it with an experimentally obtained 

depth calibration curve [Fig. 1(h)] to determine the axial position. By combining with 

x–y localization from the spatial image, we can achieve 3D localization. Details of a full 

reconstruction procedure, including the spectral and 3D calibration procedures, are provided 

in Methods B and C.

To demonstrate the 3D imaging capability of this new biplane design, we imaged COS-7 

cells with Alexa Fluor 647 (AF647)-labeled mitochondria (see sample preparation in 

Method D). The illumination power was ~15 kW∕cm2, the EMCCD exposure time was 

20 ms, and the axial separation between the spatial and spectral images was 500 nm. The 

FOV of the acquired images was ~15 × 30 μm2 (see details in Supplement 1). The average 

density of the fluorophores was <15 emitters per raw image (camera frame). The number 

of raw images was 25,000, and the total acquisition time was ~9 min for one reconstructed 

super-resolution image. Figure 2(a) is the overall projection image of the reconstructed 3D 

sSMLM with pseudocolors corresponding to the z-axis positions. We acquired three 3D 

biplane sSMLM datasets with 450 nm axial translation at each acquisition and combined 

them to form the overall 3D dataset, covering a depth range of 1.5 μm. Figures 2(b), 2(c), 

and 2(d) are the projection images from three 200 nm thick volumes, as highlighted in Fig. 

2(a). Figures 2(e) and 2(f) are cross-sectional images of mitochondria along the y–z and x–z 
planes, respectively, as highlighted in Fig. 2(a). As we can see, the nanostructures of the 

mitochondria are clearly distinguished along all three-dimensional directions.

To characterize the performance of the 3D biplane sSMLM, we experimentally quantified 

the spatial localization precisions and spectral precision using fluorescent nanospheres 

and compared them with the theoretical values. As shown in Fig. S1, we confirmed that 

the experimentally obtained values agree well with the theoretical expectations. We also 

compared the localization precision and spectral precision of the 3D biplane sSMLM 

with that of the astigmatism-based 3D sSMLM. As shown in Fig. S2, both methods 
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showed comparable spatial precisions and spectral precision (see Supplement 1). We further 

measured the depth variation of the ratio between the localization precisions along the x 
and y directions (defined as lateral precision isotropy) and compared the depth variations of 

the precision isotropy in both the biplane- and astigmatism-based 3D imaging methods. As 

shown in Fig. S3, the biplane-based method had a nearly uniform lateral precision isotropy 

within the entire 800 nm depth range. In contrast, the lateral precision isotropy varied 

significantly along the depth in the astigmatism-based method due to nonuniform photon 

densities along the x and y axes induced by astigmatism [16,17].

Using the simultaneously captured spectral images, we characterized the spectroscopic 

signatures of the individual AF647 molecules based on the spectral centroid method [1–

3,5–7,30]. The scatterplot of the photo count versus the spectral centroid is shown in Fig. 

2(g). We extracted the spectral centroid values from 99,211 molecules in one 3D sSMLM 

dataset. We rejected emissions with a detected intensity below 500 photons. Figures 2(h) 

and 2(i) respectively show the statistics of the emission photon count versus the number 

of emission events and centroid wavelengths versus the number of emission events. We 

found that the average photon count was 1250 in the spectral images and 550 in the spatial 

images. As shown in Fig. 2(i), we observed a narrow wavelength centroid distribution, 

which corresponds to a spectral precision of 4.21 nm. Figure 2(j) shows the averaged 

spectrum of AF647 for all the detected emission events in Fig. 2(g).

3. SIMULTANEOUS MULTI-COLOR 3D IMAGING

We further demonstrated simultaneous dual-color 3D imaging of two far-red molecular dyes 

with highly overlapping emission spectra using 3D biplane sSMLM. Several far-red dyes, 

which have similar fluorescent emission spectra (with typically 2.5 to 4.5 nm variation 

in the emission wavelength centroid) and can be excited by a single laser, have recently 

been reported for sSMLM [1]. We selected two dyes (AF647 and CF660C) with similar 

emission spectra to label the microtubule and mitochondria, respectively. Figure 3(a) shows 

the normalized emission spectra of AF647 (red) and CF660C (green) with their respective 

centroids (686 nm for AF647 and 695 nm for CF660C) highlighted. Figure 3(b) shows 

the histogram of the spectral centroid of the multi-color 3D sSMLM image of tubulin 

and TOM20, labeled with AF647 and CF660C, respectively. Most of the detected spectral 

centroids for the microtubules (labeled with AF647) are around 686 nm, and most of the 

detected spectral centroids for the mitochondria (labeled with CF660C) are around 695 

nm. We separated them by defining different color channels in the spectral image: the first 

channel from 674 to 689 nm for AF647 (red) and the second channel from 692to 707 nm 

for CF660C (green). We confirmed the estimated misidentification between these two color 

channels was relatively low (<7%) (see Supplement 1, Fig. S4).

