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Editorial on the Research Topic 
Recent Advances in Fluorescent Probes for Super-Resolution Microscopy

Super-resolution microscopy (SRM) has become an indispensable tool for monitoring cytoskeleton dynamics as well as the imaging, detection, and tracing of functional biomolecules in living cells. It overcomes the barrier of diffraction limit and allows for the visualization of sub-cellular structures down to the sub-10 nm level. Several types of SRM techniques are available, with a vast number of applications in interdisciplinary research fields. To date, many fluorescent probes such as fluorescent proteins, organic dyes, nanomaterials, quantum dots, polymer dots, organic dots, carbon dots, and upconversion nanomaterials have been employed for SRM. Each has its own limitations, and, as such, in order to obtain a better-resolved structure, improving the efficiency of these probes is of great importance.
The performance of fluorescent probes in super-resolution microscopy is dependent on several important photo-physical parameters. Organic molecules, with their smaller size, have excellent blinking properties, but they are often dim and undergo rapid photobleaching. Photoactivable or photoswitchable fluorescent proteins suffer from poor localization precision due to their low photon counts. Nanomaterials, quantum dots, carbon dots, polymers dots, etc. have shown promising results due to their high brightness and photostability, but their large size compared to organic molecules limits their potential applications.
In this research topic, we present a collection of original research, mini review, perspective, and review articles touching upon different aspects of new fluorescent probe materials that advance the SRM techniques one step ahead to the current state of the art in the field. We also provide a new labeling strategy of the fluorescent probe in the live cell SRM imaging.
Han et al., in their research article on “a labeling strategy for living specimens in long term super resolution fluorescence imaging”, showed the capability of many fluorescent dyes to stain various types of subcellular structures in living specimens with high brightness and photostability. They used several known dyes, such as Atto 495, Atto 565, Atto 590, Atto 647N, BODIPY, Alexa fluoro 647, Cy3B, and Cy5, for their study. They have shown their results in mitochondria, endoplasmic reticulum, endocytic vesicles, and the plasma membrane. The new strategy required only specific incubation conditions without any chemical modification or physical penetration, minimizing the damages and artifacts induced during the sample preparation. Among all, ATTO-647N dye exhibited extraordinary brightness and photostability in live cell mitochondrial labeling. Their strategy could be a future toolbox for understanding the dynamics and interactions of subcellular structures in living specimens.
Yao et al., showed the efficient application of SNAP-tag in the expansion-SRM technique using DNA oligostrands. Expansion-SRM is a new technology that anchors the dye to the hydrogel, and the dye expands with the expansion of the hydrogel so that an SRM map can be obtained under an ordinary microscope. By labeling the target protein with a first antibody and secondary antibody, the distance between the fluorescent group and the actual target protein is greatly increased. Instead of using the fluorescent proteins, which can be destroyed during sample preparation of the measurement, DNA oligostrand-linked fluorescent dye was used as an efficient probe in the expansion-SRM. The DNA oligostrand is brought to the vicinity of the target protein by specific binding technology with the SNAP. This protocol greatly reduced the error between the position of the fluorescent group and the actual target protein, and it also reduced the loss of the fluorescent group during sample preparation.
Laxman et al. showed the benefits of unnatural amino acid incorporation as protein labels for single-molecule localization microscopy (SMLM) such as stochastic optical reconstruction microscopy (STORM) and photoactivated localization microscopy (PALM). In the context of proteins, a large component of successful SMLM imaging is the choice of fluorescent probe used as a label for the protein of interest. The ideal fluorescent tag candidate for SMLM should aim for photostability during activation and deactivation cycles, be small in size, and have high levels of photon emission for better single-molecule detection by the microscope. Here, they have used protein labeling by incorporating unnatural amino acids with an attached fluorescent dye for precise localization and visualization of individual molecules. A detailed understanding and comparison of the unnatural amino acid labeling with other commonly used protein-based labeling methods, such as fluorescent proteins (FPs) or self-labeling tags like Halotag, SNAP-tags, and CLIP-tags, both highlight the benefits and shortcomings of the site-specific incorporation of unnatural amino acids coupled with fluorescent dyes in SMLM.
In another interesting article by Zhuang et al., the photobleaching imprinting technique has been utilized to reject background light and improve contrast by fully using line-scanning temporal focusing microscopy. With the removal of the background light, the method could achieve high contrast imaging both in the transparent and scattering medium.
More than 50% of total background light rejection was achieved, providing a higher signal to background ratio images of the MCF-10A samples and mouse brains. This photobleaching imprinting technology can be easily adapted to other fluorescence dyes or proteins, which may have application in studies involving relatively large and nontransparent organisms.
In this collection, the mini review, perspective, and review articles summarize the detailed information on the fluorescent nanoprobes, such lanthanide-doped upconversion nanoparticle by Dong et al., quantum, dots, carbon dots, polymer dots, and aggregation-induced emissive dots by Liu et al., and the hexagonal boron nitrides by Bradac et al. On the other hand, Cheng et al. have provided a new avenue on the biosensing interfaces with SMLM. They have given an update on the progress of using SMLM in characterizing nanostructured biointerfaces, focusing on practical aspects, recent advances, and emerging opportunities from an analytical science perspective.
In summary, the editors hope that the collection presented in this research topic, “Recent Advances in Fluorescent Probes for Super-Resolution Microscopy”, will contribute to the progress of research and development activities in the field.
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Compared with two-photon point-scanning microscopy, two-photon temporal focusing microscopy (2pTFM) provides a parallel high-speed imaging strategy with optical sectioning capability. Owing to out-of-focus fluorescence induced by scattering, 2pTFM suffers deteriorated signal-to-background ratio (SBR) for deep imaging in turbid tissue, Here, we utilized the photobleaching property of fluorophore to eliminate out-of-focus fluorescence. According to different decay rates in different focal depth, we extract the in-focus signals out of backgrounds through time-lapse images. We analyzed the theoretical foundations of photobleaching imprinting of the line-scanning temporal focusing microscopy, simulated implementation for background rejection, and demonstrated the contrast enhancement in MCF-10A human mammary epithelial cells and cleared Thy1-YFP mouse brains. More than 50% of total background light rejection was achieved, providing higher SBR images of the MCF-10A samples and mouse brains. The photobleaching imprinting method can be easily adapted to other fluorescence dyes or proteins, which may have application in studies involving relatively large and nontransparent organisms.

Keywords: temporal focusing microscope, photobleaching imprinting, background rejection, biomedical imaging, two-photon effect


INTRODUCTION

Two-photon fluorescence microscopy has become a powerful tool in biomedical deep-tissue imaging for its advantages in high spatial resolution, deep penetration, and optical sectioning capability (Denk et al., 1990; Zipfel et al., 2003; Helmchen and Denk, 2005). In biological two-photon microscopy, the fluorophore absorbs two infrared photons simultaneously to generate an emission photon in the visible spectrum. Conventional two-photon fluorescence microscopy employs the point-scanning scheme, in which all the voxels are excited sequentially and the fluorescence is detected by bulk semiconductor photodetectors. The two-photon excitation intensity is a quadratic function of the excitation radiance, so fluorescence is effectively excited only in the perifocal region (Zipfel et al., 2003). Besides, tissue scattering decrease monotonically as the wavelength decreases in 350–2,000 nm. As a result, two-photon laser scanning microscopy processes high signal-to-background ratio (SBR), which is vital in biological fluorescence imaging.

Due to the point scanning strategy, the imaging speed of the two-photon microscopy is limited by the inertia of mechanical scanners and the laser repetition rate (Kong et al., 2015). To solve this problem, temporal focusing microscopy (TFM) has reportedly achieved parallel excitation in samples. Different from spatially focusing to generate high peak intensity at the focus in the two-photon microscopy, the TFM controls the temporal profile of the pulse, whose width is minimal at the focal plane and stretches out of the focal plane. Because the excited fluorescence is inversely proportional to the pulse width in two-photon excitation process, the fluorescence intensity reaches its peak value at the focal plane (Oron et al., 2005; Durst et al., 2008; Dana and Shoham, 2011; Oron and Silberberg, 2015). Therefore, TFM achieves optical sectioning capability and, in a parallel manner, excites the full region of interest simultaneously.

According to the shape of the focus, TFM is classified into two categories: wide-field temporal focusing microscopy (WTFM) illuminates the whole 2D plane simultaneously (Papagiakoumou et al., 2010; Cheng et al., 2012; Rowlands et al., 2017); line-scanning temporal focusing microscopy (LTFM) produces a linear focus and sweeps this line in the focal plane (Tal et al., 2005; Dana et al., 2014; Lou et al., 2018). Although WTFM has a larger illuminated area, the two-photon excitation efficiency is decreased severely, according to power-law dependence on light intensity in multiphoton processes (Dana et al., 2013). Benefiting from both spatial focusing and pulse width modulation, LTFM has superior performance in imaging speed, field-of-view, depth, and axial confinement, so it has been shown to have wide applications in large-scale imaging of biological dynamics (Li et al., 2017; Park et al., 2017).

Unfortunately, as the imaging depth increases, tissue scattering distorts the excitation focus of LTFM. In turbid specimens, the power of ballistic photons Pb is characterized by Beer's law Pb = P0exp(−z/ls), where ls is the effective attenuation length (EAL) and z is the depth (Wang et al., 2018). As the axial confinement of LTFM is corrupted in deep tissues, the out-of-focus fluorescence at different depth contributes to an intensified image background on the sCMOS detector. To solve this problem, structured illumination microscopy (SIM) enhances axial confinement and suppresses background noise by synthesizing several images illuminated by different patterns (Therrien et al., 2011; Cheng et al., 2014; Meng et al., 2017). The structured illumination pattern is only the sharpest at the focal plane, so the signal at the focal plane is extracted by reconstruction. Previous studies have reported that LTFM combined with SIM is effective to suppress the background for imaging C. elegans (Li et al., 2017). Focal modulation microscopy (FMM) can also be applied to LTFM for enhancing the SBR by subtracting an aberrated point-spread-function (PSF) image from the origin image. The background intensity is estimated from the aberrated PSF image, in which the focal intensity is decreased but out-of-focus light intensity remains. Then the background is to improve the signal to background ratio (Leray and Mertz, 2006; Zhang et al., 2018). Nevertheless, these methods need extra phase modulation devices, such as a spatial light modulator (SLM), digital micromirror device (DMD), and deformable mirror (DM), which increase the system complexity and cause laser power loss. TFM combined with sum-frequency generation also improves the axial confinement effectively but suffers from relatively low excitation power because of the partially blocking excitation beam (Durst et al., 2009).

In this paper, we proposed a novel method termed LTFM-PIM, which combines photobleaching imprinting microscopy (PIM) with LTFM to enhance axial confinement and reject the background (Li et al., 2013; Gao et al., 2014a). PIM extracts high-order fluorescence signals from photobleaching-induced fluorescence decay, and no extra device is required. We first describe the proposed method through formulations and then simulate our implementation for demonstrating background rejection improvements by LTFM-PIM. To further demonstrate the improvement of LTFM-PIM, we show imaging results of MCF-10A human mammary epithelial cells and clear Thy1-YFP mouse brains.



METHODS AND MATERIALS

Our optical system is a standard LTFM, illustrated in Figure 1. The 80 MHz Chameleon Discovery (Coherent) is a laser source for two-photon excitation whose central wavelength is at 920 nm with pulse duration ~100 fs. The laser power was controlled by an electro-optical modulator with the polarization modulated by a half-wave plate. A beam expander (BE05-10-B, Thorlabs) was utilized to expand the laser beam to 8 mm. After this expansion, the beam was scanned by a one-dimensional galvanometer (GVS211, Thorlabs) vertically and then formed a line on the surface of the grating (830 lines/mm, Edmund Optics) after the use of a cylindrical lens (f = 400 mm). A half-wave plate was placed in front of the galvanometer to maximize the efficiency of grating diffraction. To ensure that the central wavelength of the 1st diffraction light is perpendicular to the grating surface, the incident beam was directed at a ~50° angle by a reflective mirror. A collimation lens (f = 200 mm) and an objective with NA 1.05 (XLPLN25XWMP2, Olympus), forming a 4f configuration, refocused the beam to a line-shape pattern on the specimen. For each scanning period, we captured a fluorescence image using an epifluorescence setup including a dichroic mirror (DMSP750B, Thorlabs), a bandpass filter (E510/80, Chroma), a 200-mm tube lens (TTL200-A, Thorlabs) and sCMOS (pixel size 6.50 μm, Andor Zyla 5.5 plus). Hardware synchronization was realized using a multi-functional DAQ (USB-6363, NI Instrument), with three voltage output channels controlling the response of the electro-optical modulator, galvanometer scanner, and camera acquisition respectively.


[image: Figure 1]
FIGURE 1. (a) Line-scanning temporal focusing system. The ultrashort pulsed laser was modulated in intensity by an electro-optical modulator (EOM) and formed a line-shape focus on the grating after passing through a cylinder lens (Cyl.lens). The temporal chirp induced by the grating was first broadened then compressed to the minimum at the objective focus to form axial confinement. The fluorescence image was captured by an sCMOS camera in the epidetection scheme. (b) A sequence of images from photobleaching imprinting microscopy (PIM). (c) The fluorescence polynomial decay of the subregion marked by the red box in (b). Symbols: HWP, half-wave plate; BE, beam expander; M, reflective mirror; GM, galvanometer mirror; L, lens; DM, dichroic mirror; TL, tube lens; BPF, bandpass filter; OBJ, objective.



Photobleaching Imprinting of LTFM

In LTFM combined with a wide-field detection strategy, the background light consists of two parts: one part is the excited fluorescence out of the focal plane (Eexc), and the other part is the scattered fluorescence from the focal plane (Edet). Here, we show that the PIM can suppress the out-of-focus fluorescence (Eexc) and enhance the signal-to-noise ratio.

Based on LTFM, the time-averaged fluorescence photon flux <F>, measured by a wide-field microscope, is the integration of the fluorescence emitted from all depths (Gao et al., 2014a):

[image: image]

where C is a constant, μa is the two-photon absorption coefficient of the fluorophore, and PSFz is the PSF of the fluorescence imaging system at depth z. I is the equivalent excitation fluence: [image: image], which consists of the ballistic excitation intensity Ib and scattered excitation intensity Is. The operator * represents 2D convolution and <· > represents time average.

In fluorescence microscopy, photobleaching occurs when the fluorochrome molecules are exposed to excitation light. Fluorophores irreversibly lose their ability to fluorescence due to the photon-induced chemical damage and covalent modification. The photobleaching obeys an empirical exponential temporal decay law (Gao et al., 2014b) (shown in Figure 2A) and in the Nth frame captured at time tn, the absorption rate μ is also a function of tn, written as:

[image: image]

where μ0 is the initial absorption coefficient and k is a constant. In the case of two-photon excitation, the photobleaching rate increases rapidly with m ≥3 (Patterson and Piston, 2000; Gao et al., 2014a). Combining Equations (1) and (2) after Taylor expansion

[image: image]

where

[image: image]

and Dl = C(-k)l/l!. In Equation (4), F(tn) is a polynomial function associated with tn and <Fl> is the coefficient for [image: image]depicted. <Fl> can be derived from the polynomial fitting of F(tn). To solve <Fl> in practice, a sequence of images is required (Figure 1B) to analyze intensity associated with time (Figure 1C).


[image: Figure 2]
FIGURE 2. The operating principle of LTFM-PIM. (a) The fluorophore sample is excited by an LTFM light along the depth axis. The photobleaching rate depends on the high order of excitation intensity I. (b) In the detection process, the total fluorescence of each fluorophore is detected. (c) High-order PIM component Fl, which is dependent on the ml + 2 order intensity distribution, is yielded by polynomial fitting of fluorescence decay.


In general, I(x, y, z0) is the maximum intensity of all depth in the sample, where z0 is the imaging depth. When a 3D fluorescent sample is excited by LTFM along the depth axis, the photobleached fluorophores on the focal plane decay faster than those out of focus, which are dependent on I (Figure 2A). The polynomial fitting of fluorescent decay yields the PIM component <Fl >, which contains the higher order term I. Therefore, when ml + 2 >> 1, the excited fluorescence light of the focal plane can be suppressed by the higher order PIM component (Figures 2B,C).



Simulation of LTFM-PIM

To further demonstrate the effect of eliminating the out-of-focus fluorescence light by PIM, we assume that the spatial focus of the LTFM is same as in two-photon line-scanning microscopy, while the pulse widths were stretched by the effect of temporal focusing. Thus, we simplified the line-shaped focus model of the ballistic excitation distribution by the 1D Gaussian function shown below (Theer and Denk, 2006):

[image: image]

[image: image]

where Pb is the ballistic optical power through a transverse plane, z0 is imaging depth and zf= z–z0, ls is the effective attenuation length of the excitation light. The variable ωb(z) is the beam's half-width of the ballistic light at depth z and shown as follows (Theer and Denk, 2006): [image: image]. The Rayleigh range (zr) is related to the beam's far-field angular spread θ0: [image: image].

Then, the scattering excitation distribution was drawn from two-photon scanning microscopy as follows (Theer, 2004):

[image: image]

[image: image]

where Ps is the scattering optical power through a transverse plane. The beam width and pulse width of the scattering light at a different depth are [image: image]and [image: image], where g is the anisotropy factor and c is the velocity of light. If we consider that the pulse width widens from temporal focusing, the Gaussian temporal profile at a different depth is estimated from wide-filed temporal focusing as [image: image]and[image: image],[image: image],[image: image] (Durst et al., 2008).

In our system, the focal length of the objective f is 7.2 mm, and the pulse width at focal plane τ0 is ~130 fs. The FWHM of each monochromatic beam [image: image]in space and the spatially-chirped beam αΩ on the back aperture of the objective are 30 μm and 3.32 mm, respectively. The effective excitation NA for spatial focusing is ~0.5, and we set the anisotropy factor g is 0.9. The photobleaching rate is m = 3, and the imaging depth is 400 μm.

To evaluate the sectioning capability of the LTFM-PIM, we simulated a uniform fluorophore slice (5 nm thickness) at a different focal depth and calculated the total fluorescence of each slice E(z) by integrating the fluorescence radially. Considering that the depth of field (DOF) in our system is approximate, [image: image], by applying the collection numerical aperture NAdet = 1.05, and the wavelength of the fluorescence λflu is 520 nm, we define the energy of the signal fluorescence S and background light B as[image: image], [image: image].We analyze the fluorescence in the scattering medium (ls = 400 μm). We integrate the intensity in each fluorescent slice and the results indicate that the SBR of the LTFM and LTFM-PIM are obtained 0.4 for LTFM and 2.3 for LTFM-PIM, demonstrates that the LTFM-PIM (l = 1) could suppress nearly five times the out-of-focus fluorescence (Figure 3). The results demonstrate that the out-of-focus fluorescence is almost eliminated by the PIM technology, improving the SBR effectively.


[image: Figure 3]
FIGURE 3. (a) Radially integrated fluorescence vs. depth for the LTFM and LTFM-PIM (l = 1). (b) Radially integrated fluorescence for the LTFM and LTFM-PIM (l = 1) near the focus. The focal depth is 400 μm, the EAL (ls) are 800 μm.




Experimental Data Processing

For practical implementation, the LTFM-PIM image was obtained by processing time-lapse images with the following steps (Xiong et al., 2020):

1. Take M time-lapsed LTFM images with the same exposure time: F1, F2 … FM;

2. For each pixel (x, y) in an image, we extract an intensity curve with time FN (x, y);

3. Following Equations (1) and (4), we apply the exponential decay function to fit the intensity curve FN(x, y). To solve the intensity curve simply, we use the logarithmic operation to get: ln(FN(x, y)) = ln (a(x, y))−b(x, y)N. Then, we can do a linear fit on the intensity F1(x, y), F2(x, y) … FM(x, y) to get ln [a(x, y)] and b(x, y) of each pixel;

4. For the lth order PIM component, we generate the LTFM-PIM image[image: image].



Sample Preparation
 
MCF-10A Cells

MCF-10A cells (ATCC CRL-10317) were maintained and subcultured in MEBM basal medium supplemented with bullet kits (CC-3150, Lonza). 1.00 × 104 cells were seeded on Φ12 mm circular coverslips (0.17 mm thickness, Fisher Brand), then fixed by 4% paraformaldehyde in the phosphate buffered saline (PBS) after overnight incubation at 37°C 5% CO2 incubator. Cells were permeated by 0.2% TritonX-100 for 15 min, blocked in 3% BSA in PBS for 1 h at the room temperature, and incubated with Tom20 antibody (sc11415, Santa Cruz) overnight at 4°C. The next day, cells were washed with PBS and stained with Alexa Fluor 488 labeled goat-anti-rabbit IgG (ab150077, Abcam) for 2 h at the room temperature.



Cleared Mouse Brain

After deeply anesthetized and perfused with phosphate buffered saline, we remove the brain from the mouse and cut it to 1 mm transverse slices after fixation. The slices are sequentially dehydrated in a series of tert-butanol (30, 50, 70, 80, 90, 96, and 100%, 2 h each step) at room temperature. The dehydrated slices are incubated in BABB-D4 (BABB: benzyl alcohol/benzyl benzonate = 1/2, BABB-D4: BABB/diphenyl ether = 4/1) for more than 1 h at room temperature until they became optically transparent. The EAL (ls) of the brainslice is approximate 800 μm.





RESULTS


Imaging of the MCF-10A Sample

We first validated the contrast enhancement on biological samples by imaging MCF-10A human mammary epithelial cells, whose F-actin is stained with Alexa Fluor 488. The photobleaching rate m of Alexa Fluor 488 in cells is 2 <m <4 (Chen et al., 2001). The imaging depth was ~100 μm. Fluorescence images obtained by LTFM and LTFM-PIM (l = 1) were presented in Figures 4a,b, respectively. The power after the objective was 200 mW. Due to the scattering light and relatively thick optical section, the in-focus structure was obscured by out-of-focus fluorescent light so that the image was blurred. By contrast, LTFM-PIM image, which was calculated by 100 time-lapse LTFM images with 0.3 s frame integration time, had a significant signal-to-background ratio (SBR) compared with the original one. We measured the intensity fluctuations alone the yellow line in Figures 4a,b, indicating that the structures were shaper in the LTFM-PIM image due to the decreased background. The SBR level of the microtubule labeled by the yellow line, labeled by (c), decreased from 0.6 to 0.2, shown in Figure 4c, owing to the elimination of the background around the microtubule. Furthermore, comparing intensity fluctuations alone the red line, labeled by (d) in each image, the signals of the microtubules were almost submerged in the background so that the closely distanced microtubules could be distinguished—see the blue solid curve in Figure 4d. After using PIM computation, we found that closely distanced microtubules were distinguished clearly with our LTFM-PIM. The background levels between the microtubules are decreased from 0.9 to 0.6 by our method—see the green dashed curve plotted in Figure 4d.


