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Abstract

We developed a transmission diffraction grating-based spectroscopic single-molecule localization 

microscopy (sSMLM) to collect the spatial and spectral information of single-molecule blinking 

events concurrently. We characterized the spectral heterogeneities of multiple far-red emitting dyes 

in a high-throughput manner using sSMLM. We also investigated the influence of spectral 

dispersion on the single-molecule identification performance of fluorophores with large spectral 

overlapping. The carefully tuning of spectral dispersion in grating-based sSMLM permitted 

simultaneous three-color super-resolution imaging in fixed cells with a single objective lens at 

relatively low photon budget. Our sSMLM has a compact optical design and can be integrated 

with conventional localization microscopy to provide add-on spectroscopic analysis capability.

1. Introduction

Super-resolution microscopy offers an opportunity to study biological processes at 

nanometer-level spatial resolution [1–8]. Single molecule localization microscopy (SMLM) 

requires moderate illumination power and exploits the stochastic fluorescence “blinking” 

nature of luminescent probes to capture sparsely distributed single-molecule blinking subsets 

[3, 9]. SMLM techniques can provide a spatial resolution up to 10 nm; however, the multi-

color imaging capability is restricted to only limited numbers of discrete color channels [10, 

11]. Indeed, conventional SMLM typically requires two dyes to have emission maxima with 

at least 100 nm separation to minimize spectral cross-talk [10, 11]. Exchanging ligand 

strategies enable multiplexing super-resolution imaging by sequentially labeling and 

subsequent dissociating the target-specific fluorescent DNA probes, however, they require 

additional sample preparation and prolonged acquisition process [12–14]. Recently 

developed spectroscopic SMLM (sSMLM) techniques simultaneously record the spatial 
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locations and corresponding emission spectra of single-molecule blinking events, offering 

new imaging capabilities to resolve, in principal, unlimited number of fluorescent labels at 

single-molecule level [15–20].

In sSMLM, a dispersive element chromatically disperses the photons collected from each 

single-molecule stochastic blinking event to obtain the single-molecule emission spectrum. 

Meanwhile the corresponding spatial information of the blinking event is simultaneously 

collected in a separate optical path. As a result, sSMLM can capture single-molecule spectra 

with ultra-high throughput and resolve multiple molecular labels possess low single-

molecule spectral variations where their emission maxima separation can be less than 10 nm 

[15]. The original spectrally-resolved Stochastic Optical Reconstruction Microscopy (SR-

STORM) collects the spatial and spectral information of the blinking events via a dual-

objective-lens system in two separate paths and disperses the photons in the spectral channel 

using a prism. Only bright single-molecule blinking events (> 10,000 detected photons) are 

utilized to reduce the noise uncertainty influence on the determination of the spectral 

signatures. A few examples have been demonstrated since then to collect the emission light 

only through a single objective lens and then split them into spatial and spectral channels 

using prisms as the dispersive elements [18–20]. These techniques permit sSMLM imaging 

in live cells and probing microenvironment changes in vitro. However, the implement of 

these configurations requires spatially modified optical system, typically with a beam 

splitter, a prism and multiple mirrors and lens. The complicated system setup may cause 

single-molecule signal attenuations and is challenging to integrate the system as a compact 

add-on module to be used with conventional localization microscopes.

On the o her hand, the grating element combines the function of the beam splitter and a 

dispersive element in grating-based sSMLM systems. They use minimal number of required 

optical elements and improve the compactness [16,17]. In fact, it has been demonstrated that 

placing only a piece of transmission type of diffraction grating between the detector and the 

conventional localization microscope port enables sSMLM imaging [17]. However, only half 

of photons are collected through the single objective lens comparing with the dual-objective-

lens system, which complicates the multi-color sSMLM imaging acquisition using grating-

based sSMLM setups, especially in high fluorescence background biological samples. 

Indeed, the high dispersions in the spectral channel (referred to as spectral dispersion, SD) 

used in these systems make it hard to precisely determine the spectral centroid (SC) of dimer 

blinking events because of splitting photons between zeroth and first order images. The SD 

has not been precisely adjusted to achieve the requisite spectral precision for multi-color 

imaging in grating-based sSMLM systems (we define spectral precision as the measured 

standard deviation of single-molecule SC under the collective influence of noise uncertainty 

and intrinsic single-molecule spectral variations, or spectral heterogeneity).