Figure 4 shows multi-color 3D sSMLM images of tubulin and TOM20 in COS-7 cells 

labeled with AF647 and CF660C, respectively. Similar to the data acquisition shown in Fig. 

2, we combined three datasets translated along the z axis at a step size of 450 nm. Figure 

4(a) shows the 2D projection of the whole depth range of 1.75 μm. The red and green 

colors in Fig. 4(a) represent the microtubules and mitochondria, respectively. We observed 

well-distinguished mitochondria and microtubules with negligible misidentification in their 

SONG et al. Page 5

Optica. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



morphologies. In addition, we show the projection images with depth ranges from 1.0 to 1.3 

μm and from 0.5to 0.8 μm in Figs. 4(b) and 4(c), respectively. We clearly observed different 

morphologies for both distinct subcellular structures at the different axial ranges over all 

the images. Figures 4(d) and 4(e) are separated 3D sSMLM images of mitochondria and 

microtubules, respectively. Figure 4(f) is a magnified view of the region, highlighted by the 

yellow-dashed box in Fig. 4(a), showing spatially overlapping mitochondria and microtubule 

structures. The cross-sectional image of a microtubule along the y–z plane is shown in Fig. 

4(g) from the position highlighted by the dashed line in Fig. 4(f). From the axial line profiles 

of microtubules, we measured the axial resolution to be ~50 nm (see Supplement 1, Fig. S6). 

Figures 4(h)–4(j) show cross-sectional images of a mitochondrion and a microtubule and 

their spatial co-localization from positions highlighted by three white solid lines (h, i, and 

j) in Fig. 4(f). We provide a 3D surface-rendering result in Fig. 4(k), which shows that the 

microtubule is close to the bottom of the mitochondria. These results demonstrate that 3D 

biplane sSMLM has the potential to provide insight into nanoscopic intracellular structures.

4. CONCLUSION AND DISCUSSION

By taking advantage of the axial position information encoded in already existing spatial 

and spectral imaging channels, we developed 3D biplane sSMLM. This method allows for 

simultaneous 3D spectroscopic imaging of multiple dyes without the need for sophisticated 

optics modification for PSF manipulation. Compared with reported 3D sSMLM work, we 

only added a pair of mirrors to introduce an optical delay in the spectral imaging channel 

and maximized the benefits of the two already existing imaging channels. We showed a 

lateral localization precision of 20 nm at an average photon count of 550 with an axial 

localization precision of 50 nm in the multi-color 3D imaging. We also confirmed the 

spectral precision of 4 nm at an average photon count of 1250 in the single-color 3D 

imaging (see detailed analyses in Supplement 1), and we confirmed a nearly uniform 

lateral localization precision within an imaging depth range of 800 nm using fluorescent 

nanospheres.

It is worth mentioning that we found a wavelength calibration challenge in the astigmatism-

based 3D sSMLM imaging (see detailed discussion in Supplement 1). When a cylindrical 

lens is inserted only into the zeroth-order (spatial imaging) path, the beam paths for 

the spatial and spectral imaging experience different spherical aberrations, and this error 

may cause a spectral bias. We observed a wavelength calibration error up to 5 pixels 

(corresponding to 40 nm spectral bias) at the 8-nm spectral dispersion [Supplement 1, Fig. 

S7]. Such spectral bias can be worse in sSMLM systems with lower spectral dispersion and 

larger FOVs. Therefore, the astigmatism-based 3D method can be applicable to sSMLM 

only after a careful spherical aberration compensation. In contrast, the biplane-based 3D 

method does not introduce an aberration difference between the two imaging paths, inducing 

no additional wavelength calibration error.

The active area of the EMCCD camera is relatively limited in sSMLM, as we 

simultaneously acquired both the spatial and spectral images. This is one of the key 

limitations to restrict the FOV and the density of fluorophores. Furthermore, spectroscopic 

signatures in the spectral image are dispersed into several pixels along the spectral axis 

SONG et al. Page 6

Optica. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(typically ~30 pixels under our experimental conditions), whereas the PSF along the y axis 

can be covered by 7 pixels (>99%), given the sigma value of the PSF is approximately 1 

pixel under our experimental conditions. Therefore, the density of fluorophores is rather 

limited, and the overlapping issue between adjacent molecules in the spectral image is less 

tolerable in sSMLM.

The 3D biplane sSMLM offers several potential benefits to molecular biology investigations. 