[image: Figure 4]
FIGURE 4. (a,b) LTFM and LTFM-PIM images of an MCF-10A human mammary epithelial cell, respectively. (c,d) Comparison of signal intensities along the yellow and red solid lines in (a,b). Gamma correction 0.5 was applied to enhance the visibility of mitochondria structures.




Imaging of the Cleared Thy1-YFP Brainslice

Next, we imaged the cleared brainslice of Thy1-YFP-H mice (JAX No. 003782) to further demonstrate the contrast-enhanced performance of our technique for deep imaging. The photobleaching rate m of YFP in cells is >3.5 (Chen et al., 2001). The power after the objective was 250 mW. At ~300 μm under the surface of the brainslice, the fluorescence signals of the dendritic spines were almost submerged in background light because of scattering, as shown in Figure 5a. Especially in the subregion marked in the yellow box in Figure 5a, the dendritic spines were hardly distinguishable, as shown in the upper image in Figure 5c. The minimal background noise between the two spines was about 0.6—see the blue solid line in Figure 5d. By contrast, in the corresponding LTFM-PIM image (l = 1) which was calculated by 250 time-lapse LTFM images with 0.3 s frame integration time, the dendritic spines were visible clearly, and most out-of-focus light was suppressed. Also, compared with the same region marked by a yellow box in Figure 5b, LTFM-PIM provided a higher contrast image, allowing clear visualization of dendritic spines. The minimal background noise between the two spines was <0.2, shown by the green dashed curve in Figure 5d. The result indicated that LTFM failed to provide enough contrast, while the LTFM-PIM improved contrast approximately five times so that dendritic spines were distinguishable. Therefore, LTFM-PIM showed superior contrast-enhanced ability in the scattering medium.


[image: Figure 5]
FIGURE 5. (a,b) LTFM and LTFM-PIM image of a cleared brainslice of the Thy1-YFP mice, respectively (about 300 μm under the surface of the slices). (c) Magnified view of the subregion marked by the yellow box—upper image for (a) and lower for (b). (d) Signal intensity along the yellow dash lines in (c).





DISCUSSION

Tissue scattering deteriorates image quality from two aspects: out-of-focus light contributes to the majority of background, while in-focus fluorescence induces image blur. We had validated the fact that the PIM could effectively eliminate fluorescence out of the focal plane (Eexc), while the fluorescence crosstalk between neighboring pixels from the focal plane (Edet) could be further alleviated by deconvolution algorithms (Zhang et al., 2019). In our experiment, we record photobleaching decay of the samples for tens of seconds to achieve better restriction results. To record biological dynamics such as neural activity in cells, this method could be optimized with a higher pulse energy laser and combined with novel fluorescence proteins like GFP with reversible photobleaching (Sinnecker et al., 2005; Gao et al., 2016; Niu et al., 2019).



CONCLUSION

In summary, we utilized the photobleaching imprinting technique to reject background light and improved contrast by fully using the properties of line-scanning temporal focusing microscopy. With the removal of the background light, the proposed method could achieve high contrast imaging both in the transparent and scattering medium. We analyzed our method numerically by simulation and validated the performance improvement in imaging MCF-10A human mammary epithelial cells and cleared mouse brainslices.
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Despite the urgent need to image living specimens for cutting-edge biological research, most existing fluorescent labeling methods suffer from either poor optical properties or complicated operations required to realize cell-permeability and specificity. In this study, we introduce a method to overcome these limits—taking advantage of the intrinsic affinity of bright and photostable fluorophores, no matter if they are supposed to be live-cell incompatible or not. Incubated with living cells and tissues in particular conditions (concentration and temperature), some Atto and BODIPY dyes show live-cell labeling capability for specific organelles without physical cell-penetration or chemical modifications. Notably, by using Atto 647N as a live-cell mitochondrial marker, we obtain 2.5-time enhancement of brightness and photostability compared with the most commonly used SiR dye in long-term imaging. Our strategy has expanded the scientist's toolbox for understanding the dynamics and interactions of subcellular structures in living specimens.

Keywords: super-resolution microscopy, organic fluorescent dye, long-term imaging, living specimens, subcellular structures


INTRODUCTION

Biologists rely on an array of fluorescent microscopy to observe morphologies and dynamics in living cells, which is crucial in interpreting vital physiological and pathological activities. However, although dramatic improvements have been implemented since the seminal discovery of fluorophores and their applications in microscopy (Miyawaki et al., 2003; Specht et al., 2017), it is still quite challenging to achieve live-cell specific staining simultaneously with high brightness and photostability.

In fact, most live-cell labeling methods, including fluorescent proteins (Mishin et al., 2015), chemical tag techniques using cell-permeable fluorescent dyes [e.g., SNAP-Cell 647-SiR (Lukinavičius et al., 2015)], and live-cell organic fluorescent probes [e.g., MitoTracker dyes (Chazotte, 2011)], suffer from relatively low brightness and photostability (Fernandez-Suarez and Ting, 2008; Han et al., 2017). Low optical properties of the fluorescent probes may lead to low signal-to-noise ratios (SNR) and fast photo-bleaching, while low SNR reduces the quality of the microscope images or may even introduce artifacts. Worse still, is that the photobleaching is undesirable in long-term experiments. A dosage increase can partially remedy this problem, but it may also lead to non-specific labeling (Han et al., 2017; Shen et al., 2018). Another option is to increase the illumination laser power, but it, in turn, further accelerates the photobleaching and introduces stronger phototoxicity. This issue stands out especially in imaging methods for more information in multiple dimensions (e.g., high spatiotemporal resolution, long acquisition times, and large volume imaging) (Jaiswal et al., 2003; Fernandez-Suarez and Ting, 2008; Ji et al., 2016).

In the past few decades, various types of commercially available dyes, with exceptionally excellent brightness and photostability, have been developed and are widely used in cells and organisms (Chazotte, 2011; Sigal et al., 2018). Although several dyes have been proven to be efficient in live-cell super-resolution imaging (Lukinavicius et al., 2014; Yang et al., 2020), most of these fluorophores were supposed to be “live-cell incompatible” (Mao et al., 2020). Their intracellular cytosolic delivery and labeling specifically, rely heavily on specific physical or chemical methods, such as microinjection, encapsulating vesicles, or chemical modifications using cell-penetrating peptides (Erazo-Oliveras et al., 2014; Hennig et al., 2015; Han et al., 2017).

Following our previous work, which demonstrated the live-cell mitochondrial labeling capacity of Atto 647N (Han et al., 2017), here we prove that Atto 647N is not an individual case and that there is a general pattern behind it. We present a strategy to label living cells and tissues using commercially available dyes that were supposed to be “incompatible” for live-cell labeling (von Provazek, 1914; Bosch et al., 2014). The transition from “incompatible” to “compatible” is based on discovering and utilizing the intrinsic affinity of the dyes to subcellular structures in living cells when working at micromolar-level concentrations. Specifically, by incubating with living specimens at 1.5–15 μM for 30 min at 37°C or 20°C, the “live-cell incompatible” dyes can also be used for live-cell labeling, without needing complicated chemical modifications or physical operations during the entire process. Using our labeling strategy, these commercially available dyes, especially Atto 647N NHS ester, shows great potential as a live-cell mitochondrial marker in long-term, three-dimensional (3D), and super-resolution imaging.



MATERIALS AND METHODS


Primary Cultural Astrocytes

Primary cultural astrocytes were obtained from Sprague-Dawley (SD) rat brains (1 day old). The rats were bought from the Zhejiang Research Center of Laboratory Animals, China, sterilized with 75% ethanol, and sacrificed by decapitation. The following steps were all done on ice. The scalps and skulls were incised, and the brains were taken out and placed into pre-cooling Phosphate buffered saline (PBS; Thermo Fisher Scientific, Inc.). The cortex was then isolated, cut into pieces using knives, and incubated with pre-warmed Trypsin-EDTA (Thermo Fisher Scientific, Inc.) at 37°C for 20 min. The mixture was centrifuged for 5 min at 1,000 rpm, and the supernatant was removed. The cells were then dissociated by adding 5 mL of pre-warmed growth medium (DMEM, high glucose + 10% fetal bovine serum (FBS); Thermo Fisher Scientific, Inc.), followed by vigorous pipetting. Finally, the cell suspension was incubated in a T25 flask (Thermo Fisher Scientific, Inc.) at 37°C in a humidified 5% CO2 environment. The medium was changed every 2 days, and after 7 ~ 8 days, the culture flask was shaken manually for 30 min to remove the overlaying microglia exposed on the astrocyte layer. The supernatant containing microglia was discarded, and 5 mL of culture medium was added into the flask. This step was repeated once to remove oligodendrocyte precursor cells.



Cell Culture

HeLa (human adenocarcinoma cell line), HEK293 (human embryonic kidney epithelial cell line), NIH/3T3 (mouse embryonic fibroblast cell line), and U2OS (human osteosarcoma cell line) cells were purchased from the American Type Culture Collection. HeLa, HEK293, and NIH/3T3 cells were cultured in the DMEM medium (Thermo Fisher Scientific, Inc.). U2OS cells were cultured in McCoy's 5A medium (Thermo Fisher Scientific, Inc.). All media were supplemented with 10% (v/v) FBS, and the cultures were maintained at 37°C in a humidified 5% CO2 environment.



Transfection

Cells were grown overnight in 24-well plates at 37°C in a 5% CO2 atmosphere. After reaching over 80% confluence, the plasmids mRuby-Clathrin (Addgene #55852), pEGFP-Sec23A (Addgene #66609), ZsGreen-Rab5 (custom synthesized by Genomeditech (Shanghai, China) Co., Ltd.), EGFP-Rab7A (Addgene #28047), GFP-LAMP1 (Addgene #16290), EMTB-3XGFP (Addgene #26741), pSNAPf-Cox8A (Addgene #101129), or pSNAPf-TOMM20 (custom synthesized by Genomeditech (Shanghai, China) Co., Ltd.) was transfected into the cells using Lipofectamine 3000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. After 24 h, the transfected cells were digested with trypsin-EDTA and seeded into Nunc Glass Bottom Dishes (Φ 12 mm, Thermo Fisher Scientific, Inc.) at a density of 1.5 ~ 2.0 × 104 per well in growth medium (150 μL). The cells were grown for an additional 12 ~ 24 h before incubation with the indicated probes.



Live-Cell Labeling With Commercially Available Probes

Before staining, the indicated cells were seeded in Nunc Glass Bottom Dishes at a density of 1.5 ~ 2.0 × 104 per well in growth medium (150 μL). After overnight incubation, the cells were washed three times with PBS. Working solutions of the indicated probes at different concentrations were prepared with phenol red-free DMEM (Thermo Fisher Scientific, Inc.). The cells were then incubated with MitoTracker Deep Red FM (200–500 nM, 100 μL; Thermo Fisher Scientific, Inc.), MitoTracker Green FM (1,000 nM, 100 μL; Thermo Fisher Scientific, Inc.), SiR-actin (Cytoskeleton, Inc.), and DiO (5 μM, 100 μL; Beyotime Biotechnology) in a 5% CO2 atmosphere at 37°C for 30 min. For SNAP-Cell 647-SiR (New England Biolabs, Inc.) dye labeling, transfection of pSNAPf-Cox8A or pSNAPf-TOMM20 was performed before incubation of SNAP-Cell 647-SiR (3 μM) at 37°C for 30 min. After incubation, the supernatant was discarded, and a solution of Trypan blue (TB, 100 μL, 1 mg mL−1; Sigma-Aldrich Co., LLC) in PBS was added to exclude the dead cells and quench the extracellular fluorescence from the probes bound to either the cell membrane or the dish surface (Manceur et al., 2007; Cottet-Rousselle et al., 2011; Han et al., 2017). After 1 min, TB was removed, and the cells were washed twice gently with PBS. Cells were immersed in Live Cell Imaging Solution (Thermo Fisher Scientific, Inc.) before imaging. ProLong Live Antifade Reagent (Thermo Fisher Scientific, Inc.) was added to this solution according to the manufacturer's instructions when required.



Live-Cell Labeling With Fluorescent Dyes

Before staining, the indicated cells were seeded in Nunc Glass Bottom Dishes at a density of 1.5 ~ 2.0 × 104 per well in growth medium (150 μL). After overnight incubation, the cells were washed three times with PBS. Aliquots of Atto 495, Atto 565, Atto 590, Atto 647N (Sigma-Aldrich Co., LLC), BODIPY 650/665, Alexa Fluor 647 (Thermo Fisher Scientific, Inc.), Cy3B, and Cy5 (GE Healthcare Co., Ltd) NHS esters were dissolved in Dimethyl sulfoxide (DMSO; Sigma-Aldrich Co., LLC) to make 3-mM stock solutions at −20°C. Stock solutions were diluted with phenol red-free DMEM to work solutions at different concentrations before use. The cells were incubated with these dyes either at 37°C in a 5% CO2 atmosphere or at 20°C for 30 min. The post-incubation treatment was the same as that of the commercially available probes above.

The organic probes Dye-Lyso, Dye-Tubulin, and Dye-Actin were constructed in two parts. One part contains the recognition unit (epoxysuccinyl scaffold (Han et al., 2017), docetaxel (Lukinavicius et al., 2018), and Lifeact (Han et al., 2019), the cell-penetrating peptide (rR)3R2, and a short peptide GKGKGK (in which lysine offers free active amino groups available to conjugate with commercially available dyes via an NHS group). The other part is a commercially available fluorescent dye containing an NHS group. Covalent bonds link these two parts to form an entire probe. The first part was later purified by preparative high-performance liquid chromatography (HPLC) to >95% after being prepared by solid-phase peptide synthesis. Its mass was confirmed by electrospray ionization mass spectrometry (EI-MS). Before being conjugated to the dyes, the peptide part was dissolved in bicarbonate buffer (0.1 M, pH 8.3) at a 1 mM concentration and stored at 4°C. For the conjugation, an aliquot of each dye was dissolved with 10–20 μL of DMSO added to 14 μL of the peptide part solution and mixed thoroughly. The mixture was allowed to react at room temperature overnight with constant shaking. The mixture was then purified using Pierce C18 Spin columns (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. After purification, the supernatant was evaporated to dryness in a vacuum centrifuge, and the residue was dissolved in 200 μL of Phosphate Buffered Saline (PBS, pH 7.4; Thermo Fisher Scientific, Inc.) to generate a stock solution of the indicated probes.

Filipin (Meilunbio) and Cytochalasin D (Aladdin) were dissolved in DMSO to make 1-mM stock solutions, which were diluted with phenol red-free DMEM to working solutions at different concentrations before use. The cells were incubated with the drug solutions for 30 min at 37°C in a 5% CO2 atmosphere before Atto 565 labeling.



Labeling Living Tissue Slices With Fluorescent Probes

All animal procedures were conducted in compliance with the guidelines for animal care and use of Zhejiang University and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Academy Press (Washington, DC, 1996). The 12-week-old Institute of Cancer Research (ICR) mice were obtained from Zhejiang Academy of Medical Sciences [License Number: SCXK (Zhe) 2014001] and housed in cages under a standard condition of temperature (23 ± 2°C), relative humidity (55 ± 5%), and a light 12/12 h light/dark cycle. The mice had free access to food and water. Before the experiment, the mice were sacrificed by euthanasia. The brains were separated and washed with cold PBS buffer. The brains were then cut into slices from different orientations and incubated with Atto 647N (15 μM) for 30 min at 37°C. After incubation, the supernatant was discarded, and the tissue slices were washed twice gently with PBS. The tissue slices were then put on the Nunc Glass Bottom Dishes with the wound surface toward the glass bottom.



Cell Viability

The Atto dyes' cytotoxicity on different cell lines was tested using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Cory et al., 1991). Cells (3–4 × 103 cells per well) were seeded into a 96-well plate and cultured in the growth medium for 24 h. The cells were incubated with the dyes (1.5 μM or 15 μM) in a 5% CO2 atmosphere at 20°C or 37°C for 30 min, washed twice gently with PBS, and incubated in the growth medium for 3 h at 37°C. The cells were then immersed in 100 μL of growth medium and 20 μL of CellTiter 96 AQueousOne Solution Reagent (Promega Co.) for another 1 h at 37°C, and the absorbance was recorded at 492 nm using a TECAN GENios Plus ELISA reader (Tecan, Inc.). The cell viabilities were expressed as the percentage of the A492 of the dye-treated cells to the untreated controls. The A492 of the dyes themselves, tested in cells without MTS treats, were subtracted in the treated cells. All the measurements were performed in triplicate.



pH Sensitivity of Atto 565

Solutions of Atto 565 at different pH were diluted from the stock solution (see Section Live-cell labeling with fluorescent dyes) with citric acid or sodium hydroxide solutions at certain concentrations (Sigma-Aldrich Co., LLC). The fluorescence intensity was recorded (λex = 563 nm) using a SpectraMax M2e (Molecular Devices, LLC.).



Confocal Laser Scanning Microscopy

The confocal images were obtained using a C2 confocal laser scanning microscope (Nikon, Inc.) equipped with a 100×/1.49 numerical aperture (NA) oil immersion objective lens and were analyzed with NIS-elements (Nikon, Inc.) and ImageJ software (National Institutes of Health).



STED Microscopy

The STED images were obtained using a STEDYCON microscope (Abberior, GmbH.) equipped with a 100×/1.49 NA oil immersion objective lens. A 40-MHz pulsed laser (775 nm) was used for depletion. The depletion laser intensity on the back-pupil plane was measured as about 80 mW. The depletion time was set as 1.2 ns, and the time gating was set as 1–7 ns. The resolution was calculated with the system's built-in software as 37 nm, using 40-nm red fluorescent beads (Abberior, GmbH.). Pinhole: 64 μm. For Figure 4B, the pixel size is 50 nm, and the pixel dwell time is 4 μs; for Figures 4C,E, the pixel size is 20 nm, and the pixel dwell time is 10 μs (STED) and 10 μs (Confocal).




RESULTS


Evaluation of Atto Dyes for Labeling Living Cells

Several types of fluorescent dyes were characterized according to their structure series.

Many cell-permeable cationic dyes (e.g., Rhodamine and Carbocyanine derivates) have been developed as mitochondrial probes, as they tend to accumulate in the mitochondrial matrix driven by the potential gradient in mitochondria at about 100-nM concentrations (Chazotte, 2011; Cottet-Rousselle et al., 2011; Xu et al., 2016). Endoplasmic reticulum (ER) staining can also be realized by raising the dosages of these dyes (Han et al., 2017). However, for the “live-cell compatible” dyes, concentrations at the 100-nM level are not enough.

Four Rhodamine derivatives, i.e., Atto 495, Atto 565, Atto 590, and Atto 647N N-Hydroxysuccinimide (NHS) esters, were investigated due to their relatively good optical properties in the corresponding spectral bands (Figure 1; Supplementary Figures 1–6). When incubated at 37°C, which is the optimal temperature for cell cultures, both mitochondria-like and bright dot signals inside the cells were observed (Supplementary Figure 1B); whereas when the incubation temperature was set to 20°C (room temperature), the dot signals were dramatically reduced (Supplementary Figure 1C).


[image: Figure 1]
FIGURE 1. Live-cell labeling of the Atto dyes. Colocalization studies employing different fluorescent probes and proteins as the standard mitochondrial markers. (A) Living U2OS cells were incubated with Atto 495 (magenta, 1.5 μM) for 30 min at 20°C and then with MitoTracker Deep Red (green, 0.5 μM) for 30 min at 37°C before imaging. Living U2OS cells were incubated with (B) Atto 590 or (C) Atto 647N (magenta, 1.5 μM) for 30 min at 20°C and then with MitoTracker Green (green, 0.5 μM) for 30 min at 37°C before imaging. Pearson correlation coefficient: 0.70, 0.57, and 0.82 for Atto 495, Atto 590, and Atto 647N, respectively. Living U2OS cells transiently transfected by (D) ZsGreen-Rab5 (green; early endosomes), (E) EGFP-Rab7A (green; late endosomes), and (F) GFP-LAMP1 (green; lysosomes) were stained with Atto 565 (magenta, 6 μM) for 30 min at 37°C and imaged by confocal microscope. Top panels: merged channels; bottom panels: enlarged single-channel images from the yellow boxed regions in the top panels, revealing colocalization of Atto 565 and specific endocytic vesicles. (G) The dyes enter living cells through , concentration-dependent free diffusion (e.g., Atto 647N), or endocytosis (e.g., Atto 565). Scale bars, (A–C, upper panels of D–F) 10 μm, and (lower panels of D–F) 1 μm.


For the mitochondria-like signals, colocalization experiments using MitoTracker probes were performed to verify the mitochondrial staining, and the Pearson correlation coefficients for Atto 495, Atto 590, and Atto 647N were 0.70, 0.57, and 0.82, respectively (Figures 1A–C; Supplementary Figure 2). The results indicate the mitochondrial labeling of Atto 495 and Atto647N.

Furthermore, the dot signals of Atto 565 were partially colocalized with endocytic-associated vesicles (i.e., early endosomes, late endosomes, and lysosomes; Figures 1D,F and Supplementary Figures 3–5), while no macroscopic colocalization was found with endocytic-unassociated vesicular structures (Supplementary Figure 6). After the cells were treated with Filipin and Cytochalasin D, which are known as endocytosis inhibitors (Rodal et al., 1999; Fujimoto et al., 2000; Dutta and Donaldson, 2012), the fluorescence intensity of Atto 565 labeling decreased to 36 ~ 68% (Supplementary Figure 7). These results suggest the dependence of the dot signals on endocytosis to some extent (Figure 1G). The pH sensitivity of Atto 565 was also investigated since most of its signals were discovered in vesicles with an acidic environment (Yamashiro et al., 1983). The results showed that the fluorescence intensity of Atto 565 decreases as the pH values decline, suggesting that its brightness is limited when caught in endocytic vesicles (Supplementary Figure 8).



Staining Mechanism of Atto 647N and 565 NHS Ester

For Atto 647N NHS ester, which contains two parts (i.e., the cationic dye Atto 647N and the NHS moiety), we further investigated its mitochondrial labeling mechanism. Various recognition units (Han et al., 2017) were conjugated to Atto 647N to verify the dye's affinity to mitochondria. Probes were named as Atto 647N -Lyso, Atto 647N -Tubulin, and Atto 647N -Actin according to the recognition units they contain (Figure 2A). Atto 647N NHS ester was taken as a control group. The results showed that the conjugated units did not work, and all the probes labeled mitochondria or ER. Similar tests were performed for Atto 565, too. The results showed that only Atto 565-Actin partially marked actin filaments, and the other Atto 565-probes only labeled vesicle structures (Figure 2B). These results suggest that the affinity competition occurs between the dyes and their conjugated groups, and there is a strong tendency for mitochondria in Atto 647N itself, no matter what ligands were bound to it.