We developed sSMLM systems that utilize diffraction gratings to obtain the spatial and 

spectral information of the single-molecule blinking events simultaneously [16, 21–24]. 

Using sSMLM, we reported that Rhodamine dyes tagged microtubules assembled in vitro 
showed significant spectral heterogeneity. Taking advantage of such large spectral 

heterogeneity, we achieved sub-10 nm spatial resolution via photon regression algorithm 

[16]. In this article, we report the high-throughput characterization of single-molecule 
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spectral heterogeneity; the SD influence on the identification performance of largely spectral 

overlapping dyes; and the multi-color super-resolutio imaging using transmission diffraction 

grating-based sSMLM under optimized SD.

2. Methods and materials

2.1 sSMLM setup

The schematic of our sSMLM system is shown in Fig. 1. A 642-nm CW laser was focused at 

the back focal plane of a Nikon Ti microscope body equipped with a perfect focus module. 

The light was illuminated onto the sample by a 100 X TIRF objective lens (CFI Apochromat 

100X, NA=1.49, Nikon) with an illumination angle slightly smaller than the TIRF module 

requirement. The emitted photons were collected by the same objective lens. After passing 

through a tube lens (TL), the collected photons were routed by a mirror (M) to an entrance 

slit (S), which confines the field-of-view (FOV) of the spatial image, and then split into the 

zeroth-order and first-order images with a ratio of ~1:3 by a transmission grating (G, 100 

grooves/mm, STAR100, Paton Kawskely Education Ltd.). The grating position relative to 

the imaging lens (L1, the focal length f = 50 mm) was adjusted to tune the SD from 6 to 9 

nm/pixel while the zeroth-order images remained unmodified adapting the optics setup in 

Fig. 1. The SD of 3 nm/pixel was achieved by placing the grating in the collimating beam 

path between L1 and L2 [23]. Photons in the zeroth and first orders were respectively 

focused onto two different regions of an electron-multiplying charge-coupled device 

(EMCCD) camera (ProEM 532, Princeton Instrument) by an imaging lens (L2, f = 50 mm).

2.2 Sample preparation

NHS-ester functionalized Alexa Fluor 647 (AF647, Thermofisher), CF660C and CF680 

(Biotinum), Dyomics 634 (Dy634, Dyomics Inc.), Cy®5.5 (Sigma) were stored at −20 °C. 

Primary antibodies mouse anti-TOM20 (Santa Cruz), sheep anti-tubulin (Cytoskeleton), and 

chicken anti-ATPB (Abcam) were aliquoted and stored at −80 °C. Secondary antibodies 

Donkey anti-mouse, anti-sheep IgG, and anti-chicken IgY (Jackson ImmunoResearch) were 

aliquoted and stored at 4 °C. Fluorescent dye-antibody conjugations were performed by 

NHS-coupling reaction of the NHS-ester functionalized dyes with the secondary antibodies 

following a literature protocol [18]. Briefly, Dye (0.4 μL, 5 mM in DMSO), IgG/IgY 

proteins (100 μL, 1 mg/mL in PBS) and Sodium Bicarbonate (10 μL, 1 M in water) were 

mixed overnight at 25 °C. The mixture was purified by Nap-5 size exclusion column, 

concentrated with Amicon Ultra-0.5 Centrifugal Filter units, characterized by a NanoDrop 

Spectrophotometer to give 1–2 dyes per antibody and stored at 4 °C.

To measure spectral heterogeneity of far-red emitting fluorescent probes, the NHS-ester of 

Dy634, AF647, CF660C, CF680 and Cy5.5 were conjugated with anti-mouse IgG, adsorbed 

on the surface of No. 1 cover glass at a concentration of 2 μg mL−1 for 5 min and rinsed 

thoroughly with PBS. Before the experiment, a freshly prepared imaging buffer was added 

to support single-molecule detection (see below).