First, it allows not only direct 3D observation of co-localized nanoscopic structures but also 

comprehensive analyses of multi-molecular functions and interactions. Second, 3D biplane 

sSMLM can reliably identify multiple molecular dyes, which can have highly overlapped 

emission spectra. Third, the system’s spectral dispersion can be tuned, and thus it can afford 

relatively high spectral dispersion for more in-depth single-molecule spectroscopic analysis. 

In addition, it further helps to effectively suppress undesirable background, including the 

autofluorescence of impurities, by separating them from target molecules based on their 

different spectroscopic signatures. Finally, 3D biplane sSMLM is compatible with and can 

be readily implemented in practically all existing photo-activated localization microscopy 

(PALM) or stochastic optical reconstruction microscopy (STORM) systems. Therefore, 

biplane sSMLM provides an opportunity to investigate nanoscopic biological 3D structures 

at spectroscopic precision levels previously far out of reach.

5. METHODS

A. Definition of Spectral Dispersion

Spectral dispersion (nm/pixel) is defined as the wavelength range per individual pixel. 

Assuming the spectral dispersion is linear in a given sSMLM system, it can be expressed by

Δλ = W p × Rd = W p × dcosθ
f × m , (1)

where W p is the camera pixel size [micrometers (μm)]; Rd is the reciprocal linear 

dispersion; d is the groove spacing; θ is the angle of diffraction at the mth order; m is 

the order of the maxima (typically 1); and f is the effective focal length of the relay optics 

in the spectrometer, which is defined as Df 2∕f 1, where D is the distance from the grating 

position to the intermediate image plane; f 1 is the focal length of the collimating lens (L1); 

and f 2 is the focal length of the focusing lens (L2). Accordingly, it shows the separation 

of wavelength [nanometers (nm)] per interval distance (μm). In this work, the spectral 

dispersion was adjusted to 8 nm/pixel.

B. Spectral Calibration Procedure

Inorderto obtain the emission spectra of single molecules from the recorded spectral images, 

a spectral calibration procedure is required and is specific to individual sSMLM systems. 

Using a calibration light source (Neon lamp, 6032, Newport), we first captured a reference 

image, which includes a straight line confined by a narrow slit and multiple spectral lines. 

These multiple spectral lines in the spectral image correspond tothe emissions centered at 

a specific wavelength of the calibration light source, whereas the straight line in the spatial 

image corresponds to the slit position. We used two main emission peaks at 640.23 and 
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703.24 nm. Then, the pixel positions and wavelengths of these spectra lines were fitted by 

a polynomial function. We used the fitted function to establish the spatial-spectral mapping 

relationship between the spatial image and spectral image. We point out that a grating offers 

a linear spectral dispersion within the spectral range.

Next, the obtained spatial-spectral mapping relationship was applied to individual stochastic 

emission events. We used the spatial images of the emission events as the reference locations 

for the spectral analysis. Accordingly, we arranged individual spectroscopic signatures in the 

spectral window with the same wavelength range. Finally, by integrating the spectral images 

along the y axis, we obtained the emission spectra of individual emission events.

C. Multi-Color 3D sSMLM Image Reconstruction

To acquire a 3D calibration curve, we first captured a few PSFs in the spatial and spectral 

images at different axial positions using far-red nanospheres (200 nm diameter; F8807, 

Invitrogen). We translated the sample from −1.5 to 1.5 μm along the z axis with a step size 

of 25 nm as shown in Fig. 1(h). Then we extracted the 1D PSFys in both the spatial and 

spectral images as shown in Figs. 1(e) and 1(f) by integrating the intensities along the x axis. 

After measuring the FWHM values of the two 1D PSFys, we calculated the ratio between 

them along the z axis to use as the depth calibration curve [Supplement 1, Fig. S8].

We reconstructed 2D images using ThunderSTORM [31] and 3D images using customized 

MATLAB codes. For each individual molecule, we first localized its x–y positions in the 

spatial image and then calculated the PSFy ratio between the spatial and spectral images 

to obtain its z position based on the depth calibration curve. Together with the spectral 

centroid calculated from the spectral image, we can obtain a 4D array for all individual 

molecules. During the spectral analysis, we rejected emissions with a detected intensity 

below 750 photons. We numerically corrected the slight magnification difference between 

the spatial and spectral imaging channels caused by their different path lengths before image 

reconstruction.