[image: Figure 2]
FIGURE 2. Live-cell labeling mechanism of Atto 647N and Atto 565. The dyes were conjugated with either NHS ester (Dye-NHS) or different recognition units targeting lysosomes (Dye-Lyso), microtubules (Dye-Tubulin), and actin filaments (Dye-Actin). Confocal images show the intracellular distribution of probes containing (A) Atto 647N and (B) Atto 565 in living or fixed U2OS cells.


Fluorescent cationic dyes that tend to accumulate in mitochondria can be divided into two categories. Without any other active groups (e.g., Rhodamine 123), dyes may fail to stain mitochondria after fixation due to the loss of membrane potential, while with active groups (e.g., MitoTracker probes), dyes can form covalent bonds with mitochondrial membrane proteins (Poot et al., 1996). In our previous tests (Han et al., 2017), Atto 647N NHS ester kept its labeling pattern after fixation, indicating that the NHS ester contributes to the labeling by covalently binding to mitochondrial membrane proteins. The colocalization study employing MitoTracker Green by super-resolution imaging, which showed a high fluorescent signal in both inner and outer mitochondrial membranes, further proved this (Han et al., 2017). A recent labeling method, named FLARE also utilizes Atto 647N NHS ester as a mitochondrial marker in fixed cells by the reaction with amines (Mao et al., 2020).

The above results indicate that both the cationic charge of Atto 647N and the covalent bonds from the NHS ester contribute to the mitochondrial affinity of Atto 647N NHS ester.



Evaluation of the Dyes From Other Series for Live-Cell Labeling

Then, as Carbocyanine dyes, anionic Alexa Fluor (AF) 647, zwitterionic Cy3B, and cationic Cy5 were chosen as representative research objects (Supplementary Figures 9A–C). No mitochondrial staining was found after the incubation at either 37°C or 20°C. For AF 647 and Cy3B, the introduction of sulfonic acid groups improves fluorescence and solubility in water but adds negative charges, preventing their affinity for mitochondria (Wories et al., 1985). For Cy5, the high hydrophobicity leads to a certain degree of affinity for the plasma membrane (Pearson correlation coefficient: 0.52; Supplementary Figures 9B, 10A), preventing its permeation into living cells (Simons et al., 2009).

Unexpectedly, zwitterionic BODIPY 650/665 showed an affinity for mitochondria at a low concentration (300 nM, Pearson correlation coefficient: 0.52; Supplementary Figures 9D, 10B) while labeled ER at a relatively high concentration (15 μM, Pearson correlation coefficient: 0.82; Supplementary Figures 9D, 10C) was shown, suggesting its potential as a live-cell ER marker. Our results also indicate the mitochondrial affinity of BODIPY 650/665, breaking through the earlier conclusion (Xu et al., 2016) that this purpose can only be achieved using cationic dyes.

In view of the above observations, we hypothesize that without additional vector reagents and physical penetration, a group of fluorescent dyes, no matter if they were initially considered live-cell compatible or not, can mark subcellular structures in living cells using our labeling strategy (Supplementary Table 1).



Labeling in Various Types of Living Cells

We also used the living HeLa (human adenocarcinoma cell line), HEK293 (human embryonic kidney epithelial cell line), NIH/3T3 (mouse embryonic fibroblast cell line) cells, and primary cultural astrocytes from 1-day-old Sprague-Dawley (SD) rats (Figure 3; Supplementary Figure 11) to demonstrate the universality of our strategy. Notably, while the transfection in primary cultural astrocytes is challenging to achieve, the incubation with fluorescent probes is quite efficient and straightforward.


[image: Figure 3]
FIGURE 3. Compatibility of the Atto dyes to various types of living cells. Confocal images of living U2OS, Astrocyte, H3K293, HeLa, and NIH/3T3 cells incubated with (A) Atto 495, (B) Atto 565, (C) Atto 590, and (D) Atto 647N at either 37°C or 20°C. Scale bars, 10 μm.


Compared with the above-mentioned fluorescent probes containing fluorescent dyes, recognition units, and cell-permeable peptides, which also work at the micromolar level (Han et al., 2017), the cytotoxicity of our method here mainly comes from the dyes themselves and the organic solvent in the incubation buffer (e.g., DMSO). To further confirm that our approach is compatible with the living specimens, the cytotoxicity of this method was then investigated by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Cory et al., 1991). The cell viabilities were expressed as the percentage of the dye-treated cells' absorbance to the untreated controls. All the measurements were performed in triplicate. The results showed that after being treated with the indicated dyes, the cell viabilities usually exceeded 80% when incubated at 37°C and between 60 and 90% when incubated at 20°C, except in isolated cases (Supplementary Figure 12).



Photostability of Atto 647N

We quantitatively compared the optical properties of the frequently-used red-absorbing fluorophores. For photostability evaluation, fluorescence intensity curves were extracted from 20-min confocal imaging of U2OS cells (Figure 4A; Supplementary Figure 13), where all the imaging settings (e.g., laser power, size of field-of-view, imaging speed) were retained to control variables (Supplementary Table 2). The power density on the sample was adjusted to ~1.25 kW cm−2 to ensure that all the probes were bright enough in the first frame. For Atto 647N, whose brightness is 2.50 times that of the SiR dye (Mishin et al., 2015) according to the manufacturers (Supplementary Table 3), the laser power used can be reduced by at least an order of a magnitude. The results showed that: (i) Atto 647N kept more than 88% of its intensity after 20-min of imaging (Supplementary Figure 13A); (ii) incubation of MitoTracker Deep Red at 200 nM (recommended concentration according to the manufacturer's instructions) already exhibited intense non-specific labeling of ER, while the signal intensity of both mitochondria and ER declined rapidly with only 19% left in the end (Supplementary Figure 13B); (iii) SNAP-Cell 647-SiR kept more than 70% of the intensity in the last frame. However, the cells stained with SNAP-Cox8A-SiR exhibited strong background in the cytosols (Supplementary Figures 13C,D); (iv) SiR-Actin were bleached very quickly, indicating the insufficient anti-bleaching property of SiR dye itself (Supplementary Figure 13E). The excess over-expression level of the SNAP- protein, which is relatively challenging to control in normal cancer cells and to realize in primary cultural cells, may result in the low image quality in the SNAP-tag technique (Supplementary Figures 13C,D). However, fluorescent probes are easy to control by simply changing the incubation concentration. The results suggest that Atto 647N exhibited the best photostability (4.66 times the value of MitoTracker Deep Red, and 2.58 times that of SiR dye itself; Figure 3A; Supplementary Figure 13A). By adding antioxidant reagent Prolong Live (Westbrook et al., 2018), all the bleaching speeds of these dyes decelerated to some extent. However, the difference between the dyes remained unchanged (Figure 4A; Supplementary Figure 13).


[image: Figure 4]
FIGURE 4. Atto 647N for live-cell imaging applications with high demand for optical properties. (A) Curves of intensity decay of the indicated dyes without (left) or with (right) the addition of Prolong Live under the same confocal imaging condition. Consecutive frames spaced at 1-s intervals were recorded. Error bars represent the standard deviations of triplicate experiments. (B) Living U2OS cells were incubated with Atto 647N for 30 min at 20°C. Enlarged confocal and STED images from the (C) solid or (E) dashed yellow boxes shown in (B). (D) Intensity profiles at the positions within the dashed boxes in (C) (pink area for the confocal image, and magenta dots and Gaussian fitting curve for STED image). Scale bars, 2 μm.


The performance of Atto 647N was further investigated using stimulated emission depletion (STED) microscopy (Figures 4B–E). The distance of mitochondrial outer membranes was resolved as 116 nm in STED mode, while the confocal image showed blurred structures (Figures 4C,D). Besides, structures of folded inner membranes, cristae, which were arranged in groups, and the voids between them were visible in the STED image (white arrows in Figure 4E) (Han et al., 2017; Huang et al., 2018; Stephan et al., 2019). Therefore, these results indicate that by applying our method in live-cell mitochondrial staining, especially in long-term or super-resolution imaging, Atto 647N can substitute SiR dye (Stephan et al., 2019) by offering better optical properties.



Dual-Color Applications

Dual-color staining combined with either fluorescent proteins (EMTB-3XGFP (Guo et al., 2018); Figure 5A) or other probes (ER-Tracker Green; Figures 5B–D and Supplementary Figure 14) were performed, suggesting the compatibility of our method with other labeling strategies. Long-term dual-color confocal imaging (20-min imaging duration at 2.4-s intervals) was performed in living Astrocytes, based on the excellent optical properties of Atto 647N (Figures 5B–D and Supplementary Figure 14). Interestingly, the results in astrocytes indicate that some of the ER substructures colocalized with mitochondria over time (the white and yellow arrowheads in Figure 5B; Supplementary Figure 14A). The possibility of crosstalk between channels was ruled out since there were some places with no overlap of the two channels (highlighted with the yellow arrows in Figure 5B). Moreover, hitchhiking interactions (Guo et al., 2018) between ER-mitochondria (Figures 5C,D), ER-vesicles (white arrowheads in Supplementary Figure 14C), and ER themselves (magenta arrowheads in Supplementary Figure 14C) were observed in our experiments.


[image: Figure 5]
FIGURE 5. Other applications in living cells and tissues. (A) Dual-color confocal image (maximum intensity projection) of living U2OS cells labeled with EMTB-3XGFP (green) and Atto 565 (magenta; 3 μM). (B,C) Dual-color confocal image of living Astrocytes labeled with Atto 647N (magenta; 15 μM, middle row) and ER-Tracker Green (green; 2 μM, bottom row) for 30 min at 20°C. (D) Mitochondria move along ER tubules. No deconvolution or bleaching compensation procedure was applied during the figure rendering. For the time-lapse images, consecutive frames spaced at 2.4-s intervals were recorded; representative images of consecutive frames are displayed. Brain slices incubated with (E) Atto 647N and (F) MitoTracker Green. Color bars on the right of (E) and (F) indicate the imaging depth. Scale bars, (A,C) 10 μm, (B,D) 2 μm, and (E,F) 20 μm.




Labeling Living Tissues

Compared with typical mammalian cells cultured on coverslips, labeling living tissue samples usually harbor a more significant challenge. Tissues in vitro die soon after losing blood flow support, resulting in mitochondrial potential gradient loss. As a consequence, the cationic dyes cannot affine to mitochondria. To permit sufficient staining deep into the living tissue, the fluorescent probes should permeate through the tissues fast enough so that they can bind to mitochondria before the gradient is lost. Specifically, the brain slices were incubated with Atto 647N immediately after the mice were sacrificed. Our results suggest that 0.5-h incubation was sufficient for the dye to permeate for at least 20-μm thickness, indicating its excellent permeability through tissues (Figure 5E; Supplementary Figures 15A–C). In contrast, MitoTracker Green failed to stain the brain sample (Figure 5F), which suggests the abilities of Atto 647N to substitute MitoTracker probes in staining living tissues. Notably, our approach is highly versatile. Besides the brain slices, adipose tissues (Supplementary Figure 15D), blood cells (Supplementary Figure 15E), cardiac and skeletal muscle fibers (Supplementary Figures 15F,G), and embryo slices (Supplementary Figure 15H) were also successfully stained. Compared with the immunofluorescence techniques in previous works (Schneider Gasser et al., 2006; Chakrabarty et al., 2018), our method requires convenient and straightforward protocol steps, and direct incubation used here avoids the structural change caused by fixation. Therefore, our method is advantageous for many applications that expect instant actions, such as the rapid medical diagnoses of biospecimen in vitro and assessment for some mitochondrial diseases (Lee et al., 2019).




CONCLUSION

In summary, the capability of many fluorescent dyes, which was ignored to some extent before, to stain various types of subcellular structures in living specimens with high brightness and photostability is confirmed. Potential targets include mitochondria, ER, endocytic vesicles, and the plasma membrane. The implementation requires only specific incubation conditions without any chemical modification or physical penetration, minimizing the damages and artifacts induced during the sample preparation. Moreover, Atto 647N exhibited extraordinary brightness and photostability in live-cell mitochondrial labeling, which can substitute SiR dye in long-term imaging or super-resolution microscopy.

Due to the limits from objective conditions, especially considering that the structures of many of the commercially available fluorescent dyes are a trade secret, not all of them are tested in this paper. It is worth noting that micromolar-level concentrations of some fluorophores may lead to a potential cytotoxicity to some sensitive cell lines. The organic solvent (e.g., DMSO) in the incubation solutions should also be controlled carefully to balance the dye dissolution and the toxicity to living cells when using new fluorophores. However, the hypothesis that was built in this work provides a guideline to elucidating these candidates and to broaden the applications of existing dyes. Moreover, the phenomena observed here show their great potential in answering a wide range of biological questions in living cells and tissues.
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Super-resolution microscopy offers a non-invasive and real-time tool for probing the subcellular structures and activities on nanometer precision. Exploring adequate luminescent probes is a great concern for acquiring higher-resolution image. Benefiting from the atomic-like transitions among real energy levels, lanthanide-doped upconversion nanoparticles are featured by unique optical properties including excellent photostability, large anti-Stokes shifts, multicolor narrowband emissions, tunable emission lifetimes, etc. The past few years have witnessed the development of upconversion nanoparticles as probes for super-resolution imaging studies. To date, the optimal resolution reached 28 nm (λ/36) for single nanoparticles and 82 nm (λ/12) for cytoskeleton structures with upconversion nanoparticles. Compared with conventional probes such as organic dyes and quantum dots, upconversion nanoparticle-related super-resolution microscopy is still in the preliminary stage, and both opportunities and challenges exist. In this perspective article, we summarized the recent advances of upconversion nanoparticles for super-resolution microscopy and projected the future directions of this emerging field. This perspective article should be enlightening for designing efficient upconversion nanoprobes for super-resolution imaging and promote the development of upconversion nanoprobes for cell biology applications.
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INTRODUCTION

Optical microscopy that can visualize the morphological and physiological details of biological samples with high sensitivity as well as non-invasive and real-time capability has become an important part for diagnosis (Biffi et al., 2013; Chen et al., 2013; Tang et al., 2013). Nonetheless, the Abbe's diffraction limit constrains the imaging resolution in hundreds of nanometers (ca. λ/2) and makes it impossible to access the subcellular organelles' detection (Abbe, 1873). With the development of super-resolution microscopy since the 1990's, the optical diffraction limit has been circumvented or even broken, leading to the unprecedented observation of nanoscale subcellular structures and dynamics of cells and tissues (Hell and Wichmann, 1994; Betzig et al., 2006; Rust et al., 2006). In super-resolution imaging, luminescent probes are key components for labeling and disclosing the structure and activities of target molecules in nanometer precision. An ideal probe should have adequate brightness, excellent photostability, good biocompatibility, etc (Sahl et al., 2017). In recent years, lanthanide-doped upconversion nanoparticles (UCNPs) that can transduce near-infrared (NIR) photons to visible emissions have been emerging as a new kind of probe for super-resolution microscopy (Dong et al., 2020). The atomic-like transitions among real 4f energy levels endow UCNPs with unique optical properties, including vigorous resistance to photobleaching and photoblinking, efficient anti-Stokes emission efficiency, and being free of autofluorescence interference, which are not inherent in conventional probes such as organic dyes and quantum dots (Chan et al., 2015; Dong et al., 2015a; Zheng et al., 2015). UCNPs with high monodispersity, uniform shape, and phase structure can be produced by well-developed approaches such as high-temperature thermal decomposition (Mai et al., 2006) and coprecipitation (Li and Zhang, 2008). The size of UCNPs can be controlled from sub-5 nm to super-100 nm with narrow distribution. The physical characters including size, hydrodynamic diameter, and concentration can be obtained with transmission electron microscopy (TEM), dynamic light scattering (DLS), and inductively coupled plasma-atomic emission spectroscopy (ICP-AES), respectively. Moreover, with proper surface modification (Muhr et al., 2014), UCNPs can well be internalized by cells through endocytosis and show no obvious toxic effect on cell proliferation and viability (Gnach et al., 2015). These merits make UCNPs greatly promising for long-term and real-time observations.

To date, UCNPs have been implanted in diverse super-resolution imaging techniques, including ion beam excitation (Mi et al., 2015), stimulated emission depletion (STED) microscopy (Kolesov et al., 2011), fluorescence emission difference (FED) microscopy (Wu et al., 2017), and structured illumination microscopy (SIM) (Liu et al., 2020). The spatial resolution of 28 nm (λ/36) and 82 nm (λ/12) has been achieved for single UCNPs (Liu et al., 2017) and UCNPs-labeled cytoskeleton proteins (Zhan et al., 2017), respectively, which is greatly improved than the λ/2 resolution in conventional confocal imaging. Despite these achievements, great challenges still exist for the super-resolution imaging with UCNPs. On one hand, the 4f intra-configurational transitions of lanthanides are shielded by 5s25p6 shells; thus, the energy level position as well as the excitation/emission wavelengths are almost invariable (Dong et al., 2015b). This actually poses a challenge for tuning the luminescence properties of UCNPs, which are not as flexible as that of organic dyes and quantum dots. On the other hand, the stimulated emission cross-section of UCNPs is quite small because of the parity-forbidden nature (Sun et al., 2019), which makes it difficult to achieve stimulated emission for STED microscopy. In this perspective article, we firstly summarized the recent advances in UCNPs-based super-resolution microscopy and then discussed the future directions in aspects of UCNPs design and cellular biological applications.



RECENT ADVANCES IN UCNPS-BASED SUPER-RESOLUTION IMAGING


UCNPs in Ion Beam Excitation

According to Abbe's diffraction limit, the spatial resolution is proportional to the excitation wavelength. Therefore, excitation with charged particles such as electron or ion beams that have much shorter de Broglie wavelength can accomplish much better resolution than that with usual UV-vis-NIR lasers (Prigozhin et al., 2019). This approach has no specific requirements for the composition of UCNPs, yet more sensitizers are beneficial for the increased absorption of excitation energy. Bettiol et al. presented a paradigmatic example by using MeV focused helium ions to excite NaYF4:Yb,Tm UCNPs (Figure 1A), in which Yb3+ and Tm3+ ions can directly harvest the energy of helium ions and stably generate upconversion emissions over hours period (Mi et al., 2015). Compared with 980-nm laser excitation, the helium ion beam excitation enabled greatly improved resolution from 253 to 28 nm. Moreover, an areal density map of the distribution of individual UCNPs within a whole HeLa cell as well as the 3D cellular structure can be revealed at ultrahigh spatial resolution. Although the ion beam excitation can generate super-resolution imaging, the special imaging setups, especially the high-energy ion beams, are not easily accessible. Moreover, the high-energy ion beam may induce irreversible damage to living biological samples, which thus should have certain limitations in practical use.


[image: Figure 1]
FIGURE 1. Development of UCNPs for super-resolution microscopy. (A) Comparative photoluminescence imaging under 980-nm excitation (top left) and ionoluminescence imaging under helium ion beam excitation (bottom left) of NaYF4:Yb,Tm UCNPs in a HeLa cell (right). Reproduced with permission from Mi et al. (2015). Copyright 2015 Springer Nature Publishing Group. (B) Schematic illustration for STED microscopy. (C) STED imaging of YAG:Pr nanoparticle clusters. Reproduced with permission from Kolesov et al. (2011). Copyright 2011 American Physical Society. (D) STED imaging of ca. 13 nm NaYF4:Yb,Tm UCNPs (left) and the intensity profiles along the dashed line (right). Reproduced with permission from Liu et al. (2017). Copyright 2017 Springer Nature Publishing Group. (E) STED imaging of cytoskeleton structures and desmin proteins in HeLa cancer cells with NaYF4:Yb,Tm UCNPs. Reproduced with permission from Zhan et al. (2017). Copyright 2017 Springer Nature Publishing Group. (F) Schematic illustration for FED microscopy. (G) FED imaging of a single NaYF4:Nd,Yb,Er@NaYF4:Nd UCNPs. Reproduced with permission from Wu et al. (2017). Copyright 2017 The Optical Society. (H) Comparative wide-field and SIM imaging of NaYF4:Yb,Tm UCNPs. Reproduced with permission from Liu et al. (2020). Copyright 2020 American Chemical Society.




UCNPs in Stimulated Emission Depletion Microscopy

In the 1990's, STED microscopy was theoretically proposed (Hell and Wichmann, 1994) and experimentally validated (Klar and Hell, 1999) to break the diffraction barrier by reducing the point spread function (PSF) with two concentrical laser beams, namely, an excitation laser and a depletion laser (Figure 1B). The advantage of STED microscopy lies in the direct acquisition of a super-resolved image without image post-processing. A qualified STED probe should exhibit fluorescence and stimulated emission under excitations of excitation laser and depletion laser, respectively. In this way, the undesired fluorescence can be erased, leading to shrunk effective PSF. The excitation-correlated emission property is easy to be implemented for organic dyes (Willig et al., 2006) and quantum dots (Hanne et al., 2015), which however is a daunting challenge for lanthanide-doped UCNPs. This can be ascribed to the two following aspects: (I) Stimulated emission is quite difficult to be generated from single UCNPs because of the small stimulated emission cross-section. (II) The co-illumination of excitation and depletion lasers is much likely to match the abundant energy levels of lanthanides, which is deleterious to erasing process. To circumvent the two aforementioned challenges, the UCNPs for STED microscopy are designed to show depleted upconversion emissions through cross-relaxations under the co-illumination of excitation and depletion lasers. Therefore, there are strict requirements for the composition and excitation conditions of UCNPs in STED microscopy, and only few types of UCNPs have been developed.