For multi-color sSMLM imaging, COS-7 cells (ATCC) were grown in DMEM (Gibco/Life 

Technologies) supplemented with 2 mM L-glutamine (Gibco/Life Technologies), 10% fetal 
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bovine serum (Gibco/Life Technologies), and 1% penicillin / streptomycin (10,000 U mL−1, 

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

bottom 8-well Lab-Tek™ Chambered Coverglass with low confluency. After 48 hours, the 

cells were fixed in pre-warmed 3% Paraformaldehyde and 0.1 % Glutaraldehyde in PBS for 

10 min, washed with PBS twice, quenched with freshly prepared 0.1 % Sodium Borohydride 

in PBS for 7 min and rinsed with PBS for three times at 25 °C. The fixed samples were 

permeabilized with a blocking buffer (3% BSA, 0.5% Triton X-100 in PBS) for 20 min and 

then incubated with the primary antibodies (Sheep anti-tubulin, 10 μg mL−1 for three-color 

samples and 2.5 μg mL−1 for other samples), (Chicken anti-ATPB, 2 μg mL−1 ), (Mouse 

anti-TOM20, 5 μg mL−1) in blocking buffer for 1h at room temperature and rinsed with a 

washing buffer (0.2% BSA, 0.1% Triton X-100 in PBS) for three times. The fixed samples 

were further incubated with the corresponding Donkey secondary antibodies-dye conjugates 

(Anti-Sheep AF647 and Anti-Mouse CF660C for two-color imaging experiment; Anti-

Chicken AF647, Anti-Sheep CF660C and Anti-Mouse CF680 for three-color imaging 

experiment, 2.5 μg mL−1 in blocking buffer) for 40 min, washed thoroughly with PBS for 

three times at 25 °C and stored at 4 °C.

2.3 Imaging acquisition and data processing

We measured the system’s SD using a fluorescent calibration lamp with an entrance slit 

width of 10 μm. The emission peaks of 487.7, 546.5, 611.6 and 707.0 nm were used to 

calculate the SD with a first polynomial fit. For the spectral heterogeneity measurement, the 

entrance slit width was adjusted to 50 μm to reduce the background noise in the spectral 

channel. For multi-color imaging in cells, the slit width was adjusted to 5 mm to provide an 

adequate FOV while preventing overlapping between spatial and spectral image channels.

Prior to imaging, an imaging buffer containing 50 mM Tris (pH = 8.0), 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 was added to the sample chamber. The imaging 

experiments were typically finished in one hour or replenished with fresh prepared buffers 

every hour. The single-molecule blinking lasts for tenths of milliseconds with a few 

thousand of photons, the spatial locations and the spectral information of each single-

molecule blinking were collected with an exposure time of 20 ms. We respectively recorded 

5,000, 20,000 and 30,000 frames for spectral heterogeneity measurement, the two-color, and 

three-color sSMLM imaging reconstructions.

The single-molecule localization of each blinking event was processed using 

ThunderSTORM [25]. The corresponding single-molecule emission spectrum of every 

blinking event was obtained using its spectral image with the spatial image as the reference 

for the calibration process. The spectral detection channel (650 – 750 nm) was selected to 

collect at least 90% of the dye emission while minimizing the noise uncertainty contribution 

on the SC of each blinking event. This detection channel corresponds to 34 ×3, 17×3 and 

12×3 pixel areas for the SD of 3, 6, and 9 nm/pixel on the camera, respectively. The SC of 

the emission spectrum was calculated as the weighted average of each individual spectrum 

[15]. The single-molecule SCs were used to identify and classify the single-molecule 

blinking from different dye molecules.
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For two-color imaging, we respectively preset the spectral windows for AF647 and CF660C 

to 683–689 nm and 692–698 nm based on their SCs and spectral precisions (see section 3.1). 

For misidentification characterizations, we imaged AF647-labeled cells and calculate the 

spectral precision and the number of misidentified single molecules classified into both 

spectral windows. We applied different photon threshold filters (500–2500) for the spectral 

channel to discard the blinking events dimmer than the filter thresholds. For spectral 

precision measurement and multi-color imaging experiments, we filtered out all the blinking 

events less than 500 photons. Each single-molecule event was assigned a SC value, and we 

collected all the events with their SCs within the predefined spectral windows for each dye. 