D. Sample Preparation

COS-7 cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco/

Life Technologies) supplemented with 2 mM L-glutamine (Gibco/Life Technologies), 10% 

fetal bovine serum (Gibco/Life Technologies), and 1% penicillin/streptomycin (100 U 

mL−1, Gibco/LifeTechnologies) at 37°C with 5% CO2. The cells were plated on a No. 1 

borosilicate-bottom eightwell Lab-Tek Chambered Coverglass with ~30% confluency. After 

48 h, we fixed the cells in pre-warmed 3% paraformaldehyde and 0.1% glutaraldehyde 

in phosphate buffered saline (PBS) for 10 min, washed with PBS twice, quenched with 

freshly prepared 0.1% sodium borohydride in PBS for 7 min, and rinsed twice with PBS 

at 25°C. The fixed samples were permeabilized with a blocking buffer (3% bovine serum 

albumin (BSA), 0.5% Triton X-100 in PBS) for 20 min and then incubated with the primary 

antibodies (Mouse anti-TOM20, 2.5 μg mL−1, Santa Cruz, sc-17764; sheep anti-tubulin, 

2.5 μg mL−1, Cytoskeleton, ATN02) in blocking buffer for 1 h. The samples were rinsed 

in a washing buffer (0.2% BSA, 0.1% Triton X-100 in PBS) three times for 5 min and 

further incubated with the corresponding secondary antibodies-dye conjugates (donkey anti-
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mouse Alexa Fluor 647 and/or anti-sheep CF660C, 2.5 μg mL−1, degree of labeling = 1–2 

dyes per antibody, prepared according to [32]) for 40 min. Finally, the cells were washed 

thoroughly with PBS three times for 5 min and stored at 4°C. Prior to imaging acquisition, 

an imaging buffer (pH = ~8.0) containing 50 mM Tris, 10 mM NaCl, 0.5 mg mL−1 glucose 

oxidase (Sigma, G2133), 2000 U/mL catalase (Sigma, C30), 10% (w/v) D-glucose, and 

100 mM cysteamine replaced PBS in the sample chamber and was imaged without further 

preparation.
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Fig. 1. 
(a) Schematic and (b–f) working principle of 3D biplane sSMLM. (b) The detected spatial 

image and (c) the spectral image of a single-molecule emission. (c) The spectral image 

is the result of the convolution of the diffraction-limited PSF of individual stochastic 

fluorescent-emitting molecules in the spectral imaging plane and (d) the linearly spread 

spectroscopic signature. By integrating the spectral and spatial images along the x axis, 

(e), (f) 1D PSFys are retrieved from both images and used for biplane imaging. (g) The 

SONG et al. Page 12

Optica. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experimentally acquired spatial (top row) and spectral (bottom) images at the different axial 

positions from single emitters. (h) The experimentally obtained depth calibration curve.
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Fig. 2. 
(a) Overall projection image of the reconstructed 3D sSMLM with pseudocolors 

corresponding to the z-axis positions of individual molecules. (b–d) The projection images 

from three 200 nm thick sections as highlighted in (a). The cross-sectional images in (e) the 

y–z plane and (f) x–z plane corresponding to the three magenta-dashed lines as highlighted 

in (a). (g–j) Spectral analyses of same single AF647 molecules. (g) The scatterplot of the 

photo count versus the spectral centroids. (h) and (i) respectively show the statistics of 

the emission photon count versus the number of emission events and centroid wavelengths 
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versus the number of emission events. (j) The averaged spectrum of AF647 of all emission 

events in (g).
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Fig. 3. 
(a) Normalized emission spectra of AF647 (red) and CF660C (green) with their centroids 

(686 nm for AF647 and 695 nm for CF660C), respectively. (b) The histogram of spectral 

centroid of multi-color 3D sSMLM image of tubulin and TOM20, labeled with AF647 and 

CF660C, respectively. To separate the two dyes, we defined two different color channels: (1) 

674 to 689 nm for AF647 and (2) 692 nm to 707 nm for CF660C.
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Fig. 4. 
(a) Overall 2D projection view over a whole depth range of 1.75 μm. The red and 

green colors represent AF647-labeled microtubules and CF660C-labeled mitochondria, 

respectively. (a) The projection images for different axial ranges from (b) 1.0 to 1.3 μm 

and from (c) 0.5 to 0.8 μm [color-coded along the spectral centroid in (a–c)]. The separated 

3D sSMLM images for different color channels, (d) 692 to 707 nm for mitochondria and (e) 

674–689 nm for microtubules [color-coded along the axial axis in (d–e)]. (f) The magnified 

view of the region indicated by the yellow-dashed box in (a). (g) The cross-section image 
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corresponding to the white-dashed lines in(f).(h–j)Thecross-section images corresponding to 

the three white-solid lines in (f) [color-coded along the spectral centroid in (f–j)]. (k) The 

volumetric rendering of the region covering (h–j). The rendering was visualized with the 

interpolation for a microtubule.
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