In 2011, Kolesov et al. employed UCNPs for STED microscopy for the first time (Figure 1C) (Kolesov et al., 2011). The upconversion emission properties of YAG:Pr nanoparticles were modulated by three lasers, including pulsed excitation, continuous depletion, and pulsed readout. The accomplishment of super-resolution was based on the longer lifetime of the intermediate state (ca. 150–200 μs) than that of the excited state (ca. 18 ns). Although the resolution was improved from ca. 400 nm to ca. 50 nm, the imaging wavelength was concentrated at the UV region (300–450 nm), which is deleterious to detection and bioapplications (Idris et al., 2015). In 2017, Jin et al. made a significant promotion of upconversion STED microscopy with NaYF4:Yb,Tm UCNPs (Figure 1D) (Liu et al., 2017). A 980-nm excitation laser (ca. 104-105 W/cm2) and an 808-nm depletion laser (ca. 106-107 W/cm2) were used to activate and quench the blue upconversion emissions of Tm3+, respectively, which is much easier to operate. Heavy doping of Tm3+ was found crucial to depopulate the blue-emitting energy level (455 nm) through cross-relaxation. The imaging resolution of a single NaYF4:Yb,Tm UCNP, which has a physical size of 13 nm, reached ca. 28 nm. Almost simultaneously, Zhan et al. reported the STED imaging with heavily doped NaYF4:Yb,Tm UCNPs (Zhan et al., 2017). Importantly, the authors realized blue (Tm3+) and green (Tb3+) bi-color STED imaging with core/shell structured NaGdF4:Yb,Tm@NaGdF4:Tb UCNPs. Moreover, STED imaging of cytoskeleton structures and desmin proteins in HeLa cells was realized with antibody modification, and the optimal resolution was down to 82 nm (Figure 1E). A recent study shows that the doping ratio of Tm3+ in NaYF4:Yb,Tm can be increased from 8 to 20% with no influence on the STED imaging performance (Camillis et al., 2020). Meanwhile, the content of Yb3+ can be enriched to ca. 90% by forming NaYbF4:Tm. The prominent increase in Yb3+ content also benefits to accelerate emission kinetics of Tm3+, which enables fast STED imaging capability. The pixel dwell time for the STED imaging of NaYbF4:Tm UCNPs can be shortened from a few milliseconds to 10 μs (Peng et al., 2019), which is close to that for organic dyes. The simultaneous improvement in spatial and temporal resolution benefits to visualize the dynamics of cells and tissues.

Till now, UCNP-based probes for STED microscopy still concentrate on Yb3+-Tm3+-activated nanoparticles, suggesting the difficulty in modulating the upconversion emission properties of lanthanide ions under the STED mode. In addition, the blue emissions of Tm3+ still face the obstacle from limited penetration and potential photodamage; thus, exploring novel UCNP-based STED probes with longer working wavelength is desirable.



UCNPs in Fluorescence Emission Difference Microscopy

FED microscopy relies on the subtraction of two distinct images taken under excitations of a solid laser and a doughnut-shaped laser, respectively (Figure 1F) (Kuang et al., 2013). The super-resolved FED image is obtained by setting the negative values to zero with the equation IFED = Isolid – r × Idoughnut, in which the IFED, Isolid, Idoughnut, and r represent the normalized FED intensity profile, solid laser scanning profile, doughnut-shaped laser scanning profile, and subtractive factor, respectively. The more intense the doughnut-shaped laser is, the better the imaging resolution will be. In principle, there is no specific requirement for the composition of UCNPs. Nonetheless, because of the requirement of image processing, FED is not advantageous in temporal resolution. In 2017, Zhan et al. described the first UCNP-based FED microscopy (Figure 1G) (Wu et al., 2017). NaYF4:Nd,Yb,Er@NaYF4:Nd UCNPs were excited by 808-nm solid and doughnut-shaped lasers, respectively, with a power density of 107 W/cm2. The resolution was improved from 440 to 170 nm for single UCNPs. In a typical FED imaging, two separate scans are required to acquire the solid and doughnut-shaped images. Recently, Zhan et al. achieved one-scan FED microscopy with NaYF4:Er@NaYF4@NaYF4:Yb,Tm UCNPs (Huang et al., 2018). The UCNPs show blue emissions of Tm3+ under 940-nm solid laser excitation while green emissions of Er3+ under 808-nm doughnut-shaped laser excitation. With the orthogonally luminescent UCNPs, a resolution of 54 nm was obtained. Aiming at achieving deep penetration, Jin et al. investigated the FED imaging on the basis of the NIR emission of NaYF4:Yb,Tm UCNPs (Chen et al., 2018). They obtained a resolution of sub-50 nm in imaging single UCNPs through 93-μm-thick liver tissue.



UCNPs in Structured Illumination Microscopy

SIM refers to the wide-field illumination of samples with light that has closely packed periodic patterns (Gustafsson, 2000). Upon interference with samples, Moiré patterns that contain high spatial frequency information of samples are obtained, from which the super-resolved image can be reconstructed through deconvolution algorithm. However, the strong extinction of light by biological tissues, which are deleterious to imaging depth and resolution, restricts further bioapplications of SIM microscopy. This problem can be conquered by using UCNPs as the SIM probes. Very recently, Jin et al. employed NaYF4:Yb,Tm UCNPs as SIM probes and achieved a resolution below 131 nm and an imaging rate of 1 Hz (Figure 1H) (Liu et al., 2020). The authors show that the non-linear photoresponses of UCNPs can produce high-frequency harmonics in the Fourier domain of the imaging plane, enabling non-linear SIM under mild excitation conditions (103 W/cm2). Moreover, Tm3+-activated NIR-emissive UCNPs are found superior to visible-emissive counterparts in preserving the structured spatial information through thick tissue. It is noteworthy that the non-linear SIM can generate improved resolution compared to the linear SIM; thus, the doping ratio of lanthanide ions, which can influence both the non-linearity and intensity of upconversion emissions, should be carefully optimized.




PERSPECTIVES OF UCNPS-BASED SUPER-RESOLUTION IMAGING


Small-Sized UCNPs With Bright Emissions

The parity-forbidden nature of 4f intra-configurational transitions makes lanthanide upconversion a low-efficiency process. Deleterious coupling with surface defects, ligands, and solvent molecules would further aggravate the upconversion brightness (Dong et al., 2015b). To obtain adequate luminescence from single UCNPs, large-sized nanoparticles (larger than 20 nm) and high pump power (more than 104 W/cm2) are usually required in super-resolution microscopy. However, both the size effect (Albanese et al., 2012) of UCNPs and the heating effect (Peña et al., 2012) of high pump power may interfere with the intrinsic activities of as-labeled biomolecules or the whole cells, leading to misapprehensive observations. Moreover, the imaging resolution is limited by the physical size of UCNPs to some extent; thus, the ultimate resolution is larger than 20 nm in current studies. To improve the application performance of UCNPs and avoid interference with cellular activities, small-sized UCNPs with bright emissions should be developed. It has been reported that sub-5 nm NaLnF4 UCNPs can be obtained with co-precipitation synthesis (Xing et al., 2014; Zheng et al., 2017), and an epitaxial shell can greatly enhance the upconversion emissions of core nanoparticles by orders of magnitudes (Dong et al., 2017). Therefore, sub-10-nm bright UCNPs are expected to be prepared with the sub-5-nm core and an epitaxial shell (Figure 2A). The decrease in nanoparticle size should facilitate both the efficient labeling of biomolecules and improved imaging resolution.


[image: Figure 2]
FIGURE 2. Perspectives of UCNPs-based Super-Resolution Imaging. (A) Schematic illustration showing the requirement of size decrease and emission enhancement with core/shell UCNPs. (B) Schematic illustration showing the UCNPs with long intermediate-level lifetime and short excited-state lifetime for STED microscopy. (C) Schematic illustration showing the combination of excitation and non-radiative cross-relaxation in UCNPs for STED microscopy. (D) Non-linear photoresponses of NaYF4:Yb,Tm UCNPs at 455 nm under 980-nm excitation (top) and comparative imaging of two adjacent UCNPs under 980-nm excitation with different power densities (bottom). Reproduced with permission from Denkova et al. (2019). Copyright 2019 Springer Nature Publishing Group. (E) Three representative single-cell images containing seven UCNP spots (left) and the 3D trajectories of the UCNPs (right). Reproduced with permission from Wang et al. (2018). Copyright 2018 Springer Nature Publishing Group.




Tailoring Upconversion for Novel Super-Resolution Probes

As discussed above, the as-developed UCNPs probes for super-resolution microscopy are mainly focused on Yb3+-Tm3+ co-doped nanoparticles. Generally, there are no rigid restrictions on the types of luminescent centers for ion beam excitation, FED and SIM. UCNPs doped with other lanthanide ions such as Er3+, Ho3+, Nd3+, etc. can be examined. In comparison, STED microscopy strictly requires depleted upconversion emission under co-illumination of excitation and depletion lasers, which is indeed challenging for lanthanide ions with ladder-like energy levels. Adequate cross-relaxation pairs that can depopulate the emissive levels under STED mode should be explored. It can be referred to the example that takes advantage of lifetime difference in YAG:Pr UCNPs (Kolesov et al., 2011), in which long and short lifetimes are preferred for the intermediate and excited states, respectively (Figure 2B). Moreover, the combination of excitation and non-radiative relaxation/cross-relaxation can be considered as a new depletion approach for STED microscopy (Figure 2C) (Wu et al., 2015). Besides, probes for photoactivated localization microscopy (PALM) (Betzig et al., 2006), stochastic optical reconstruction microscopy (STORM) (Rust et al., 2006), and super-resolution optical fluctuation imaging (SOFI) (Dertinger et al., 2009) are desired to be explored with the composites of UCNPs and fluorescent proteins, organic dyes, and quantum dots, respectively. Meanwhile, fast decay rates of UCNPs are preferred for real-time imaging with high temporal resolution (Peng et al., 2019). Thus, rational screening of the host matrices, doping types, and concentrations of lanthanide ions should also be considered for exploring novel UCNP probes for super-resolution microscopy.



Exploiting High-Order Non-linearity of UCNPs for High-/Super-Resolution Microscopy

Except for the canonical super-resolution techniques, multiphoton probes with high order of non-linearity favors higher spatial resolution (Yu et al., 2013; Bednarkiewicz et al., 2019). In multiphoton imaging, the imaging resolution approximately equals to λ/(2 × √N), where λ and N denote the excitation wavelength and the order of non-linearity, respectively. Importantly, the high-resolved image can be directly achieved on a laser-scanning confocal microscopy without the requirements of complex systems and image post-processing. This is ascribed to the fact that only the central and most intense region of the excitation beam can induce adequate emissions from multiphoton probes, while the periphery of the beam barely excites the probes. To some extent, imaging with multiphoton probes also alleviates the requirement of the pinhole because of less interference from out-of-focus light. Therefore, exploring UCNPs with highly non-linear photoresponses are greatly desirable. The four-photon 455-nm emission of Tm3+ is a good paradigm for achieving high-resolution imaging. Denkova (Denkova et al., 2019) and Zvyagin (Kostyuk et al., 2019) et al. realized a ca. 200-nm resolution in heavily doped NaYF4:Yb,Tm UCNPs under 980-nm excitation (Figure 2D). Zhan and coworkers improved the resolution to 161 nm by blue-shifting the excitation wavelength to 730 nm with Nd3+/Yb3+/Tm3+ tri-doped UCNPs (Wang et al., 2016). UCNPs with higher non-linearity and longer emission wavelength are preferred to achieve higher/super resolution and improved tissue penetration. Very recently, Schuck et al. developed Tm3+-activated photon avalanching UCNPs with giant non-linear photoresponses (N up to 26) for the 800-nm NIR emissions and achieved a resolution of ca. 70 nm (Lee et al., 2020). With the unique advantage of rich energy levels, more intriguing multiphoton upconversion processes in lanthanide-doped UCNPs are desired for high-/super-resolution microscopy.



Applying UCNPs for Cellular Biology

The super-resolved cellular biology application of UCNPs is still in the preliminary stage compared with that of conventional probes (Jin et al., 2018). Great efforts should be devoted to resolve the morphological and physiological characters of living cells, subcellular organelles, proteins, etc., such as the structure and communications of neuron cells (Xu et al., 2013; Tang et al., 2016) as well as the translational and rotational movements of motor proteins (Ohmachi et al., 2012). Labeling of targeted biomolecules precisely requires solid foundation on the surface modification of UCNPs; thus, the effective loading of DNA strands, peptides, antibodies, etc. that have targeting ability should be addressed.

Each super-resolution microscopy has its unique advantages and limitations, yet the combination of the techniques might generate further improved performance. For example, the implantation of multiphoton probes with large non-linearity into STED/FED/SIM should result in higher resolution. The conjunction of SIM and STED should enable video-rate and large-view super-resolution imaging. In this way, the interactions between UCNPs and cells can be disclosed in nanoscale accuracy, including the internalization and externalization of UCNPs by cells as well as the subcellular trajectories of UCNPs (Figure 2E). The size-, morphology-, and surface charge-dependent interactions can also be studied. Moreover, the subcellular microenvironments including the viscosity (Wang et al., 2018) and temperature (Rodríguez-Sevilla et al., 2016) can be unraveled by the super-resolved upconversion images with UCNPs.




DISCUSSION

Lanthanide-doped UCNPs are being developed as probes for diverse super-resolution microscopy. The excellent photostability, adequate multiphoton emission efficiency, and tunable emission colors and lifetimes make UCNPs stand out among various as-developed super-resolution probes, especially in long-term and real-time imaging applications. Nonetheless, the complex energy levels and the small stimulated emission cross-section of lanthanide ions are still considerable challenges for flexible design of UCNPs for super-resolution techniques such as STED microscopy. Moreover, the particle size should be reduced and the heating effects should be avoided by exploring small-sized and bright UCNPs. With the development of UCNP probes, the super-resolved cellular biology applications of UCNPs are ready to be implemented. There is still plenty of room for UCNP-based super-resolution microscopy, and it is believed that UCNPs would attract great concern as probes for super-resolution microscopy in the near future.
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Single Molecule Localization Microscopy (SMLM) is an imaging method that allows for the visualization of structures smaller than the diffraction limit of light (~200 nm). This is achieved through techniques such as stochastic optical reconstruction microscopy (STORM) and photoactivated localization microscopy (PALM). A large part of obtaining ideal imaging of single molecules is the choice of the right fluorescent label. An upcoming field of protein labeling is incorporating unnatural amino acids (UAAs) with an attached fluorescent dye for precise localization and visualization of individual molecules. For this technique, fluorescent probes are conjugated to UAAs and are introduced into the protein of interest (POI) as a label. Here we contrast this labeling method with other commonly used protein-based labeling methods such as fluorescent proteins (FPs) or self-labeling tags such as Halotag, SNAP-tags, and CLIP-tags, and highlight the benefits and shortcomings of the site-specific incorporation of UAAs coupled with fluorescent dyes in SMLM.
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INTRODUCTION

Advances in fluorescence microscopy have now allowed researchers to investigate the intricate details behind subcellular protein localization and organization. However, these methods were limited in optical resolution due to the diffraction limit of light microscopy (Adhikari et al., 2019). Single Molecule Localization Microscopy (SMLM) belongs to the subset of super-resolution imaging and has positively impacted the ways in which cell architecture (Jimenez et al., 2020). In conventional microscopy the ability to resolve fluorescent signals arising from molecules in close proximity is limited by the diffraction of photons as they emanate from the point source, pass through the microscope, and are detected by the camera. The point spread function (PSF) of a microscope refers to this “blurring” effect, which limits the ability to distinguish structures on the scale of half the wavelength of the photons that are detected. In a sample with densely packed molecules that are fluorescently tagged, differentiating two molecules that overlap in each other's PSF would render it impossible to resolve through regular light microscopy (Jradi and Lavis, 2019).

Single Molecule Localization Microscopy is able to bypass the resolution limit through the precise localization of individual fluorophores to increase the spatial resolution of single molecules (Xu et al., 2017). This super-resolution is largely achieved through stochastically activating a small subset of fluorophores at any given time. This factor differentiates the technique from regular fluorescence microscopy which do not involve selectively turning the probes “on” and “off” (Hess et al., 2006). The ability to map out detailed images beyond the distances provided by the diffraction limit makes this advantageous over light microscopy techniques to visualize key cellular structures. Through the use of the various SMLM techniques, it is able to detect structures as small as 20 nm in size (Fürstenberg and Heilemann, 2013).

While several techniques are used in SMLM imaging, two primary approaches include Direct Stochastic Optical Reconstruction Microscopy (dSTORM) and Photoactivated Localization Microscopy (PALM) (Almada et al., 2015). These involve the use of reversibly photoswitchable fluorophores that can activate and deactivate periodically (Jimenez et al., 2020). The use of these techniques can allow for the localization of these individual fluorophores with a much higher precision in contrast to regular fluorescence microscopy techniques. Once all the fluorophore points have been collected, single molecule localization can then be achieved through computational analysis (Babcock and Zhuang, 2017). The PSF of each fluorophore is fitted onto a 2D Gaussian curve function that is then used to estimate the exact coordinates of each individual fluorophore (Huang et al., 2008). This together can generate the super-resolution image required to visualize nanoscopic structures and protein-protein interactions (as seen in Figure 1).


[image: Figure 1]
FIGURE 1. Diagram displaying the process of single molecule localization microscopy (SMLM). (A) The primary steps in SMLM starts off with the fluorophores in a densely packed area. These are then stochastically activated to spatially separate the fluorophores. Data from all of the probes are collected and analyzed to localize all the points. This now creates the final super-resolved image. (B) Analysis through fitting to a 2D Gaussian distribution. Collected fluorescent signal (Full width at half maximum ~200 nm).


In a standard stochastic optical reconstruction microscopy (STORM) experiment, the vital elements required include the use of fluorescent probes to be fused to the target of interest, the separation, and stochastic activation of the individual fluorophores to ensure the proper imaging of single molecules and the localization precision of the fluorophores (Endesfelder and Heilemann, 2015; Xu et al., 2017). The spatial separation of active fluorophores in STORM ensures the activated fluorophores do not overlap their point-spread functions (Adhikari et al., 2019). Photoactivated Localization Microscopy (PALM) similarly shares these features with STORM. What differs the two techniques are the type of fluorescent labels used. Unlike STORM that requires fluorescent probes, PALM makes use of photoactivatable fluorescent proteins (FPs) as the labeling technique (Almada et al., 2015). To control the selective activation of the fluorophores, STORM uses specialized buffers to trap fluorophores in the dark state and low levels of UV light to stochastically photo convert a small subset into the fluorescent state (Betzig et al., 2006). In PALM photoactivatable FPs are stochastically converted from a dark state, or spectral properties of photoswitchable FPs stochastically shifted, by the use of UV light, thereby allowing a subset to be imaged and bleached with high laser power before the next subset is converted (Betzig et al., 2006).

In the context of proteins, a large component of successful SMLM imaging is the choice of fluorescent probe used as a label for the protein of interest (POI). The ideal fluorescent tag candidate for SMLM should aim for photostability during activation and deactivation cycles, be small in size, have high levels of photon emission for better single-molecule detection by the microscope and must not perturb the functionality of the intrinsic interactions of the POI and the other proteins in the environment (Hirabayashi et al., 2011; Toseland, 2013). Various approaches have been developed over the years and have seen great advancement in the creation of photoswitchable fluorophores (Zessin et al., 2012). Types of protein labeling tags include the use of FPs, self-labeling enzymes, and unnatural amino acids (UAAs) (Cranfill et al., 2016; Freidel et al., 2016; Saal et al., 2018). Other forms of labeling such as antibodies are used extensively but have already shown to have come with its own limitations such as the requirement for antibodies with high affinity and high specificity with the target protein. Secondary antibodies are also often used to attach the desired fluorescent dye and can increase technical artifacts in the final image (Li and Vaughan, 2018).

Protein labeling methods that have seen more success and are also used more in recent years include the use of photoswitchable proteins/enzymes that can be genetically fused to the POI (Moerner et al., 2015). This includes the use of naturally FPs (such as GFPs) and self-labeling enzyme tags which aid in attaching the POI with the fluorescent dye for imaging. While several issues come with the use of these labels such as their larger size, the one major limitation that they share is the lack of site-specific tagging (Lee et al., 2019). Therefore, the use of UAAs tagged with a small organic fluorophore can be seen as an attractive alternative approach. The use of gene expansion technology has led to many potential biological applications as the limits to which a gene sequence can be manipulated are theoretically infinite (Ambrogelly et al., 2007). One aspect of this is the use of UAAs as fluorescent markers for SMLM imaging. Through the comparison of the characteristics of all three different types of labeling methods, it is possible to determine that UAA labeling can be a good alternative to the other more commonly used fluorophores (Vreja et al., 2015).



TYPES OF LABELING STRATEGIES


Photoswitchable Fluorescent Proteins

In order for particular fluorophores to be utilized in SMLM, a series of reversible photoswitching mechanism is required in order to switch between the fluorescent state and a non-fluorescent state (Li and Vaughan, 2018). Unlike photoactivable FPs which irreversibly shift from an “off” state to an “on” state and are deactivated through photobleaching, photoswitchable FPs provide the ability to shift between two fluorescent states with different excitation and emission profiles over the course of an experiment (Chozinski et al., 2014). Photo-convertible fluorophores could also be a potential alternative as they provide the ability to change their emission spectrum when exposed to UV (Bek et al., 2020). Amongst the choices, reversibly photoswitchable FPs are one of the most common choices for SMLM as the desired fluorophore largely for its efficacy and reliability (Zhou and Lin, 2013). Fluorescent proteins are shown to be useful in discovering the molecular interactions between two species particularly regarding proteins. They can provide further information regarding enzyme activity, protein localization, conformation changes, and many other structural and spatial movements (Toseland, 2013). The photoswitching capability of FPs needed for SMLM can be achieved through the use of specialized buffers or using various levels of UV light (Stiel et al., 2007; Xu et al., 2017). However, despite its widespread usage, it comes with its own disadvantages that can hinder the understanding behind the POI.

Most types of FPs range from 25 to 35 kDa in size and around 4–5 nm in diameter (Crivat and Taraska, 2012). Compared with the localization precision of PALM (<20 nm) this can be seen as bulky and adds to the imprecision of localizing the POI. Furthermore, larger fluorophores could potentially disrupt the natural protein–protein interactions and their general intrinsic activity (Prescher and Bertozzi, 2005). Thus, alternative methods can address this concern by the use of smaller fluorophores to minimize this perturbation. Additionally, due to its size being comparatively larger than other fluorophores, FPs are normally required to be attached to the N or C terminus of the POI to avoid large disruptions of the protein structure or folding behavior (Crivat and Taraska, 2012). Fluorescent proteins additionally do not offer a wide spectral coverage as options for the far-red side of the spectrum become limited (Cranfill et al., 2016).

The structure of a FP consists of a β-sheet barrel that encloses a helix structure containing the central chromophore (Shaner, 2014). While FPs are generally resistant to denaturing, high temperatures and proteolysis, there is variability in the speed of chromophore maturation and in the aggregation of POI-FP fusions (Cranfill et al., 2016). The folding of a FP is essential in maintaining the stability of the chromophore as the β-sheet barrel acts as a protector to the internal chromophore. Perturbation to this structure can cause the loss of the chromophore formation and therefore fluorescence efficiency (Kremers et al., 2011). Finally, FP are typically less bright than organic fluorophores that can be specifically engineered to emit higher levels of fluorescence (Lavis and Raines, 2008).