Error bar in Figure 4c refers to the standard errors of spectral precision measured across 

different experimental acquisitions. In each experiment, 10,000 single molecules were 

analyzed, and a spectral precision value was provided based on the standard deviation of the 

spectral centroids of the 10,000 single molecules. In total, 10 samples were analyzed for 

each condition to provide the standard errors.

For three-color sSMLM imaging, 6-nm/pixel SD and 500-photon threshold were applied. 

We used spatial information of all the single-molecule events after the above classification 

methods to render the pseudo color-coded sSMLM images. Based on the spectral precision, 

the preset spectral windows of 683–689 nm, 692–698 nm, and 703–709 nm for the three 

dyes (AF647, CF660C and CF680) were used. We firstly acquired AF647, CF660C and 

CF680 individually labeled cell samples. Using these single-dye stained samples, we 

calculated the spectral precision of every dye under the same imaging condition (Figure 5a) 

and the number of single molecules classified into the other two spectral windows against 

the total population as the identification fraction (Figure 5b). The possibilities of mis-

identification (channel shift) are 5% between AF647 and CF660C and between CF660C and 

CF680, and 0.5% between AF647 and CF680.

The morphology-based drift correction was performed according to reference [25] from the 

original spatial image reconstruction before spectral classification. Prior to sSMLM image 

rendering, the drift correction file obtained from the original spatial localization image was 

applied to each classified imaging channel.

3. Results and discussion

3.1 Single-molecule fluorescence spectral signature characterization

We discovered that Rhodamine dyes possess large single-molecule fluorescence spectral 

heterogeneity when labeled with proteins. Their single-molecule SCs can fluctuate more 

than 50 nm. Taking this advantage, we employed spectral regression algorithm to achieve 

sub-10 nm spatial resolution using sSMLM [16]. In contrast, certain dyes were reported to 

show reduced spectral heterogeneity at the single-molecule level and the identification of 

more than three types of dye molecules emitted at similar spectral regions based on their 

single-molecule SC were achieved with prism-based sSMLM system [15].

To validate our sSMLM system for simultaneous multi-color imaging, spectral 

heterogeneities of multiple far-red emitting fluorophores were firstly measured. We collected 

single-molecule blinking events with more than 500 photons and a narrow spectral detection 
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window (650–750 nm) to characterize the spectral heterogeneity under minimal noise 

contribution. The width of the entrance slit was adjusted to 50 μm, which provides a 

background photon (BP) less than 5 per pixel for each blinking event in the corresponding 

spectral image. The measurement of SCs variation of red fluorescent nanosphere under the 

same experimental condition showed a spectral precision of 1.3 nm. This evidence suggested 

that the spectral variation more than 1.3 nm should be predominantly contributed by the 

intrinsic single-molecule fluorescence spectral heterogeneity using this particular system 

setup. In other words, we can measure the spectral heterogeneity of dyes unambiguously 

down to 1.3 nm. The FOV in the spatial image was restricted within a 5×120 pixel area. We 

can collect 5,000–10,000 single-molecule blinking events within 5000 frames (~100 s).

The averaged emission maximum (670 nm) and emission SC (686 nm) of AF647-IgG 

conjugates adsorbed on glass slide measured by the sSMLM system (Fig 2a) agreed well 

with literature reports [26]. The scatterplot of the emitted photon number against single-

molecule SC of 6,132 blinking events revealed a relatively small SC variation primarily from 

680 nm to 692 nm (Fig. 2b). Fig. 2c shows that the 260 single-molecule emission spectra 

with 1200–1500 detected photons (highlighted by the green box in Fig. 2b) have negligible 

spectral changes among each other. The histogram of SC distribution from all the 6,132 

detected blinking events from AF647 depicted a relatively low spectral heterogeneity with a 

standard deviation (OSH) of 2.1 nm as shown in Fig. 2d. The measured spectral 

heterogeneities of Dy634, CF660C, CF680 and Cy5,5, which emit within similar far-red 

spectral regions, showed slightly different values of 1.9, 3.1, 3.5 and 2.2 nm, respectively. 