Fluorescent proteins have been observed to be good candidates as fluorescent tags. However, as it comes with limitations that can alter the results of the finalized super-resolved image, researchers have looked into alternative approaches of labeling.



Self-Labeling Tags

Self-labeling tags are engineered enzymes that react covalently with their substrates. These substrates can be linked to useful chemical moieties, such as biotin or in the case of SMLM imaging, an organic fluorophore (Liss et al., 2015). Due to the flexibility offered by the available labeled substrates, these tags have been in more common use over the years (Hansen et al., 2016). Examples of some of the most common self-labeling tags include SNAP-tag, Halo-tag, and CLIP-tag.

Unlike FPs, self-labeling enzymes are not naturally fluorescent and therefore must be linked to a fluorescent dye (Stagge et al., 2013). This is achieved through the use of a substrate linker. Firstly, the POI is genetically fused to the self-labeling tag. As each of the enzymes binds to a fluorescently conjugated substrate, this substrate can then covalently react, successfully tagging the POI for fluorescence microscopy (Keppler et al., 2003).

The Halo-tag originates from the bacterial enzyme haloalkane dehalogenase and is modified to ensure it can covalently bond to synthetic ligands. The enzyme can be conjugated with the POI through the substrate linker chloroalkane (Los et al., 2008). The Halo-tag is able to fuse with the chloroalkane linker through the removal of the chlorine atom through a nucleophilic displacement mechanism (England et al., 2015). Similarly, the SNAP-tag and CLIP-tag are both modified forms of the human enzyme O6-alkylguanine-DNA alkyltransferase (hAGT) with the former covalently interacting with O6-benzylguanine derivatives and the latter so with the O2-benzylcytosine derivatives (Stagge et al., 2013). Both of these compounds act as substrates to their respective mutant hAGT enzymes (Hoehnel and Lutolf, 2015). These tags similarly form an irreversible covalent bond with their substrate that links the fluorophore.

Factors that make self-labeling tags advantageous over FPs are prolonged observation time through limiting photobleaching and the ability to emit more photons in blinking periods and therefore providing improved brightness of the fluorophore (Li and Vaughan, 2018; Banaz et al., 2019). Furthermore, the tags are also more open to modification without the loss of fluorescence when compared to FPs. Therefore, the features of these tags are aimed to improve upon the limitations presented by FPs (Yan and Bruchez, 2015).

However, despite improvements in flexibility and brightness, self-labeling tags continue to present disadvantages in SMLM. Like FPs, self-labeling tags require the enzymes to be genetically fused to the POI. This can similarly cause perturbations to protein-protein interactions due to its larger size (Fernández-Suárez and Ting, 2008). It also lacks the capability of site-specific protein tagging which can be beneficial when wanting to image specific regions of the POI (Lee et al., 2019). Therefore, for finding an appropriate fluorescent label for SMLM, it could be beneficial to find alternatives in using genetic in-fusion proteins.




UNNATURAL AMINO ACIDS AS A VIABLE ALTERNATIVE


Unnatural Amino Acids

The limitations presented by the use of FPs and other fluorophore labeling strategies have influenced the search for more ideal candidates for fluorescent tagging. Amongst the labeling strategies in practice for SMLM imaging, an upcoming technique is the use of fluorescently labeled UAAs, also referred to as the expanded genetic code (Saal et al., 2018). The genetic code is made up of 20 standard amino acids which make up the natural building blocks of life, however, hundreds of amino acids outside of this have been discovered in nature (Brown et al., 2018). Unnatural amino acids (UAAs) thus are structures that are not found in natural proteins but can be found in other parts of nature or can be chemically synthesized (Wiltschi, 2016).

The expansion of the genetic code through the use of UAAs have become a common practice in many biomolecular applications as it continues to show they aid in the better understanding in the functioning of proteins and other biomolecules (Stevenazzi et al., 2014). Unnatural amino acids (UAAs) have also been found to be advantageous in many biological/chemical applications such as drug discovery and protein labeling (Narancic et al., 2019). Along with the standard amino acids, two additional amino acids have been incorporated into biological systems which are selenocysteine (Sec) and pyrrolysine (Pyl) and these are at times referred to as the 21st and 22nd amino acids (Ambrogelly et al., 2007) (Figure 2).


[image: Figure 2]
FIGURE 2. Schematic Diagram of how an UAA is incorporated into a protein of interest. Two plasmids (one containing the aminoacyl-tRNA synthetase and the other the POI with the non-sense codon inserted) and the UAA with a TCO group attached are transfected into the chosen cells. Once incorporated, a fluorescent dye with a tetrazine group is added for the click chemical reaction to result in a structure that attaches the POI with the fluorescent dye together. Scheme based on Nikić et al. (2016).




UAA Incorporation

The site-specific incorporation began through the discovery that the two extra amino acids Sec and Pyl that correspond to the opal (TGA) and amber (TAG) codons, respectively (Böck et al., 1991; Krzycki, 2005). This is done through the aid of a corresponding amino acid insertion sequence that is able to suppress the stop codon and subsequently add the amino acid (Xue et al., 2015). Through this discovery, it could be shown that the natural translational mechanism can incorporate UAAs into a POI. This therefore led to the discovery of the insertion of other UAAs through the use of orthogonal aminoacyl-tRNA synthetase/tRNA pairs (Schmied et al., 2014). Various forms of the orthogonal pairs have been created depending on the choice of amino acid that would be incorporated (Cervettini et al., 2020). Through the use of a non-sense codon and the orthogonal pair selective to the fluorescent UAA, hundreds of UAAs can now be incorporated into a particular protein/polypeptide chain (Jakob et al., 2019). This method of UAA incorporation is known to be highly selective and kinetically fast so therefore has potential to be the most preferred method of UAA incorporation over other biochemical strategies (Pantoja et al., 2009).

Once incorporated into the POI, the UAA is then fluorescently labeled for SMLM imaging. Labeling is achieved by the addition of chemical handles to the amino acid through a bio-orthogonal “click” reaction (Courtney and Deiters, 2018). This can be done through an azide-alkyne cycloaddition with Copper [Cu (I)] as the needed catalyst. The Cu(I) catalyzed reaction provides the benefits of kinetically fast reaction times, great regioselectivity and high yields, however, poses a threat to cells due to the toxic nature of the copper catalyst (Baskin et al., 2007). To overcome the toxic nature of the copper catalyst, an alternative copper free reaction is used for the click reaction (Gutmann et al., 2016). However, the alternative reaction does come with its own issues regarding efficacy causing the yield to potentially be a lot lower than its catalytic version. Therefore, while the alternative copper free reaction is a preferred method to overcome toxicity, reaction times may need to be extended to ensure more complete conjugation of the fluorescent label to the UAA (Li and Zhang, 2016).



UAAs as Fluorescent Tags

One primary benefit of the usage of UAAs include the site-specific placement of the fluorescent tag unlike the usage of other labeling techniques. This can allow for the monitoring of protein interactions at the desired location producing more localized data for single molecules as FPs and other similar fluorophores are required to be genetically fused to the C or N terminus (Summerer et al., 2006). Unnatural amino acids (UAAs) are often also easier to tag onto the gene/POI due to its significantly smaller size when compared to larger FPs (Neumann-Staubitz and Neumann, 2016).

Choosing the appropriate amino acid to incorporate in SMLM would be based on a synergy of fluorescence levels, ease of insertion and its ability in reversibly photoswitching. A popular strategy is incorporating the desired amino acid with a plasmid containing the GFP gene. These along with the plasmid for the orthogonal tRNA synthetase pair can provide the necessary fluorescence for imaging (Schmied et al., 2014). Other examples of this technique used with many various types of UAAs have been used and have shown high fluorescence and efficiency (Hino et al., 2005; Nikić et al., 2016; Hilaire et al., 2017). This can be compared with studies using different fusion proteins to highlight the subtle improved quality of fluorescently tagged UAA and the disadvantages posed with the use of the bulky fluorophores (Cinelli et al., 2000; Snapp et al., 2003; Wang et al., 2014). As the field continues to advance, different types of UAAs are continuing to be successfully developed in an effort to achieve the ideal imaging of biomolecule constructs.

The first reported single-molecule imaging of a fluorescently labeled UAA was done by Pantoja et al. (2009). In this report total internal reflection fluorescence microscopy was used to image individual molecules of a fluorescent lysine conjugate UAA incorporated into muscle nicotinic acetylcholine receptor in Xenopus oocytes. This report provided the first proof of concept which has been applied to other microscopy methods including super resolution techniques. Uttamapinant et al. (2015) utilized the incorporation of fluorescently labeled UAAs in observing live cells through the use of STORM imaging. The study managed to visualize structures beyond the diffraction limit and have successfully generated precise images of the biomolecules. Similar super-resolution techniques that utilize UAA incorporation (Sakin et al., 2017; Schvartz et al., 2017; Neubert et al., 2018) also demonstrate the benefits of their use. However, as the area remains relatively new and up and coming, the number of successful studies using SMLM to visualize nanoscopic biomolecules remains limited.




CONCLUSION

Single Molecule Localization Microscopy has revolutionized the field of biomolecule imaging due to its ability to investigate cellular and protein structures that go beyond the diffraction limit that regular light microscopy lacks to do. However, the most successful experiments involve the use of the best type of fluorophores labeled to the molecules. While many common fluorescent tags have been used in the past such as FPs and self-labeling tags, these come with their own limitations. In an attempt to combat these, UAA can be incorporated into the gene/POI to provide better fluorescence and therefore more precise imaging in SMLM. The use of UAAs as tags in SMLM have shown to have several benefits such as site-specific incorporation and the lower likelihood of the hinderance of intrinsic protein–protein interactions due to its much smaller size. Despite these benefits, due to the limited number of studies available, the practical aspects of UAAs as probes needs further study. For example, the efficacy of certain reactions used such as the copper-based cycloaddition or in the transfection process involving the UAA and target constructs may vary between cells of interest. Despite these technical challenges, the added benefits of targeted, site specific labeling with UAA promises to unlock the full potential of super-resolution microscopy.
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Tumor cells circulating in the peripheral blood are the prime cause of cancer metastasis and death, thus the identification and discrimination of these rare cells are crucial in the diagnostic of cancer. As a label-free detection method without invasion, Raman spectroscopy has already been indicated as a promising method for cell identification. This study uses a confocal Raman spectrometer with 532 nm laser excitation to obtain the Raman spectrum of living cells from the kidney, liver, lung, skin, and breast. Multivariate statistical methods are applied to classify the Raman spectra of these cells. The results validate that these cells can be distinguished from each other. Among the models built to predict unknown cell types, the quadratic discriminant analysis model had the highest accuracy. The demonstrated analysis model, based on the Raman spectrum of cells, is propitious and has great potential in the field of biomedical for classifying circulating tumor cells in the future.
Keywords: Raman spectroscopy, cancer cells, SVM, LDA, QDA
INTRODUCTION
Over the past few years, there has been a gradual increase in the number of cancer deaths (Jemal et al., 2010; Ferlay et al., 2015). It be known that human organs can produce cancer cells at any stage. In fewer cases, cancer cells may develop into tumors when they accumulate to a certain extent. Circulating tumor cells (CTCs) shed from the primary tumor and spread to the peripheral blood or lymph. These CTCs are the major cause of cancer metastases and death (Fidler, 1995; Mocellin et al., 2006). Thus, it is essential to distinguish these tumor cells. Nowadays, immunocytological is still the golden standard and specific biomarkers remain the main screening method for tumor cell examination (Oosterwijk-Wakka et al., 2013; Alix-Panabières and Pantel, 2014; Bhana et al., 2015). However, some cancer cells may exhibit inadequate or vague expression of bio-markers probably by completing the epithelial-mesenchymal transition (Choueiri et al., 2013; Zerati et al., 2013; Alix-Panabières and Pantel, 2014). Besides, the use of fluorescent probes often has the disadvantage of spectral overlap and the binding of fluorescent molecules is based on the specific binding of antigen and antibody, which may change the structure of the cell molecules. It is not conducive to the follow-up of other detection experiments (Chan et al., 2008; Jones et al., 2015). Therefore, a highly sensitive, label-free, cost-efficient CTCs detection method that can accurately identify cancer cells is a pressing need.
Raman spectroscopy is a rapid and non-destructive technique for studying a biological system based on detecting molecular vibration and rotation (Krafft, 2012; Krafft et al., 2016; Popp et al., 2016; Wang et al., 2020). Numerous biochemical components can be identified by Raman spectra, for instance, genetic material, protein, and lipid, all have their unique peaks in the Raman spectrum (Stone et al., 2004; Brauchle et al., 2014; Fang et al., 2019). As a well-known fact, mutations in cancer cells are always accompanied by wireless proliferation, which leads to a huge increase of genes in the nucleus. Some cancer cells also suffer protein changes on the cell membrane or accumulate large amounts of lipids in the cytoplasm (Abramczyk et al., 2009; Yue et al., 2014; Surmacki et al., 2015). At present, there have been many studies reporting the use of Raman microspectroscopy combined with multivariate statistical analysis methods to distinguish and classify cell types (Kong et al., 2015). Machine learning-based analysis methods such as support vector machine (SVM), principal component analysis (PCA), linear discriminant analysis (LDA), and quadratic discriminant analysis (QDA) were introduced in combination with Raman spectroscopy which has successfully attained the identification of many cells and tissues in the declining years (Dixon and Brereton, 2009; Neugebauer et al., 2010; Pudlas et al., 2011; Zhang et al., 2016; Siqueira et al., 2017). However, these research only compare tumor cells with normal cells produced by the same organ, the differences between tumor cells from different organs are not clear (Crow et al., 2005; Krishna et al., 2005; Chan et al., 2008; Pijanka et al., 2013). We expect to get a broader spectrum of cancer cells in order to recognize CTCs at an early stage, which will help to identify the diseased organs in advance, allowing cancer patients to avoid mortality outcomes. The accuracy and classification characteristics using the statistical analysis methods for cell samples also need to be verified by comparison.
In this article, we chose the cell samples from kidney, lung, liver, breast, and skin as the research object, and explore the process of living cell detection by confocal Raman spectroscopy. With the combination of multivariate statistical methods, Raman spectra of various types of cells are classified based on three models i.e. SVM, LDA, and QDA, the accuracy of classifying the accurate cell types is above 95%. In order to verify the feasibility of the model, the results validate that high sensitivity is realized to predict the unknown cell types. Furthermore, the comparison of the pros and cons of the three models is also discussed. The flexible combination of Raman spectroscopy and various modeling methods can immediately identify a variety of cells at a high accuracy which will provide potential applications in CTCs detection.
METHODS AND EXPERIMENTS
Cell Culture and Sample Preparation
Cells in this study are obtained from the American Type Culture Collection (ATCC), which is listed in Table 1. All the cells were grown in Dulbecco's Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and antibiotics (penicillin and streptomycin) at 37°C in a humidified atmosphere of 5% CO2. Cells in the logarithmic phase were taken to harvest with Trypsin-EDTA and suspended in phosphate-buffered saline (PBS 1×) before Raman measurement. All cells were collected under the same condition. About 2 ml of the cell suspension was added into a culture dish with a quartz glass bottom. Approximately three-quarters of the cells were used as training and validation, while another quarter was for the prediction set.
TABLE 1 | Names of cell lines and cell numbers.
[image: Table 1]Raman Spectroscopy Measurement
Raman spectra of living cells were obtained from a laser confocal Raman spectrometer (RAMANtouch, Japan) with 532 nm laser excitation. Before the Raman test, a CCD detector must be cooled to −70°C, and the system was calibrated by using silicon with its peak at 520.5 cm−1. The laser was focused by a ×60 water immersion objective lens (NA = 1.0, Nikon, Japan) onto the sample. To ensure an appropriate signal-to-noise ratio without damaging the samples, the laser power was controlled at about 10 mW. Single point measurement mode was used and the laser spot size on the sample was about 0.65 µm. The exposure time for each cell was kept at 8 s for each time and tested three times. Subsequently, the spectrometer automatically took the averaged spectra. The test range was in the Raman low wavenumber region and a minimum of 35 spectra were obtained from each kind of cell. Regions of each cell’s nucleus were preferentially sampled. The measurements of all cells were worked out under the same conditions.
Data Processing and Analysis
Raman spectral data were pre-processed using WiRE 4.2 (Renishaw, United Kingdom), with baseline corrected and smoothed, and cosmic rays were removed if existing. Before analysis, the Raman shift in each spectrum was cut into the ‘fingerprint’ region from 600 to 1800 cm−1, which removed the Raman peak of the quartz glass substrate. The Raman intensity was normalized and unified as the relative intensity of arbitrary unit (a.u.) using OriginPro 9.1. (OriginLab Corp., Northampton, MA, United States) (Zhao et al., 2007; Zhang et al., 2010a; Zhang et al., 2010b). All spectral data were corrected for baseline translation and shift phenomena using the EMSC (extended multiplicative signal correction) algorithm, assuming the average of all spectral data as the ideal spectrum(Popp et al., 2018). Multivariate statistical analysis methods i.e. SVM, PCA, LDA, QDA were carried out with MATLAB R2016b (MathWorks, Inc., United States) and The Unscramble@10.4 (CAMO, Oslo, Norway).
RESULTS AND DISCUSSION
To determine whether the spectral data obtained from the measurement were Raman signals of cells, we checked the signals around the cells, the laser point was slightly above the bottom to focus on the cells. Figure 1A shows the bright field image of a typical 786-O cell and the blank background near the cells, while Figure 1B shows the Raman spectra of the two corresponding points. Unlike the cell curve, deprived of a large number of sharp Raman peaks, the background curve is relatively smoother. The only background peak displayed in the spectrum was at about 1554 cm−1. It demonstrates that the Raman signal in quartz glass background exhibited extremely low interference which is consistent with the description in the previous report (Palonpon et al., 2013).
[image: Figure 1]FIGURE 1 | (A) Bright field image of 786‐O cells and (B) Raman spectrum of background and cell.
Figure 2 manifests the average Raman spectrum curves of six types of cells. The shadow area is the error bars which represent the standard deviation of the mean value. The main common Raman peaks at 642, 831, 851, 1171, 1208, 1604, 1620 cm−1 (tyrosine), 1003 cm−1 (phenylalanine), 1246 cm−1 (Amide III), 1337 cm−1 (tryptophan), 1655 cm−1 (Amide I) are assigned to proteins. Strong and wide peaks are corresponding with lipid at 1124 cm−1 (C–C stretching mode), 1252 cm−1 (=CH in-plane bending), and 1445 cm−1 (CH2 deformation). Other bands at around 747 cm−1 (thymine), 1176 cm−1 (cytosine, guanine), 1311 cm−1 (adenine), 1581 cm−1 (pyrimidine ring of nucleic acids) are assigned to DNA and RNA. Details of Raman peaks assignment to cell spectrum are presented in Table 2 (Stone et al., 2004; Notingher and Hench, 2006; Wood et al., 2007; Surmacki et al., 2015). Various cells have quite comparable Raman spectra due to the similar biochemical components (as shown in Figure 2). But there are also a few Raman peaks that are different, such as distinct peaks at 831 and 850 cm−1, which represent tyrosine residue conformations (Zhuang et al., 2013). These spectral peaks distinguished by the human eye may not be sufficient to accurately identify different cells. Herein, we used a multivariate statistical analysis algorithm (SVM, PCA, LDA) to process the data set and analyze the subtle differences of the Raman spectrum among different cells.
[image: Figure 2]FIGURE 2 | The average Raman spectra of 6 kinds of cells with error bars.
TABLE 2 | The representative peak assignments in cell Raman spectra (Stone et al., 2004; Notingher and Hench, 2006; Wood et al., 2007; Surmacki et al., 2015).
[image: Table 2]SVM is a supervised learning method for the binary classification of data. It finds the maximum geometric margin hyperplane between two kinds of learning data sets and using the optimal hyperplane to distinct the two data sets into two sides to complete the classification (Dixon and Brereton, 2009; Zhang et al., 2016). In this paper, we use an SVM with a linear kernel function to realize the discriminative classification of prediction samples. To prevent overfitting, while ensuring the classification accuracy, the penalty factor C selection was set to 1. Each spectrum was cross-validated with 10 segments. Initially, we performed a feasibility validation using cancer and normal cells derived from the same organ which had an apparent difference of biochemical components. 40 cancer cells (786-O) and 40 normal cells (HKC) were used to construct the SVM model. Meanwhile, to verify the accuracy of the SVM model for predicting unknown cells, a set containing 24 new cells (12 786-O, 12 HKC) was used. The prediction accuracy was 100% so that the cancer cells and normal cells could be distinguished from each other. The details of predicting results are shown in Table 3. Using the same SVM method could additionally construct a classification model among five different cancer cells. 196 cancer cells are used to form a training set (including 40 786-O, 29 HepG-2, 45 A549, 44 A375, 38 4T1) to construct the model. Table 4 shows the details in a confusion matrix of the SVM classification model and the validation accuracy in the training set was 100%. However, the predictive performance needs to be tested. The prediction rate of these SVM models is verified by a prediction set of 57 new ‘unknown’ cells (actually already known but not included in the training set, including 12 786-O, 9 HepG-2, 12 A549, 12 A375, 12 4T1). The result is shown in Figure 3A and the prediction of accuracy is 98.25%.
TABLE 3 | Prediction result of cancer cells/normal cells with SVM classification.
[image: Table 3]TABLE 4 | Confusion matrix of five cancer cell lines using the SVM classification model.
[image: Table 4][image: Figure 3]FIGURE 3 | Prediction result of 5 kinds of cancer cell lines using the (A) SVM, (B) LDA and (C) QDA model.
Although SVM had successfully established the classification among different cancer cells, it has the drawbacks of a complex and time-consuming model. SVM is a binary classifier, seeking the optimal hyperplane between the two data sets. While dealing with the problem of multi-sample classification, SVM models should be constructed between every two samples. As for N different types of cells, at least N × (N-1)/2 decision values should be considered. While dealing with two distinct cell types (cancer cell 786-O and normal cells HKC, the N is not too large), the training speed is relatively swift. However, to deal with the classification of multiple cancer cells, the number of binary classifiers increases as a quadratic function concerning N, which significantly increases the amount of training operation and reduces the training speed (Dixon and Brereton, 2009). Therefore, we employ an LDA method to predict and classify various cancer cells. LDA is a classical linear supervised learning method to reduce the dimension and classify, which has been reported in classification of cancer Raman spectra(Dochow et al., 2011; Pijanka et al., 2013). Given a labeled set of training samples, LDA tries to project the samples into low-dimensional space, so that the projection points of the same samples are as close as possible and the projection points of the heterogeneous samples are as far as possible. After projection, the different types of the sample will be distributed in different regions of the lower dimensional space, and the prediction sets will also be projected in the space according to the previously calculated dimensionality reduction rules. Afterward, the category of the new sample is determined based on the location of the projection point (Dixon and Brereton, 2009; Siqueira et al., 2017).
Before constructing the LDA and QDA classification model the Raman spectral data needs further process due to a large number of variables arrays. PCA is introduced to eliminate any overlapped information in the spectrum through a multivariate linear transformation which extracts the eigenvalues of the data matrix and then reconstructs a basic eigenvector to form a new data set (Dixon and Brereton, 2009). Through the transformation, PCA could also classify some simple data sets. However, in this study, PCA is not implemented with the SVM model. Various studies have directly used the SVM method to analyze the Raman spectrum. We suppose that this is because the SVM method can better solve the problem of classification of high-dimensional data and there is no need of reducing the dimension of the data in advance. According to the validation on our spectrum dataset, the accuracy of PCA + SVM trained and predicted is indeed lower than the method that uses SVM directly. In this contribution, Raman shift in the spectrum was including 683 variables evenly distributed over the region of 600–1800 cm−1. The 197 cancer cell spectrum, previously used to build SVM models, is still used as the verification set here. Figure 4 shows the result of three dimensions of the first principal component (PC1, PC2, and PC3). The five groups of cells were spatially clustered but could not be well separated. This shows that the classification effect of PCA is not ideal when dealing with high-dimensional data with complex and fuzzy noise distribution. The comprehensive contribution rate of three PCs was 55.25%, which represented the main variances. Due to the more PC numbers retains more original Raman spectrum information (Tang et al., 2017), to improve the accuracy of subsequent predictions, we increased the number to the first 20 PCs, which described 85% of variables. Subsequently, the LDA model was constructed with these PCs. The prior probabilities were calculated from the training set. Cell spectral data was classified in fivefold dimensional space. Figure 5 selects the projection of two dimensions to plot, which represents the division of A375 (red) and A549 (blue). Under the combination of any two different dimensions, the discrimination of the two types of cells can be found. The prediction result is indicated in Figure 3B with an accuracy of 94.73%, which is a little lower than the SVM model.
[image: Figure 4]FIGURE 4 | The top three PCs’ score plot of different cancer cells.
[image: Figure 5]FIGURE 5 | LDA classification model classifying spectrum of cancer cell lines. Two of five dimensions are plotted.
We perceived that some cell spectra were misclassified into the wrong category. It is due to the limitation of LDA which is linearly partitioned, while the boundary of the cell Raman spectrum is irregular. QDA is based on LDA which uses quadratic information and far higher complexity hypersurface to enhance the accuracy of classification (Dixon and Brereton, 2009; Tang et al., 2017). Figure 6 shows a QDA analysis model using two of the five dimensions. Utilizing the verification set previously constructed, the 57 unknown cell spectrum were also used for QDA. Figure 3C presents the prediction detail. Each cell spectra had precisely predicted with a 100% prediction accuracy. Finally, we compared the efficiency of building these models. The computation time to construct the SVM model costs 0.47 s, while the LDA and QDA method was 0.014 and 0.018 s. SVM costs the longest time, which is consistent with the previous theory. Constructing the QDA model is slightly slower than LDA, but both are in the same order of magnitude. Consequently, the QDA model had the elite classification and prediction ability with relatively good efficiency.
[image: Figure 6]FIGURE 6 | QDA classification model classifying spectrum of cancer cell lines. Two of five dimensions are plotted.
In practical applications (such as CTC detection), besides the tumor cells, another cellular material is contained in the peripheral blood. Mainly including leukocytes, red blood cells et al. Since the supervised learning model is used, we need to know the extent possible about the cell types that may be contained in the samples. Relative to the multivariate cancer cells, these haemocytes have a greater difference in size, morphology, components, and are easier to distinguish. By the existing devices, such as magnetic bead sorting or optical tweezers, the tumor cells can be preliminarily distinguished from these common haemocytes cells (Dochow et al., 2011; Rao et al., 2018; Chang et al., 2020). To avoid haemocytes, that are not completely excluded in the actual detection affecting the discrimination accuracy, the Raman spectrum of haemocytes could also be added to the training database. Some of the previous studies, for example, Zhang et al. successfully distinguished cancer cells from leukocytes using Raman spectroscopy(Zhang et al., 2016). For clinical applications, the analytical throughput of cells is also an important indicator. The time spent for each cell is 24 s. Considering a little more consumption of time by the spectrometer to automatically adjust the laser spot to switch to the other cells, the Raman test throughput was <150 cells/h. Usually, there are several CTCs out of 103–107 nucleated cells in a patient's blood sample (Pachmann et al., 2005). To meet the need for clinical application in the future, we can pre-dispose of tumor cells by magnetic bead enrichment before Raman spectroscopy measurement, with the number of tumor cells enriched being much smaller than this test throughput. Therefore, it is acceptable to measurement within an hour, which holds a great prospect for rapid detection in the future.
CONCLUSION
In this study, Raman spectra of six different cells were obtained from confocal Raman spectroscopy. Different cell lines had tiny different spectra. The Raman peaks of 831 and 850 cm−1 showed the tyrosine residue conformation, which revealed the difference of renal and breast cancer cells from the liver, lung, and skin cancer cells. By using multivariate statistical methods of SVM, LDA, and QDA, we further studied the spectral differences between various cancer cells. The identification accuracy and advantages were compared to discuss. The SVM and LDA model had identical specific accuracy of classifying and predicting cell spectrum, but LDA is more beneficial when the type and number of samples are vast. QDA is a variant of LDA and had a better sensitivity of 100% prediction accuracy in the analysis of cellular Raman spectra. In the follow-up study, we will accumulate more cell spectrum to improve the reliability of the calibration sample library and implement it to identify the circulating tumor cells in the peripheral blood of tumor patients. Raman spectroscopy is a powerful, rapid, and non-destructive means in the identification of biochemical components. It has the potential to play a substantial role in the detection of cancer metastasis in an early stage of cancer or after surgery in the future.
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Super-resolution microscopy has allowed optical imaging to reach resolutions well beyond the limit imposed by the diffraction of light. The advancement of super-resolution techniques is often an application-driven endeavor. However, progress in material science plays a central role too, as it allows for the synthesis and engineering of nanomaterials with the unique chemical and physical properties required to realize super-resolution imaging strategies. This aspect is the focus of this review. We show that quantum emitters in two-dimensional hexagonal boron nitride are proving to be excellent candidate systems for the realization of advanced high-resolution imaging techniques, and spin-based quantum sensing applications.
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INTRODUCTION
Super-Resolution Microscopy
Super-resolution microscopy (SRM) has expanded optical imaging to resolutions well beyond the diffraction limit of light. While traditional microscopy techniques can resolve lateral spot sizes ∼200–300 nm (and ∼500–700 nm, axially), super-resolution fluorescence microscopy can achieve resolutions of the order of ∼20–50 nm, and in some cases <10 nm [1–3]. The key of SRM is to render the fluorophores within the same diffraction region transiently discernible from one another for a short period of time. This is achieved through several strategies (briefly summarized below) that exploit the specific optical properties of photoluminescent materials, such as the non-linearity or stochastic nature of their emission.
Resolft
In reversible saturable/switchable optical linear fluorescence transitions (RESOLFT) microscopy, the super-resolved detection of individual emitters is achieved through non-linear optical excitation and emission schemes. RESOLFT microscopy generalizes the principles of techniques such as stimulated emission depletion (STED) and ground state depletion (GSD) microscopy [4, 5]. These usually involve point-scanning strategies where the laser excitation and photoluminescence collection are designed ad hoc. A standard approach is to co-excite the sample with a torus-shaped beam overlapped to a confocal one to selectively induce “off” and “on” states in the fluorophores, and separate them in time/space as the beam is scanned across the sample. RESOLFT approaches can routinely achieve lateral resolutions of ∼40–80 nm.
Structured Illumination
In structured illumination microscopy (SIM) the sample is illuminated by high spatial-frequency patterns with a specific profile e.g., parallel lines [6]. Fluorophores are resolved beyond the diffraction limit as their emission combined with the patterned illumination generates large and detectable interference patterns. The incident pattern is applied in different orientations, and the super-resolution image is mathematically deconvolved from the interference signal. SIM methods can reach lateral and axial resolutions of ∼125 nm and 350 nm, respectively. Higher lateral resolutions of ∼50 nm can be achieved combining SIM with RESOLFT strategies, as for the case of nonlinear SIM [7] and instant SIM [8].
Stochastic Methods
Rather than through point-scanning or structured excitation, single-molecule localization microscopy (SMLM) achieves sub-diffraction resolution via wide-field illumination. The emission of the fluorophores is photo-controlled as these are switched “on” and “off” by the laser. This is the case, for instance, for stochastic optical reconstruction microscopy (STORM) [9] and photoactivated localization microscopy (PALM) [10, 11]. Different fluorophores within the (wide-field) excitation area are detected individually as their photo-blinking and/or -bleaching behavior render them optically active and inactive at different (random) times. Stochastic, state-switching detection is also the working principle of points accumulation for imaging in nanoscale topography (PAINT) [12]. PAINT exploits single fluorophores becoming optically “bright” as they (reversibly) bind to a target structure, which in turns makes them individually distinguishable from the “dark”, unbound ones. Stochastic methods can generally achieve lateral resolutions of ∼20–25 nm with advanced setups reaching the ∼5 nm limit.
Off-State Microscopy
A particularly powerful SRM approach is minimal photon flux microscopy (MINFLUX) [3, 13]. The method can operate both with scanning beam and standing wave microscopy arrangements. It relies on detecting the position of single fluorophores at the deep intensity minimum of e.g., a torus-shaped excitation spot, as this is sequentially moved in space. The location of the emitter is inferred using a statistical maximum likelihood strategy that estimates the exact position based on where the fluorescence intensity is ∼zero (i.e., where the emitter is minimally excited at the center of the torus beam). MINFLUX microscopy can achieve lateral resolutions of ∼1–3 nm. Variants of MINFLUX include multiple off-state transitions for nanoscopy [14] and MINFIELD [15], which are designed to improve resolution, signal contrast and/or temporal sampling while reducing the light dose to the sample.
The Role of Material Science in SRM
Super resolution microscopy is an active field of research whose steady objective is to both develop new SRM approaches and design strategies to improve existing ones. Notably, this is not a mere application-driven endeavor. On one hand super-resolution microscopy has certainly being advanced as an indispensable characterization tool; for example in biology for monitoring cellular and subcellular processes [1], or in material science for studying complex materials [16]. On the other hand however, SRM has certainly been advanced by the progress made in material science and in the synthesis of nanomaterials with the unique chemical and physical properties required to realize super-resolution imaging strategies. This second aspect is the focus of this review. The goal is to present and discuss recent developments in high resolution imaging and sensing applications based on a specific two-dimensional material: hexagonal boron-nitride (hBN). We show that this material possesses distinctive physical and spin-optical properties that make it a desirable system for advanced realizations requiring the measurement of objects and quantities at the nanoscale.
This review is organized as per the following. The first part focuses on the hBN material and its properties. Emphasis is put on those most relevant for high resolution (bio)imaging and (bio)sensing such as the material’s optical properties, the synthesis of hBN nanostructures as well as their toxicity, surface chemistry and functionalization. The second part discusses a selection of the most recent fundamental and practical realizations in super-resolution microscopy and spin sensing based on quantum emitters in hBN.
HEXAGONAL BORON-NITRIDE
Hexagonal boron-nitride (hBN) is a two-dimensional (2D) van der Waals (vdW) material. Two-dimensional materials which also include materials of the graphene family, 2D chalcogenides and 2D oxides are rapidly becoming one of the most studied subject in condensed matter physics [17]. Their low dimensionality confers them unique properties. For instance, they can be used to engineer heterostructure and hybrid devices consisting of ordered stacks of atom-thin layers, with designer properties [17, 18]. They are being widely utilized to explore characteristic physical phenomena [17, 19, 20] such as Moiré patterns [21], high-temperature quantum spin Hall effect [22] and interlayer excitons with valley-/spin-contrasting degrees of freedom [23–27]. Besides fundamental studies, vdW heterostructures are also largely investigated for technological realizations e.g., in electronic, opto-electronic and nanophotonic devices such as lasers [28], diodes [29], transistors [30–33], sensors [34, 35], photodetectors [36–38] and amplifiers [39].
Here, we focus specifically on hexagonal boron-nitride and its recent developments as a desirable material for high-resolution imaging and sensing. The material’s properties are therefore presented with attention to the main key features required for ideal (bio)probes: 1) bright and photo-stable or controllable fluorescence, 2) small size (<10 nm), 3) non-toxicity, 4) room-temperature operation, water solubility and ability to withstand pH variability, 5) controllable chemistry and high binding-specificity.
Crystalline Structure