The measured spectral heterogeneities are stable for at least 1 hours after adding fresh 

imaging buffer with relatively stable pH. Their measured averaged emission spectral 

maxima are consistent with literature values as shown in Table 1 [15, 26]. These spectral 

heterogeneities provide the possibility to distinguish dye labels, where their SCs are only 10 

nm apart relying on the single-molecule SCs, and the simultaneous multi-color super-

resolution imaging using a single objective lens.

3.2 Simultaneous two-color sSMLM imaging in cells under different spectral dispersions

Both intrinsic single-molecule fluorescence spectral heterogeneity and background noise 

affect the spectral precision and determine the number of dyes or imaging channels that can 

be simultaneously resolved in sSMLM using SC classification method. According to the 

measurement in Section 3.1, the spectral heterogeneities of these far-red emitting dyes were 

remarkably low to permit the multi-color sSMLM imaging. As an example, the 

misidentification between AF647 and CF660C in the pre-defined spectral channels is only 

2.0%. However, because of the limited photon budget and relatively high intracellular 

background, the spectral precision might significantly decrease, especially when the SD is 

relatively high (SD < 4 nm). Instead, lower SD of 5–7 nm/pixel could provide relatively 

stable spectral precision over high background conditions according to our theoretical 

predictions [27]. To further investigate the SD effect on multi-color sSMLM imaging 

experimentally, we performed two-color sSMLM imaging of COS-7 cells under different 

SDs where microtubule and mitochondria were labeled with AF647 and CF660C 

respectively.
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At the SD of 3 nm/pixel, the microtubule and mitochondria structures appeared in both 

AF647 and CF660C channels (Fig. 3a–c). The coordinate-based co-localization (CBC) 

analysis [28] indicated a CBC value of 0.19, suggesting significant overlapping between the 

two channels as a result of high misidentification rate and low spectral precision. These 

experimental evidences indicated that the relatively high intracellular background (BP = 

~50/pixel) restricts the system performance to unambiguously distinguish dyes that emission 

spectra are only 9 nm apart at the SD of 3 nm/pixel. Presumably, limited number of photons 

collected in the spectral channel was dispersed to a relatively large area on the camera and 

the spectral precision was affected by noise uncertainty at such high BP.

Then we conducted two-color sSMLM imaging under 6-nm/pixel SD. Comparing to the 3-

nm/pixel case, the microtubule and mitochondria structures respectively showed only in the 

AF647 and CF660C channels with a CBC value of 0.01, which suggested negligible 

overlapping between the two channels (Fig. 3d–f). Furthermore, the two-color imaging at the 

SD of 9 nm/pixel showed increased overlapping between the two channels with a CBC value 

of 0.08 (Figs. 3g–i). In the overlaid image (Figure 3i), yellow-orangish color was observed 

on mitochondria region, which indicated that misidentified single molecules from the tubulin 

channel. Therefore, the image quality degraded in SD of 9 nm/pixel comparing to 6 nm/

pixel.

3.3 Two-color sSMLM imaging performance characterization

Our sSMLM simultaneously captures the spatial and spectral information of single-molecule 

blinking events. For achieving high spectral precision, 75 % of the total photons were 

allocated to the first order image while the rest 25% of total photons were allocated into the 

zeroth order for spatial localization. We achieved localization uncertainty of 17–23 nm (Fig. 

4a) which were comparable with literature values in the conventional SMLM under similar 

photon budget [26]. Notably, the spatial resolution was independent of SD since the blinking 

signals in the zeroth order remained unmodified. In addition, this sSMLM setup provides the 

opportunity to systematically tune and optimize SD for multi-color imaging with simply 

adjusting the grating position relative to the imaging lens (L1).

Using the same sSMLM setup, we quantified the misidentification under different SDs by 

imaging AF647 labeled microtubules in COS-7 cells as examples at different background 

levels. In the aforementioned spectral heterogeneity measurement with SD of 3 nm/pixel, 

low BP < 5/pixel were detected. Within 6,132 detected AF647 single molecules, 122 single-

molecule SCs locate in the spectral region of 692–698 nm which was the spectral window 

we preset for CF660C. These values suggested a spectral precision of 2.1 nm and a 

misidentification rate of 2.0% between AF647 and CF660C that SCs are 9 nm apart (Fig. 