Two-dimensional hexagonal boron-nitride is a van der Waals material with a graphite-like crystalline structure where boron and nitrogen atoms are organized in atom-thin layers stacked over one another (Figure 1A). Within each layer, B and N atoms are bound in a honeycomb hexagonal lattice (lattice constant 2.504 Å). The B–N bonds are sp [2]-hybridized, partially covalent and partially ionic, with the electron pairs more confined to the N atoms due to their high electronegativity.
[image: Figure 1]FIGURE 1 | Properties of hexagonal boron-nitride. (A) Crystalline structure of hBN and point defects consisting of (complexes of) vacancies and foreign atoms. (B) Multicolor photoluminescence from point defects in hBN. (C) Photoluminescence saturation curve from a single hBN defect (maximum emission rate 4.26 × 106 counts/s). Inset: excitation (red, circles) and emission (blue, squares) polarization curves from a single hBN defect. (D) Second-order autocorrelation measurement [image: image] of a single hBN defect, indicating the quantum (single-photon emission) nature of the emitter (conventionally attributed for [image: image]). (E) Optical image of hBN grown for 10 min on copper foil by atmospheric pressure chemical vapor deposition (APCVD). (F) Schematics of a selection of functionalized boron-nitride nanosheets and nanotubes. Figures adapted and reprinted with permission: (A) [53] Copyright American Chemical Society 2018; (B) [54] Copyright American Chemical Society 2016; (C) [52] Copyright Springer Nature 2015; (D) [60] Copyright American Chemical Society 2018; (E) [140] Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019; (F) [111] Royal Society of Chemistry 2016.
The different atomic layers are instead connected (layer spacing 3.30–3.33 Å) mainly via weaker van der Waals forces [40]. This structure makes hBN a versatile material that can be produced using different methods and in a variety of nanostructures. The material has a large energy bandgap of ∼5–6 eV [41], which is the basis of some of its optical properties (Note that values of the bandgap have been reported in the wider range 3.6–7.1 eV [42], with the variability depending on hBN being mono- or multi-layered and on the stacking arrangement of its layers [43, 44]).
Optical Properties
Hexagonal boron-nitride exhibits optical properties which are the foundations of several photoluminescence-based imaging and sensing applications. Being a wide-bandgap material, pristine hBN is nominally transparent in the visible spectral range (∼390–700 nm). It displays absorption and emission in the deep ultraviolet (∼210–220 nm) due to generation and recombination of free (∼215 nm) and bound excitons (∼227 nm) [45, 46].
However, hBN generally hosts various type of crystalline defects: dislocations, grain boundaries, edges, vacancies and interstitial atoms [47–53]. Amongst these, atom-like defects consisting of complexes of vacancies and/or foreign atoms are of particular interest, as they give rise to characteristic photoluminescence emission in the visible and near infrared spectral range (Figures 1A,B) [54, 55].
Besides a few exceptions [56–58], the exact chemical composition and structure of these defects are still unknown. Yet, these so-called color centers are widely utilized in both fundamental and practical realizations as they display properties that are ideal for photoluminescence-based applications (Figures 1A–D). These include bright, polarized [52], multi-wavelength [54], single-photon (quantum) emission [52], as well as chemical stability [59], high photon purity [58, 60, 61], large stark-shift wavelength tuning [62, 63], non-linear photo-physics compatible to super-resolution imaging [64, 65], and addressable spin-dependent photo-emission [56].
Note also that due to the 2D nature of the host hBN material, the photon extraction efficiency from these atom-like emitters is comparatively high (∼106 counts/s at saturation)—as phenomena like Fresnel and total internal reflection, scattering and re-absorption are negligible [60]. This is ideal for photoluminescence-based applications as high collection efficiencies translate into high signal-to-noise ratio and thus better signal and/or temporal resolution.
Synthesis and Nanostructures
One of the key factors for practical high-resolution imaging and sensing applications is the ability to readily fabricate fluorescent nanoprobes. In this regard, hBN is an extremely versatile material as there are several methods available to synthesize 2D BN nanostructures, either via bottom-up or top-down methods. Bottom-up techniques include synthesis by chemical vapor deposition (Figure 1E) [66–68], segregation [69] and by solid-state [70] or substitution reaction [71]. Top-down approaches include mechanical [72–75] or chemical exfoliation [76–79], as well as high-energy electron irradiation [80, 81].
Boron-nitride nanomaterials (BNNs) include zero-dimensional (0D) fullerenes and nanoparticles, one-dimensional (1D) nanotubes and nanoribbons, two-dimensional (2D) nanosheets and three-dimensional (3D) nanoporous BN. There are extensive reviews dedicated to the fabrication of BNNs [82, 83], here we briefly summarize the methods developed to fabricate fluorescent nanoparticle-like (0D) objects, which are used in some of the SRM applications described below. Common nanofabrication approaches include the breaking down of large hBN microscopic crystals into nanosized hBN particles e.g., via ball-milling [84] or acoustic cavitation [85, 86]. These methods can usually achieve high yields of hBN nanoparticles, but their size is relatively large (∼tens or ∼ hundreds of nm), especially for applications in bio-imaging and nanoscale sensing. Recently however, high yields of hBN nanoparticles less than 10 nm in size have been achieved via cryogenic-induced cracking of hBN [87, 88] and by hydrothermal synthesis [89]. It should be noted that at this size the photostability of the emitters can be compromised—giving rise to photo-blinking and -bleaching—due to interaction with surface states and fluctuations in the local electric field. These are associated, for instance, with dangling bonds, other point-defects, or trapped charges, whose effect becomes more prominent as the particle size reduces [90–93]. These effects can partially be reduced with surface passivation strategies [94–97], but must be taken into account for assessing the reliability of the probes. In some cases however, they are central to achieve super-resolution imaging and are therefore a desirable feature.
Non-toxicity
Boron-nitride is considered a suitable material for biological and medical applications. Boron-nitride nanomaterials (BNNs) possess good biocompatibility [98–101] and high chemical and mechanical stability [102, 103]. BNNs have been found not to inhibit cell growth or induce apostosis [104, 105] and they have been shown to be up-taken by cells [99, 106, 107]. In fact, they have been used in practical realizations including as drug and gene carriers [108] and in cancer treatment studies [109]. For completeness, it should be noted that time-, dose- and cell-dependent cytotoxicity of BNNs has been reported in a small number of studies [108, 110].
Functionalization
The chemical functionalization of boron-nitride nanomaterials (BNNs) is challenging as, in general, the network of B and N atom connected by sp [2]-hybridized bonds is highly stable and chemically inert. Nevertheless, several functionalization strategies have been proposed and realized, albeit with low overall yields (Figure 1F) [111]. Note that both N and B can be utilized for functionalization whenever they are at an edge or at a lattice defect, where they give rise to dangling bonds. Conversely, reactions on the basal plane require opening of the B–N bonds. Both B and N must be terminated either by multiple functional groups (to balance the overall charge) or via a bridging bond. The B–N bond is partly covalent and partly ionic, which makes the nitrogen and boron atoms partially negatively and positively charged, respectively, due to their different electronegativity. As a result, B tends to bind to nucleophile (electron-donating) groups while N to electrophile (electron-accepting) ones. The list of functional groups successfully conjugated to BN nanomaterials include hydroxyl (–OH), amino (–NH2), ether (–OR), amine (–NHR), arcyl (–COR), alkyl (–R), and halogen (–X) groups. The relevant functionalization methods can be found in dedicated reviews [111–114] and are summarized here, briefly.
Hydroxyl groups. Hydroxyl groups (–OH) are amongst the most fundamental functionalization groups for BNNs both for direct applications (matrix filling and bio-applications) and as base for more complex conjugations. The functionalization of BNNs—in particular BN nanotubes and nanosheets—with–OH groups is generally achieved via covalent bonding to B sites and has been realized through a series of alternative approaches including plasma treatment, hydrothermal reactions with NaOH, NaOH-assisted ball-milling, and reactions with H2O at a high temperature, or using reagents that can generate OH radicals [115–121].
Amino and amine groups. Analogously to hydroxyl (–OH) group, the electrophilic B centers can be functionalized with amino (–NH2) and amine (–NHR) groups. This can be achieved for instance by plasma treatment, etched-assisted sonication and urea-assisted ball-milling [122–125].
Alkoxy groups. Alkoxy groups consisting of an alkyl group (carbon and hydrogen chain) bonded to an oxygen atom (–OR) can be functionalized directly onto BN surfaces e.g., by sonication in primary alcohols solvents [126]. Note that the–OR termination is advantageous for applications that require (alcoholysized) BN nanostructures to be readily dispersed in alcohol solvents.
Alkyl groups. Alkyl (–R) groups can attach to BN by forming B–C–N bridges or directly on B or N sites. This has been realized e.g., by carbene-assisted substitution and by reaction with a reductant solution and hexyl-containing compounds [127, 128].
Other groups. A whole suite of other groups has been successfully conjugated to BNNs. For instance, esterified (–OCOR), amidated (–NHCOR) and acylated (–COR) groups have been attached to BN nanostructures directly from their BN precursors or via their hydroxylated (OH-BN) and aminated (NH2-BN) intermediates [116, 118, 124, 129–132]. Functionalization with hydrogen and fluorine, as well as other groups (–CH3, –CHO, –CN, –OH, –NH2, etc.), has been also largely investigated as these species can significantly affect the material properties such as the BNNs stability, bandgap energy and electronic properties [133–135].
It is important to note that the ability to readily functionalize BN nanostructures—e.g., for stability in physiological environments and for target-specific labelling of subcellular structures—is only one of the aspects that must be considered for super-resolution imaging and sensing. Another critical factor to take into account is determining whether the presence of functionalized groups on the surface of the BN nanostructures alters their optical properties, possibly hindering their suitability as super-resolution probes. When nanostructures are smaller than a few nanometers, surface effects become relevant and the fluorescence of the hosted emitter can undergo intensity fluctuations, spectral diffusion, photoluminescence intermittency (“blinking”) or even cease all together. These effects are not unique to hBN but rather universal and are due to the presence of surface states (e.g., dangling bonds, point-defects, trapped charges and conjugated chemical species) which can drive the emitter in different charge states or generate random electric fields that destabilize the optical dipole moments of the emitters via spontaneous Stark shifts [93, 136, 137].
There are two main considerations to make in this regard. Firstly, these effects can be mitigated via specific surface passivation of the hBN nanoprobes. Suitable approaches are already available e.g., sol-gel coating via Stober reaction [138, 139]. Besides, establishing whether certain functionalization groups deteriorate the optical properties of the BN nanoprobes is both feasible and experimentally testable. Secondly, in some cases the photo-instability of the probes is a desirable—in fact, necessary—feature. It allows for super-resolution imaging schemes based on the stochastic intermittency of individual, and otherwise unresolvable, emitters between “on” and “off” states, over time.
SUPER-RESOLUTION IMAGING WITH HBN
Standard, diffraction-limited microscopy using hexagonal boron-nitride nanomaterials (BNNs) is well established. Yet, super-resolution imaging has been realized only recently, thanks to the discovery and control of specific optical properties associated with quantum emitters in hBN (Table 1) [64, 141].
TABLE 1 | Super-resolution imaging techniques based on hBN emitters.
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One of the first demonstration of super-resolution imaging in hBN was realized in 2018 [64]. The technique utilizes the non-linear behavior of a specific class of hBN single-photon emitters (SPEs). The exact nature and chemical structure of these hBN emitters is unknown—the emission is likely due to transition between energy states in the hBN bandgap associated to atom-like defects in the lattice. Regardless, the non-linear behavior is observed consistently for an entire family of them with zero-phonon line (ZPL) emission wavelengths >700 nm.
Upon excitation with a laser (at 675 nm or 708 nm in the study), the emitters produce a photoluminescence signal with a sharp ZPL (e.g., 785 nm). When co-excited with a second low-power (∼30× less) laser at a shorter wavelength (532 nm), the emitters show a highly non-linear behavior characterized by an increase in photoluminescence (∼2×) and lowering (∼5×) of their saturation intensity. This non-linear behavior is attributed to the 532 nm laser repumping the system from a metastable “dark” state back to the excited “bright” state. The existence of photo-switchable dark/bright emission states is one of the main requirements for RESOLFT super-resolution microscopy. This unique photo-physical behavior can thus be harnessed to realize a variant of saturable, far-field, sub-diffraction fluorescence nanoscopy, which is what was done in the study.
The technique has two notable advantages. Hexagonal boron-nitride emitters are extremely robust against high-power illumination [143]. Whilst this is not a requirement for RESOLFT SRM, it is a desirable feature. For instance, both in STED and GSD the transition from the “bright” to the “dark” state is achieved by optical saturation—via stimulated emission depletion and ground-state depletion, respectively. This usually requires high excitation powers, which can lead to photo-bleaching of the emitters—a problem that has led to the development of off-state transitions nanoscopy methods. In addition, the issue of requiring high laser excitations for inducing saturation is further alleviated with this approach, as the second repumping laser effectively reduces the saturation intensity of the emitters. This is shown in the study where a negative-GSD-like scheme is utilized to assess the resolution of the technique (Figure 2A).
[image: Figure 2]FIGURE 2 | RESOLFT and SMLM microscopy in hBN. (A) Super-resolution microscopy using dual torus-beam excitation. Left: schematics of the experiment. Center: point spread function of the confocal system (green), and resolutions obtained under 708 nm torus-beam laser excitation only (violet) and adding a second 532 nm torus-beam (orange). Right: the resolution increases upon increasing the intensity of both the 708 nm and the 532 nm lasers. (B) SMLM imaging of optically active defects in hBN reconstructed from an image sequence of 20,000 frames, display pixel size: 1 nm. With drift correction using fiducial markers, the method achieves a resolution of 10.7 nm (C) Widefield and SMLM reconstructed image (based on 6,000 frames) of an ensemble of hBN nanoparticles (average size (3.0 ± 0.7) nm), synthesized by cryo-exfoliation (scale bar: 5 μm). Inset: zoomed-in section showing two emitters in the super-resolved image (scale bar: 100 nm). (D) Multimodal SMLM. Left: schematics of the experiment showing dual spatial and spectral detection. Right: Spatial and spectral distribution of centers in a CVD-grown hBN flake. A dual spectral distribution is visible corresponding to green and red emitters with emission wavelength [image: image] and [image: image] (right inset). Figures adapted and reprinted with permission: (A) [64] Copyright Springer Nature 2018; (B) [141] Copyright American Chemical society 2018; (C) [87] Copyright American Chemical society 2019; (D) [65] Copyright American Chemical society 2019.
In the first experiment, a single torus beam (708 nm) is used as the excitation source. As the beam is scanned, the emitter is excited by a high–null–high intensity profile and produces a corresponding high–null–high emission pattern. In the confocal image, the emitter’s location thus coincides with the center of the emission null (like in standard off-state transitions nanoscopy) and is readily extracted via mathematical deconvolution of the inverse image (Figure 2A, right). Sub-diffraction resolution is achieved as at higher excitation powers of the scanning torus beam, the high–null and null–high photoluminescence emission gradients become steeper. This effectively narrows the full width at half-maximum (FWHM) of the emission null according to the relation:
[image: image]
where [image: image] is the resolution; [image: image] is the maximum laser intensity in the periphery of the torus, and [image: image] is the minimum (null) intensity in the center. The quantity [image: image] is the saturation intensity, while [image: image] and [image: image] are the wavelength and the refractive index, respectively. The parameter [image: image] is the steepness of the point spread function which depends on the emitter’s properties and on the periphery-to-minimum intensity gradient of the toroidal excitation beam.
Equation 1 shows that the resolution [image: image] improves ([image: image] becomes smaller) when the ratio [image: image] is minimized. Generally, in other RESOLFT approaches, this is done by increasing the excitation laser intensity [image: image] well above [image: image]. This method, however, also allows to directly reduce [image: image] via the re-pumping mechanism. This was demonstrated in a subsequent experiment of the study (Figure 2A, left and center panel), where a second torus beam (532 nm laser) was superimposed to the first one (708 nm laser). The addition of the 532 nm toroidal beam effectively reduces [image: image] minimizing the ratio [image: image], for any given intensity [image: image] of the excitation torus at 708 nm. The highest resolution achieved using just the 708 nm excitation torus was (87 ± 10) nm, slightly worse than (63 ± 4) nm obtained with the two 708 nm and 532 nm torus beams overlapped. Both resolutions are far better than the ∼460 nm value of the confocal setup used in the study.
As a final point, it should be noted that this variant of SRM developed using hBN emitters could be extended to other classes of fluorophores, provided that they possess an analogous behavior characterized by the ability of the system to be re-pumped from the (“dark”) metastable state to the excited (“bright”) state.
Single-Molecule Localization Microscopy (SMLM)
Simultaneously to the approach described in §3.1, SRM was also realized in hBN monolayers using single-molecule localization microscopy [141]. The method exploits the on/off photo-switching behavior (blinking) of hBN emitters, which allows for their temporal—and thus spatial—separation, by capturing them when they are “bright/dark” alternately, one at a time (Figure 2B).
Note that the photo-stability of hBN emitters depends on their local environment as, e.g., electric field fluctuations and nearby trap states can induce phenomena such as spectral diffusion and blinking [144, 145]. In the case of hBN, photo-blinking is often more prominent for small (<10 nm) and thin (∼monolayer) nanoparticles/nanoflakes as the proximity to the surface increases the probability of local perturbations.
In the study, the sample consisted of a hBN monolayer. The material shows optically active emitters which are attributed to boron monovacancies [image: image] (i.e., a missing B atom in the hBN lattice)—as deduced form transition electron microscopy (TEM) analysis. The blinking behavior of the emitters is attributed to photo-induced ionization and recombination between the neutral [image: image] and negatively charged [image: image] states. For SMLM to work, the sample must be spatially fixed with no drift over time. This can be achieved either through the use of a closed-loop feedback-controlled stage or, like in this study, through post processing alignment using fiducial markers. The spatial resolution achieved in the study is 10.7 nm (Figure 2B, right panels).
The approach has a few desirable features. It utilizes wide-field illumination and detection of large sample areas (∼up to tens of μm) with fast acquisition (∼ms) and minimum damage to the sample thanks to the low power density (∼100 kW/m2) of the excitation laser, compared to e.g., STED microscopy. It also allows for probing the chemical reactivity of the emitters. In the study this was done by submerging the sample in solutions of different pH and monitoring differences in fluorescence behavior. To this end, the technique was combined with balanced super-resolution optical fluctuation imaging (bSOFI) [146], which utilizes higher-order statistics to increase resolution and image contrast—provided that the emitters display uncorrelated, stochastic fluctuations.
Almost at the same time, this SMLM technique developed for monolayer hBN was successfully implemented to investigate the optical properties of hBN nanoparticles as small as (3.0 ± 0.7) nm, produced by cryogenic exfoliation (Figure 2C) [87]. The merit of the work was to demonstrate that hBN nanoparticles/nanoflakes possess a combination of optical and size properties that make them desirable for (bio-)imaging and sensing applications, either via SMLM or RESOLFT microscopy.
In a follow-up study [65], this SMLM technique was further improved to include the ability to perform spectral analysis of the emitters and thus producing super-resolved images containing spatial, spectral and temporal dynamics of the emitters (Figure 2D). This was achieved by utilizing a calcium fluoride (CaF2) filter in one of the detection paths (Figure 2D, left). This dispersive element allowed for the simultaneous correlation of spatial and spectral mapping of each emitter—showcased in the study by clearly distinguishing two families of hBN emitters one displaying photoluminescence at ∼585 nm and the other at ∼640 nm (Figure 2D, right panel).
A key feature of this multimodal SMLM method is the ability to correlate different characteristics and properties of the fluorophores, in time. For instance, the study shows the possibility to extract differences in blinking photo-kinetics for the two families of emitters and understand their physical origin (e.g., charge separation or ionization of the defects, as these follow different dynamics).
The versatility of this single-molecule localization microscopy technique was recently highlighted in a remarkable experiment that succeeded in imaging proton transfer phenomena in water, at an interface with single-charge resolution (Figures 3A,B) [142].
[image: Figure 3]FIGURE 3 | Proton transport and quantum sensing in hBN. (A) Top left: time series for spatial migration of luminescence at the surface of the hBN flake, detected with wide-field SMLM (scale bar 500 nm; projected pixel size 100 nm). Right: Reconstructed trajectories showing successive activation of adjacent defects at the surface of the flake and color-coded with increasing time. Localized defects are represented as dots, with the radius corresponding to the localization uncertainty. Bottom left: schematic depicting luminescence migration events, consisting of successive proton adsorption, diffusion and proton desorption from the surface. (B) Top left: large-scale mapping of proton trajectories (200 ms) measured at the surface of the hBN flake. Bottom left: representative proton trajectory with the corresponding evolution of the square displacement (SD). Right: variation of the mean square displacement (MSD) as a function of time for the hBN flake. The dashed line is a linear fit from which the averaged diffusion coefficient is extracted D = 2.8 × 10–14 m2 s−1. Inset: distribution of the diffusion coefficient determined on individual trajectories, with the vertical dashed line being the average value. (C) Energy level scheme and atomic structure of the hBN [image: image] center; note the triplet ground state of multiplicity [image: image] and [image: image], with a magnetic field B lifting the [image: image] degeneracy. (D) Optically detected magnetic resonance (ODMR) showing manipulation and read out of the spin state. The transitions [image: image] and [image: image] are shown by a drop in photoluminescence (ODMR contrast [image: image]) at the corresponding microwave resonant frequency. The dependence of the relative position between [image: image] and [image: image] is the basis of quantum sensing applications based on reading out the spin state of the [image: image] center. Figures adapted and reprinted with permission (A,B) [142] Copyright Springer Nature 2020 (C,D) [56] Copyright Springer Nature 2020.
The basic SMLM scheme is analogous to the ones described above. Multilayer hBN flakes were irradiated in low-power oxygen plasma to create a high density of surface defects. These defects are hypothesized to be [image: image] and show a considerably different fluorescence behavior when exposed to air or submerged in aqueous solutions of different pH. Monitoring the photoluminescence at ∼2 eV (∼620 nm) reveals that only a few emitters are luminescent in air (∼0.3 per 2 × 2 μm2 area), while many more are when the sample is submerged in slightly acidic solutions (∼70 per 2 × 2 μm2 area, in a 3.4 pH solution). The proposed explanation is that the [image: image] defects are optically dark but become active (emitting photons at ∼ 2 eV) as solvated protons [image: image] compensate their charge through the reaction [image: image]. The SMLM technique thus allows monitoring—with high resolution, and over time—the occurrence of this protonation reaction in solution, at each one of the hBN defect sites.
Notably, SMLM can capture the specific hopping of protons between adjacent sites as these sites undergo “dark/bright” switching events corresponding to their [image: image] states. In the study, trajectories of single protons moving from site to site over distances up to ∼1 μm (imaging resolution ∼5–40 nm) were monitored over time (∼180 s). Different behaviors were observed, and it was possible to extract parameters such as diffusion coefficients and mean square displacement of the moving protons (Figure 3B). The study was able to clearly show—at the single-molecule scale—the mechanism of desorption-limited transport of protons occurring in water at a solid/water interface between adjacent surface defects. It also underscores how the interface provides a preferential pathway for charge migration, which is relevant for several fields ranging from cellular transport and signaling, to catalysis and membrane dynamics. The study is a remarkable demonstration of the interfacial transport of protons in relation to the surrounding bulk water—a mechanism which, up to now, has been beyond reach due to the inability to measure directly the motion of single protons in water, with high-enough resolution.
Nonlinear Optical Microscopy
In the context of high-resolution imaging, nonlinear optical microscopy deserves a special mention as it has become a powerful tool not just for imaging but also for (2D) material characterization [147, 148]. Nonlinear microscopy relies on multi-photon excitation of the fluorophores via virtual states, which produces a set of inherent benefits compared to traditional single-photon excitation [149, 150]. These include better fluorophores-to-background contrast due to lower background autofluorescence [151], excitation through a favorable biological window (NIR wavelengths, 650–900 nm, characterized by lower absorption from hemoglobin and water) [152], as well as improved imaging resolution [153, 154].
Nonlinear optical excitation of single-photon emitters (SPEs) in hexagonal boron nitride has been demonstrated [143]. In the study, individual atom-like defects with emission wavelength at 670 nm are excited either with a continuous laser at 532 nm or with a pulsed laser at 708 nm (pulses’ duration 1 ps). The dependence of the SPEs’ photon emission rate as a function of the excitation intensity reveals that excitation with the 708 nm pulsed laser takes place via a two-photon absorption process. In the experiment, large hBN flakes (size ∼200 nm) were used, but the technique can be readily extended to smaller hBN nanoparticles (size <10 nm). The results thus demonstrate the possibility of employing nonlinear microscopy of fluorescent hBN nanoprobes as a feasible high-resolution imaging strategy, complementary to super-resolution microscopy.
BEYOND OPTICAL IMAGING
Beyond SRM, hexagonal boron-nitride is showing promise as the hardware material for another class of high-resolution sensing applications at the nanoscale. These are based on monitoring the spin state of individual hBN quantum emitters in response to changes in the surrounding environment. In general, optically active quantum defects can be separated in two categories: single-photon emitters whose photoluminescence corresponds to transitions between well-defined quantum states, and so-called “spin centers” which exhibit coupling between the defects’ intrinsic spin and their optical transitions. In other words, spin-centers display photoluminescence which is different depending on which spin state the emitter emits from. An archetype spin-center is the well-known nitrogen-vacancy ([image: image]) center in diamond [155].
Spin-centers are sought after as potential qubits for solid-state, room-temperature quantum computation and information technologies [156], but also as ultra-sensitive nanoscale sensors [157]—which is of interest here. This is because their spin state can be manipulated and read out optically, while displaying extreme sensitivity to the local, surrounding environment.
The discovery of spin-centers in hBN is recent [56, 58], with the first identified one being the boron-vacancy center, [image: image]. The defect possesses distinguishable spin-optical transitions (Figure 3C). Specifically, the [image: image] has a triplet ([image: image]) ground state of multiplicity [image: image] and [image: image], separated by a zero-field splitting (ZFS) energy [image: image] ≅ 3.46 GHz, in Planck’s constant units [image: image] (Note that, for completeness, the degeneracy of the [image: image] states is lifted due to the small off-axial component of the ZFS, [image: image] ≅ 50 MHz).
Optical excitation and cycling through the excited state of the defect ‘spin-polarize’ it in the [image: image] state, by preferentially populating it (Figure 3C). Applying a microwave field resonant with the transitions [image: image] allows manipulating the defect’s spin state, which can then be read out, optically—as the excitation-decay cycle from the [image: image] ground state scatters more photons than the one from the [image: image] one. These features are the basis of optically detected magnetic resonance (ODMR) in which the spin state of individual point-like defects can be prepared, manipulated, and read out optically at room temperature (Figure 3D).