4b–c). Then we adjusted the entrance slit to 5 mm to increase the FOV to 120×120 pixels 

(19.2×19.2 μm2) for imaging cell samples. The BP increased to ~ 50/pixel when we imaged 

the COS-7 cells labeled with AF647 with a concomitant decrease of spectral precision down 

to 6.4 nm (Fig. 4c). Under this condition, 29,862 from 100,546 detected single-molecule 

SCs located in the CF660C spectral window (Fig. 4b). In such high intracellular background 

conditions, the high misidentification rate of 29.7% restricts the imaging capability of our 

multi-color sSMLM system (Fig. 4b). Although applying higher photon threshold filter 
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(2500) can decrease the misidentification rates to 5.4 % when BP was ~ 50/pixel (Fig. 4b), 

the number of collected localization events were not enough to render a good-quality super-

resolution image with continuous microtubules until dyes photobleaching.

Limited number of photons collected in the spectral channel were dispersed to a large area 

(34×3 pixel) on the camera and resulted in low spectral precision in the case of 3 nm/pixel 

SD. In turn, decreasing the dispersion may increase the signal to background ratio and 

spectral precision, especially for sSMLM imaging in cells under high background conditions 

[27]. Remarkably, the adjustment of SD to 6 and 9 nm/pixel resulted in higher spectral 

precisions of 3.2 nm and 4.1 nm for BP of 50 respectively (Fig. 4c). These results were 

consistent with our CBC analysis that 6 nm/pixel SD showed the optimal imaging 

performance and agreed well with our numerical simulation studies [27]. Presumably, a 

subpixel systematic error in mapping the spatial distribution of the single-molecule blinking 

events to the associated spectral signatures during the spectral calibration procedure occurs 

at the SD of 9 nm/pixel thus decreasing the spectral precisions to 4.1 nm under these 

background conditions [27]. Furthermore, the low spectral precisions appeared in both 3 and 

9 nm/pixel resulted in incorrect classification of a large amount (~30% and 12% 

respectively) of single molecules in the two channels and degraded the image quality as 

discontinuous tubulin skeleton and scattered dots were observed (Fig 3a–c and g–i). In short, 

the SD of 6 nm/pixel showed the optimal spectral precision that tolerated relatively high 

intracellular background and was determined for acquiring multi-color sSMLM imaging.

3.4 Multi-color super-resolution imaging of COS-7 cell

We set the SD to 6 nm/pixel in simultaneous three-color sSMLM imaging experiments. The 

independent examination of the SC of AF647, CF660C and CF680 at the SD of 6 nm/pixel 

under the identical imaging condition labeled the microtubule structures of COS-7 cells 

demonstrated spectral precisions of 3.2, 4.3 and 3.1 nm, respectively (Fig. 5a). The relatively 

high spectral precision enabled the identification of the three dyes based on their SC 

positions. The classification of the SCs into three channels based on their maximal 

probability of SC at 683–689 nm, 692–698 nm and 703–709 nm resulted in more than 95% 

separation between AF647 and CF660C as well as between CF660C and CF680, where the 

separation between AF647 and CF680 was more than 99.5% (Fig. 5b).

A conventional SMLM image of a COS-7 cell immunofluorescent labeled with AF647, 

CF660C and CF680 to the ATP synthase (ATPB), Tubulin, and Mitochondrial Outer 

Membrane translocase complex (TOM20), respectively, is shown in Fig. 5c. The tubulin 

cytoskeleton can be partially distinguished based on its morphology. However, the large 

overlapping region between the three targets of interests remained unresolved in the single 

far-red detection channel (Fig. 5c). Based on their respective SCs, sSMLM separated the 

three labels with high specificity as shown in Fig. 5d–5f. The distinct microtubule structures 

were exclusively located in CF660C channel and the unresolved region in conventional 

SMLM can be clearly distinguishable in the pseudo color-coded images (Fig. 5e). Both the 

ATPB and TOM20 signals showed elongated patterns (Fig.s 5d and 5f) while the TOM20 

were located at the periphery of ATPB as shown in the overlaid sSMLM image (Fig. 5g). 

This feature was consistent with the protein locations that TOM20 labels highlight the outer 
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membrane of mitochondria and ATPB resides in the inner membrane of mitochondria [15]. 

As a result, we demonstrated that simultaneous multi-color sSMLM imaging can be 

achieved in immunostained cells using a single far-red detection channel with optimal SD at 

6 nm/pixel.

4. Conclusion

We achieved simultaneous acquisitions of single-molecule positions and corresponding 

spectra of fluorescent probes with grating-based sSMLM using a single objective lens. We 

showed that both intrinsic single-molecule fluorescence spectral heterogeneity and noise 

uncertainty affect the system performance for identifying dyes emitting in close spectral 

region. Carefully tuning the spectral dispersion provides a suitable spectral precision for 

simultaneously multi-color imaging of multiple dye species with narrow spectral centroid 

shifts (~10 nm). We showed that using a SD of 6 nm/pixel the grating-based sSMLM can 

resolve three molecular labels in fixed cells at the same time with nanometer resolution. We 

anticipate that sSMLM will play an important role in investigating structural and dynamical 

biological processes involving interactions of multiple molecules.
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Fig 1. 
Schematic of the sSMLM experimental system. The fluorophores are excited, and the 

emitted light is collected by an objective lens and passing through the dichroic mirror, tube 

lens, mirror and an entrance slit sequentially. Then the light passes through a transmission 

grating to be split into zeroth-order and first-order light, which provide the spatial and 

spectral information, respectively, and then two imaging lenses. The inset illustrates the 

zeroth-order (spatial) and first-order (spectral) images captured by the EMCCD.
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Fig 2. 
Spectral heterogeneity characterization of AF647. (a) Averaged emission spectrum of 

AF647 and its calculated spectral centroid (SC) position; (b) Scatterplot of photon count vs. 

single-molecule SC position of 6,132 AF647 single-molecule blinking events with the 

rectangular region highlights 260 single-molecule events with photon count from 1200–1500 

and their emission spectra shown in (c); (d) Histogram of SC distribution of all the 6,132 

single-molecule blinking events. Scale bar refers to the relative density of singlemolecule 

distribution in (b) and relative intensity in (c).
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Fig. 3. 
Two-color sSMLM images of AF647 labeled microtubule and CF660C labeled mitochondria 

in COS-7 cells at different SDs (a-c, 3 nm/pixel), (d-f, 6 nm/pixel) and (g-i, 9 nm/pixel) 

respectively. The AF647 (a, d and g) and CF660C (b, e, and h) channels and the overlay 

images (c, f and i) were collected with single-molecule SC of 683–689 nm and 692–698 nm 

respectively. (Scale bar = 2 μm)
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Fig. 4. 
sSMLM imaging parameter characterizations. (a) Localization uncertainty of sSMLM 

images of COS-7 cells which the microtubule and mitochondria were labeled with AF647 

and CF660C respectively; (b) Misidentified fraction of AF647 as CF660C in a pre-

determined collection window of 692–698 nm based on the single-molecule SCs under 

different BP of 5 and 50 per pixel respectively with different photon thresholds of AF647 

labeled microtubules of COS-7 cells at 3 nm/pixel SD; (c) Spectral precision measurements 

at different SDs of AF647 labeled microtubules in COS-7 cells. Error bars indicate the 

standard errors in each condition (Sample size for each condition = 10).
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Fig. 5. 
Multi-color sSMLM imaging of COS-7 cells, (a) SC distribution of AF647, CF660C and 

CF680; (b) Identification fraction of the three dyes in the preset channels; (c) SMLM 

imaging of a COS-7 cell which the ATPB, Tubulin and TOM20 proteins were labeled with 

AF647, CF660C and CF680 respectively; (d-f) pseudo color-coded images of the same 

sample in (c) classified in three spectral windows based on their spectral signature and the 

sSMLM image (g).
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Table 1.

Single-molecule fluorescence emission signature of dye-protein conjugates.

Dye λEm (nm) 
[a] λSC (nm) 

[b] σSH (nm) 
[c]

Dy634 664 682 1.9

AF647 670 686 2.1

CF660C 688 695 3.1

Cy5.5 697 701 3.5

CF680 704 706 2.2

[a]
λEm: averaged emission maximum

[b]
λSC: averaged emission spectral centroid

[c]
σSH: standard deviation of single-molecule spectral heterogeneity.
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