This is relevant for high resolution, quantum sensing applications as the ground state ZFS splitting ([image: image], [image: image]) can vary in response to external stimuli such as e.g., magnetic and electric fields, local chemistry or temperature. These quantities can therefore be measured directly using the [image: image] defect in hBN as nanoprobes, simply by measuring changes in photoluminescence.
Spin defects in three-dimensional materials, such as diamond (e.g., nitrogen vacancy and silicon vacancy centers) [155, 158], silicon carbide (e.g., di-vacancy centers) [159, 160] and rare earth materials (e.g., Yb ions in yttrium orthovanadate hosts) [161, 162] have been extensively used for quantum sensing realizations. Examples include single-spin detection and magnetometry [163, 164], electrometry [165], decoherence microscopy [166], thermometry [167], optical trapping [168] and Forster resonance energy transfer [169, 170]. These exceptional demonstrations raise the question of how hBN [image: image] centers benchmark in this context, especially since—currently—all the realizations involving hBN [image: image] centers have been fundamental rather than practical.
There are several aspects that make spin-defects in hBN particularly attractive for quantum sensing applications. Unlike 3D semiconductor hosts, layered hBN are less prone to having unsaturated dangling bonds. These can act as fluctuating electron spins that generate magnetic noise and degrade the spin coherence—which is crucial for applications in quantum sensing [171].
The 2D nature of hBN confers it several additional, unique features. It allows for extremely high photon-extraction efficiencies. In fact, the out-coupling efficiency of hBN emitters is near-unity, as they are not surrounded by any high refractive index material and are not affected by Fresnel or total internal reflection, scattering and re-absorption [60]. This is desirable for nanoscale sensing applications based on photoluminescence detection, for it increases the signal-to-noise ratio and, thus, signal and/or temporal resolution.
Furthermore, the weak van der Waals forces between layers allow hBN to be readily transferred and integrated with other (hybrid) nanoscale systems made e.g., of 2D materials heterostructures [17, 172–174]. It also allows for the accurate placement of individual nanoprobe with respect to target areas or objects. This was demonstrated in a study that used a fluorescent hBN nanoparticle as an optical nanothermometer—placed deterministically onto a micro-circuit—to measure local temperature and potential hot spots in target areas of the device [175].
Another feature granted by the 2D nature of hBN is the potential close proximity between the emitter-sensors and the object or quantity to be sensed. This can be ∼(sub)nm, which is highly desirable as, for instance in magnetometry, dipolar magnetic fields decay as the third inverse power of the distance between sensor and spin [176], which makes their relative separation a critical limiting factor for the sensitivity of the technique.
It should be noted that the field of spin-based quantum sensing, whilst well established in 3D semiconductors such as diamond, is at its absolute infancy in 2D hBN. The spin-addressable properties of the [image: image] have been discovered only recently [56, 57]. In fact, while it has been shown that [image: image] defects can be engineered in hBN via targeted irradiation, the isolation of individual defects is still beyond reach.
The research is certainly very active in the field. Shortly after the report of the [image: image] center, a second and different type of spin-defect has been identified in hBN [58]. The defect is carbon-related (possibly the negatively charged [image: image]). It emits with a sharp zero-phonon line wavelength at ∼585 nm and is spin-active ([image: image]) with a detectable ODMR spectrum. Again, the defect has not been isolated at a single-center level (ODMR has only been observed in ensemble, currently), but there is optimism as emission at ∼585 nm from single centers is common in hBN.
CONCLUSION AND OUTLOOK
Two-dimensional materials have garnered a lot of attention in recent years, mostly because their low dimensionality and relative ease of fabrication have allowed the accomplishment of a whole suite of interesting demonstrations difficult to attain with traditional 3D bulk materials. Amongst 2D materials, hexagonal boron-nitride has become object of intense research since 2015, when quantum (single-photon) emission from atom-like defects has been identified [52]. While hBN color centers have—arguably—been trailing behind their well-established counterparts in e.g., diamond and silicon carbide, they are quickly becoming an active field of research in their own right. Their characteristic optical (and recently discovered) spin properties combined with the unique physico-chemical features granted by the low dimensionality of the hBN host make them ideal systems for several fundamental and practical applications—including in high resolution imaging and sensing.
In this review, we have highlighted the role hBN quantum emitters have recently played in the realization of novel super-resolution imaging techniques (RESOLFT and SMLM), as well as their potential impact in advanced spin-based quantum sensing applications. Research geared towards exploiting hBN and its color centers for sensing and imaging is at its infancy. Future endeavors should focus on fully identifying the origin of the defects (besides the [image: image]) and improving material and color centers engineering to move from fundamental demonstrations to practical realizations. In this regard, experiments such as observing single proton transport at the solid/water interface by hBN-based super-resolution microscopy are encouraging. They show that the material is offering novel capabilities that allow for the exploration of regimes inaccessible with alternative methods.
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First reported in 1994, stimulated emission depletion (STED) microscopy has long been regarded as a powerful tool for real-time superresolved bioimaging . However, high STED light power (101∼3 MW/cm2) is often required to achieve significant resolution improvement, which inevitably introduces phototoxicity and severe photobleaching, damaging the imaging quality, especially for long-term cases. Recently, the employment of nanoprobes (quantum dots, upconversion nanoparticles, carbon dots, polymer dots, AIE dots, etc.) in STED imaging has brought opportunities to overcoming such long-existing issues. These nanomaterials designed for STED imaging show not only lower STED power requirements but also more efficient photoluminescence (PL) and enhanced photostability than organic molecular probes. Herein, we review the recent progress in the development of nanoprobes for STED imaging, to highlight their potential in improving the long-term imaging quality of STED microscopy and broadening its application scope. We also discuss the pros and cons for specific classes of nanoprobes for STED bioimaging in detail to provide practical references for biological researchers seeking suitable imaging kits, promoting the development of relative research field.
Keywords: STED, nanoprobes, bioimaging, subdiffraction imaging, material science
INTRODUCTION
Photoluminescence (PL) microscopy imaging has long been a powerful tool in biological research. However, the resolution of conventional far-field fluorescence microscopy was limited to half of the imaging wavelength (∼200 nm) by Abbe’s optical diffraction-limited theory (Rayleigh, 1896). Such resolution soon became insufficient as the interested events in cytobiological research went smaller in space and faster in timescale. In 1990s, Hell and coworkers put forward and realized the idea of stimulated emission depletion (STED) microscopy (Hell and Wichmann, 1994; Klar and Hell, 1999), which provided the world a state-of-art method to perform imaging beyond the diffraction limit.
The system of STED is based on a modification of the preexisting confocal microscopy. In confocal imaging, the size of point spread function (PSF) is limited by optical diffraction (Figure 1). As a result, a number of fluorophores are irradiated at the same time during the acquisition of a single pixel, which leads to a limited resolution. In a STED imaging setup, a donut-like depletion light is applied to suppress the emission of peripheral fluorophores by triggering their stimulated emission (at a red-shifted wavelength), which effectively decreases the size of PSF and thus ensures subdiffraction imaging (see Figure 1).
[image: Figure 1]FIGURE 1 | Conceptual illustration for STED imaging. (A) The Jablonski diagram for a typical STED process. (B) Illustration of the PSF shrinking in STED imaging. (C) Experimental PSF in a STED imaging process (Ye et al., 2018).
Compared with other superresolution imaging methods like structure illumination microscopy (SIM) (Gustafsson, 2000; Gustafsson, 2005), photoactivated localization microscopy (PALM) (Betzig et al., 2006), and stochastic optical reconstruction microscopy (STORM) (Rust et al., 2006; Huang et al., 2008), STED is a pure-optical measure that can be applied with a variety of dyes, while being free from complex postimaging calculation. These advantages make STED favorable for superresolution imaging in a real-time mode.
However, the improvement of resolution also comes with a price: depletion of most conventional fluorescent labels, such as molecular probes and fluorescent proteins (FPs), generally requires very high depletion light intensity (Hein et al., 2008; Meyer et al., 2008). As a result, STED bioimaging suffers from severe photobleaching and phototoxicity (Wildanger et al., 2009), thus hampering the development of their long-term imaging applications with live samples. Fortunately, the development of material science has provided a vast menu of photostable fluorescent nanomaterials (Wolfbeis, 2015; Jin et al., 2018). Generally speaking, these nanomaterials are stable and bright and can be more efficiently depleted than molecular dyes, suggesting their potential utility as antibleaching STED probes.
In this article, we first introduce categories of nanoprobes and their brief history in STED applications. Then, we perform a systematic cross-comparison to discuss the pros and cons of different nanoprobes for STED. In addition, we summarize the major challenges for nanoprobes in STED microscopy and propose an outlook on the future development of nanoprobe-based STED imaging.
NANOPARTICLES FOR STED: CATEGORIES AND BRIEF HISTORY
The nanoparticles applied for STED imaging can be divided into two major categories according to their PL origin (Figure 2). Nanoparticles with organic PL origin including aggregation-induced emission (AIE) dots, polymer dots (PDots), and dye-doped silica nanoparticles (SiNPs) have similar emitting mechanism and properties like molecular dyes, but with improved STED performance. Inorganic nanoprobes like fluorescent nanodiamonds (FNDs), localized plasmonic resonance (LPR) hybrids, quantum dots (QDots), upconversion nanoparticles (UCNPs), and carbon dots (CDots) have energy structure and PL properties different from molecular dyes and, in many cases, are more satisfactory emitters with higher depletion efficiencies.
[image: Figure 2]FIGURE 2 | Categories of STED nanoprobes based on current report. Note that dye-doped SiNPs were classified as organic emitters based on their molecular fluorescence origin.
Organic Emitters
Dye-Doped SiNPs
Dye-doped SiNPs are usually classified as organic emitters due to their molecular PL origin, despite their chemical composition with a large amount of inorganic element (Si). For this reason, the basic optical properties of SiNPs such as photostability and depletion efficiency are highly dependent on the character of the doped molecular dyes.
In 2010s, Kraegeloh and coworkers initiated a series of studies on the SiNPs for STED cellular imaging. At the early stage, large SiNPs with diameter exceeding 100 nm were synthesized, which clearly formed discernable aggregates in living cells (Schubbe et al., 2010). Later, SiNPs with smaller particle size were achieved (Schübbe et al., 2012), allowing for a quantitative measurement on their cellular uptake (Peuschel et al., 2015), demonstrating the realistic applicability of these materials. To further synthesize smaller SiNPs with higher brightness, Kraegeloh and coworkers further modified the fabrication technique by applying a dye-conjugated organosilica reagent (Tavernaro et al., 2017). As a result, particles with smaller size (down to 14 nm) and yet higher fluorophore density were fabricated, which showed higher brightness and better photostability for STED imaging with a limiting resolution of 80 nm.
To achieve higher STED resolution, Qu, Liu, and other coworkers designed and synthesized fluorescent SiNPs by hydrothermally treating saline linkers together with dye molecules (Liang et al., 2020; Figure 3). These as-synthesized sub-2-nm SiNPs showed outstanding photostability and ultrahigh brightness with a photoluminescence quantum yield (PLQY) of 99%, due to the successful elimination of spin–orbit coupling (SOC) of the fluorescein-derived dye. Furthermore, the SiNPs can be effectively depleted with low STED power, which allowed a resolution of up to 19.2 nm (10-fold improved to confocal results) at <40 mW STED power.
[image: Figure 3]FIGURE 3 | Sub-2-nm dye-doped SiNPs for STED imaging (Liang et al., 2020). (A) The morphology and structure illustration of SiNPs. (B) The STED microscopy image of dispersed SiNPs. (C) The plotfile of signal intensities for confocal and STED images. A resolution of 19.2 nm was calculated from the full width at half maximum (FWHM) of the plotfile.
Another success in improving resolution and reducing the STED power requirement was achieved by introducing a nonplanar twist intramolecular charge transfer (TICT) compound DAPF as the emitting core (Man et al., 2019). As a result, a stable and highly efficient STED nanoprobe was fabricated, which achieved a lateral resolution of 60 nm at <1 MW/cm2 STED intensity (∼3 mW in power scale) for cell imaging.
AIE Dots
In 2001, fluorescent molecules with aggregation-induced emission (AIE) feature were first reported by Benzhong Tang and coworkers (Luo et al., 2001). In contrast to conventional aggregation-caused quenching (ACQ) dyes, the AIE fluorophores featured higher emission efficiency in aggregation. Such fascinating character promoted the fast development of the colloidal AIE dots, which have found broad applications in fields of bioimaging, sensing, and theranostics (Hong et al., 2011). According to Tang and coworkers’ pioneer work, the AIE materials are more photostable and showed easier depletion by STED than molecular fluorophores (Yu et al., 2015). To further probe the applicability of AIE dots in STED imaging, Tang et al. designed and synthesized silica-hybridized AIE dots from an AIE molecule TTF (Li et al., 2017). The resultant 24-nm particles reached subdiffraction resolution (∼30 nm) when depleted with a 775-nm STED light (300 mW) and showed a highly stable and nontoxic effect for cellular imaging.
The potential of AIE dots for subcellular tracking in both fixed and living cells and in vivo imaging was further reported (Li et al., 2018; Fang et al., 2017; Xu et al., 2020). Fang and coworkers synthesized carboxylated AIE dots by nanoprecipitation and conjugated them with streptavidin for the STED imaging of microtubules in fixed MCF-7 cells (Fang et al., 2017; Figure 4). Li et al. synthesized positively charged AIE dots by direct precipitation of an amphiphilic AIE molecule and used it to label the mitochondria in living cells for STED imaging (Li et al., 2018). Xu et al. synthesized highly biocompatible AIE dots with PEG passivation for in vitro and in vivo STED bioimaging of living cells and fish-tail microvessels (Xu et al., 2020). The imaging resolution in these works reached 70∼100 nm, but the STED power requirement (100∼150 mW) was close to that for small molecular probes.
[image: Figure 4]FIGURE 4 | Bioconjugated AIE dots for STED imaging (Fang et al., 2017). (A) Synthesis and modification of AIE dots for specific labeling. (B) STED microscopy image of microtubules in MCF-7 cells labeled with AIE dots. (C) Plotfile for confocal and STED imaging results in the selected area.
PDots
PDots, an emerging class of nanoparticles derived from fluorescent semiconductor polymers like poly(9, 9-dioctylfluorene-co-benzothiadiazole) (PFBT) and poly(1,4-phenylenevinylene) (PPV), are ideal bioimaging probes with high brightness, photobleaching resistance, and low toxicity (Wu et al., 2010). Despite the scarcity of relative reports, PDots have proven high potential for STED imaging applications. In 2018, Wu and Fang et al. first adopted 40 nm-sized PDots for STED imaging (Wu Y. et al., 2018). As expected, these particles were highly biocompatible and could be facilely conjugated with molecules like biotin. Intriguingly, the PDots showed very low STED power requirement (<3 W for 70 nm resolution) but high photobleaching resistance. In 2020, the potential application of PDots in STED was further explored (Wu et al., 2020). Red and far-red emitting PDots with ∼30 nm size were synthesized and used for immunofluorescence staining of subcellular targets including membrane protein CD44, tubulins, and lysosomes (Figure 5). Furthermore, a dual-color STED imaging was performed to accomplish the real-time tracking of endosome interactions, which suggested the application potential of these materials as long-term, real-time imaging tags for STED microscopy.
[image: Figure 5]FIGURE 5 | Bioconjugated PDots for STED imaging (Wu et al., 2020). (A) Chemical composition of two PDots. (B) STED imaging of subcellular structures bonded with PDots through immunofluorescence labeling. (C) Application of PDots for real-time tracking of organelle interactions.
Inorganic Emitters
FNDs
FNDs are one of the inorganic nanomaterials initially applied for STED imaging. The PL of these carbon-based nanoemitters comes from defects like nitrogen vacancy centers (NV−) or nitrogen-vacancy-nitrogen (N-V-N) in the nano-sized sp3 diamond crystals, which endows them with red or green fluorescence (Hsiao et al., 2016). Unlike organic fluorophores, the NV− centers are basically non-photobleaching and nonblinking and have longer PL lifetime (∼20 ns), promoting their STED applications.
The covalent crystalline nature of FNDs guarantees its outstanding optical stability under harsh physical/chemical conditions. However, such characteristics also cause difficulty in morphology/functionalization control during the synthesis (Yu et al., 2005). Typically, the size of synthesized FNDs ranged from 30 to 100 nm, which still hampers its application as a subdiffraction imaging tag to a certain extent.
Despite the relatively large particle size of FNDs, the fluorescent NV− centers inside exist at the atomic level, which therefore makes them an ideal target for superresolution imaging. Hell and coworkers first reported the STED imaging with diamond samples with NV− emitting centers with an ultrahigh resolution of ∼6 nm in 2D-STED imaging (Rittweger et al., 2009), a resolution record which was later refreshed to ∼2.4 nm (Wildanger et al., 2012). However, such results can only be obtained with an ultrahigh STED power of several GW/cm2. With a reasonably lowered STED power (∼260 mW, considering the endurance of cells), the lateral resolution in STED imaging of dispersed FNDs was ∼40 nm (Han et al., 2009); otherwise, with a 100-mW STED power, the lateral and the axial resolution of 3D-STED imaging could reach ∼100 nm. On this basis, the potential application of FNDs for STED bioimaging was further explored by Chang and coworkers (Tzeng et al., 2011). To overcome the aggregation tendency of FNDs in physiological environments, Chang et al. modified the FNDs nonconvalently with bovine serum albumin (BSA) to improve their delivery efficiency into HeLa cells for nonspecific labeling. Under a STED power of 180 mW, the lateral resolution of individual FNDs in cells reached 39 nm (Figure 6) in accordance with previous results. Similarly, Laporte and Psaltis performed cell imaging with endocytosed green fluorescence FNDs and achieved ∼90 nm resolution with 130 MW/cm2 STED intensity (Laporte and Psaltis, 2016).
[image: Figure 6]FIGURE 6 | Confocal and STED imaging of HeLa cells labeled with BSA-conjugated FNDs by endocytosis (Tzeng et al., 2011). (A) Confocal image of HeLa cells labeled with FNDs. (B) STED image of single FNDs. (C) Plotfile for confocal and STED imaging results in the region of interest (green line in B).
QDots
QDots are nano-sized semiconductor particles with quantum confinement-induced photoluminescent features (Michalet, 2005). Compared with molecular fluorophores, QDots feature higher brightness and photostability, better monochromaticity, and continuously tunable emission (determined by particle size), which altogether facilitate their applications as imaging probes. Despite their composition with heavy metal elements (Cd, Pb, etc.), the toxicity of QDots is still proved acceptable for in vitro research (Gao et al., 2005). To this day, the technique of immunofluorescence labeling with QDots has been vastly developed, which facilitates their application for superresolution bioimaging.
In brief, QDots have a series of advantages such as small size (generally <20 nm), high brightness, long PL lifetime, and excellent photostability ensuring its potential in superresolution imaging, especially STED imaging where the photostability of probes is always emphasized. However, the application of QDots in STED also enters some challenges due to the unique optical features of these materials. For example, Auger recombination in isolated QDots is known to suppress the stimulated emission of QDots, which lowers the depletion efficiency by STED, especially in smaller dots (Lesoine et al., 2013). Another issue is that the QDots tend to suffer from re-excitation by the STED light, due to their broad absorption and large two-photon absorption cross section, which could cause high background (Larson, 2003).
In 2013, Lesoine et al. reported the first example of STED imaging of individual QDots. To suppress Auger recombination, Lesoine et al. synthesized QDots with a CdS-coated CdSe structure for enhanced biexciton lifetime (Lesoine et al., 2013). An average 40 ± 10 nm resolution was achieved with a 2.0-nJ STED photon power, which was around 10 times improved compared with the confocal resolution (450 ± 90 nm).
In 2015, Hanne and Hell et al. reported the first case of STED imaging with a commercially available CdSe QDot: Qdot705 (Hanne et al., 2015). Despite the significant re-excitation (∼26% of the total emission) by 775 nm STED light, subdiffraction resolutions of 54 nm for single particles and ∼100 nm for labeled vimentin fibers were achieved by subtracting the re-excitation background through a second scan (Figure 7).
[image: Figure 7]FIGURE 7 | STED imaging of vimentin fibers labeled with commercial QDot705 (Hanne et al., 2015). (A) Fluorescence signal acquired by applying excitation + STED, STED light only, and the final image corrected by subtraction. (B) The comparison of resolution of corrected STED image and confocal results. (C) Plotfile for confocal and corrected STED results in the region of interest.
It should be noted that the improvement in imaging quality and suppression of anti-Stokes emission background could also be accomplished by optimizing the emission and depletion wavelength. Our group recently reported the successful STED imaging of green-emitted CdSe@ZnS QDots with a resolution of 21 nm (Ye et al., 2020) under the excitation/depletion of commercially available 488/592 nm lasers. In contrast to Hanne et al.’s report, the STED laser did not evoke detectable anti-Stokes emission of the QDots in this case, which might be a result of the far separation of spontaneous emission tail and the STED wavelength.
Apart from the group II∼VI semiconductor QDots, the recent-emerging lead-halide perovskite QDots also have shown their potential as STED probes (Ye et al., 2018): in 2018, Ye et al. reported the first example of STED imaging with CsPbBr3 QDots. Impressively, a lateral resolution of 20.6 nm was achieved under 39.8 mW STED power.
CDots
CDots generally refer to a class of sub-10-nm luminescent particles mostly made of carbon and other nonmetal elements. Since the first discovery of these materials in 2006 (Sun et al., 2006), CDots have long been considered as promising PL probes for biological applications because of their excellent biocompatibility, high photostability (Wang et al., 2014), tunable emission (Ding et al., 2018), and high PLQY (Jia et al., 2019). By virtue of their unique optical and biochemical properties, CDots have found various applications in the fields of bioimaging and theranostics, both for in vitro and in vivo research.
The first example of CDot-based STED imaging was reported in 2014 by Leménager et al. (2014). Green-emitting CDots with an average diameter of ∼5 nm were incubated with MCF-7 cells, to highlight the lysosomal regions. A resolution of ∼70 nm (>6-fold improvement compared with confocal) was achieved using a commercial Leica SP8 STED confocal microscopy equipped with a 592 nm depletion laser. Pitifully, this pioneer work did not provide much details on the optical performance of CDots under different experimental conditions.
Compared with other nanoprobes, CDots naturally have very small size, which facilitated their transportation into subcellular regions, especially the nucleus. The first attempt to perform nucleus STED imaging with CDots was reported by Han et al. (2019): a green-emitting CDot was synthesized by oxidizing carbon nanoparticles and modified with para-phenylendiamine and 4-carboxybutyl-triphenylphosphonium (PPh3+) bromide to obtain a cation surface. The resultant materials are highly affinitive to the negatively charged nucleic acids and showed enhanced emission and red-shifting while binding DNA or RNA molecules. Based on that, two-colored confocal and STED imaging was realized using CDots as the only probe. A z-stack 3D reconstructed image of the chromosomes was successfully obtained by 3D-STED imaging without severe photobleaching. However, the depletion efficiency, as well as imaging resolution, was not studied in detail. Meanwhile, Hua et al. developed a strategy to synthesis red-emitting carbon dots for cellular nucleus imaging (Hua et al., 2019). A final resolution of ∼140 nm was obtained in the nucleus region, with a 660 nm STED laser applied for depletion.
Despite the unique capability of CDots for nucleus STED imaging, the depletion efficiency and imaging resolution of this material are still under investigation. To this end, our group synthesized F,N-codoped CDots with high PLQY and depletion efficiency (Li et al., 2019). N,F-codoped CDots were synthesized molecular precursors through a one-pot hydrothermal process. The resultant material featured high PLQY (56%), low toxicity, chemical inertness, outstanding photostability, and, above all, high depletion efficiency for STED. Despite the intense emission induced by 592 and 660 nm STED light, these CDs can be efficiently depleted at 775 nm without re-excitation background. The STED resolution of nucleus structure and tunneling nanotubes of CDot-stained 4T1 cells was 19.7 and 75 nm, respectively (Figure 8), and considerably improved compared with confocal imaging results under low STED power (39.6 mW).
[image: Figure 8]FIGURE 8 | STED imaging of living 4T1 cells stained with CDots (Li et al., 2019). (A) Confocal image of 4T1 cells. (B) The comparison of STED and confocal images of cells in the nucleus (II) and tunneling nanotubes (II). (C) Plotfile for confocal and STED results in both regions of interest.
Apart from mammal cells, CDs can also be used for the imaging of microorganisms. Yang and coworkers synthesized cation-modified CDots for the labeling of negatively charged Staphylococcus aureus bacteria and achieved ∼130 nm subdiffraction resolution under STED imaging condition (Yang J. et al., 2016). More recently, Liu et al. visualized Streptomycesxiamenensis with internalized CDots, also by adopting a STED imaging setup (Liu S. et al., 2020).
UCNPs
UCNPs generally refer to inorganic nanoparticles containing rare-earth elements and dopants (e.g., Yb/Tm-doped NaYF4). The luminescence of these materials relies on their multiplex excited state energy influenced by the D and F electron orbits of their metallic component, which combines multiple fascinating characters including the upconverting properties, narrow emission bandwidth, and high photobleaching resistance (Haase and Schäfer, 2011). For decades, the potential bioimaging applications of these materials have been widely explored, taking advantage of their long emission lifetime and near-infrared excitation/emission wavelengths (Chen et al., 2014).
The application of UCNPs for STED-like super-resolved microscopy started in 2010s. Subdiffraction imaging was enabled by manipulating the complex intersystem cross with donut-shaped depletion beams (Kolesov et al., 2011; Wu et al., 2015). However, stimulated emission was not reported in these reports.
The first STED imaging with UCNPs was reported in 2017. Jin and coworkers discovered the amplified stimulated emission in Yb/Tm codoped NaYF4 UCNPs and utilized this phenomenon to depopulate the intermediate excited state and deplete the upconverting emission of UCNPs for the first time (Liang and Liu, 2017; Liu et al., 2017). In this case, the Tm3+ dopant played an important role in the STED process by introducing the essential intermediate energy states (3H4 and 3H6) and enabling the photon-avalanche-like stimulated emission amplification. Unlike most STED setups where the excitation/emission/STED wavelengths each redshift from the left one, the excitation and STED wavelength for UCNPs are shorter than their emission, in order to match the complex energy levels in these inorganic emitters (Figure 9A). For potential bioimaging applications, 13 nm UCNPs were synthesized and imaged with 980 nm excitation and 800 nm depletion light. As a result, a resolution of ∼28 nm (∼1/35 of the excitation wavelength) was reached at 7.5 MW/cm2 STED intensity (Figure 9B).
[image: Figure 9]FIGURE 9 | STED performance of UCNPs. (A) The diagram of involved energy levels in STED process of Tm-doped UCNPs. (B) Particle imaging results and intensity plotfiles of Tm-doped UCNPs with confocal and STED imaging setup (Liu et al., 2017). (C) Confocal and STED images of cell skeletons labeled with UCNPs and corresponding plotfiles (Zhan et al., 2017).
The same year, He, Zhan, and coworkers also independently established results similar to STED imaging with Tm-doped UCNPs (Zhan et al., 2017). He et al. pointed out that the complex cross relaxation in Tm/Tb-doped UCNPs is essential to initiate the STED process, which could be readily enhanced by increasing the content of rare-earth dopants (in accordance with Jin et al.’s conclusion). Different from Jin, He et al. believe the population inversion happened at a higher energy level (1D2) and assigned the stimulated emission of UCNPs under 810 nm (STED laser) irradiation to the 1D2→3F2 transition. A resolution of ∼66 nm was achieved in single-particle STED imaging with 17.7 MW/cm2 STED light intensity. For bioimaging applications, the UCNPs were conjugated with antibodies and used for immunofluorescence labeling of cytoskeleton protein in living HeLa cells, which achieved a resolution of 82 nm (Figure 9C).
To further overcome the slow imaging speed [∼4 ms per pixel (Liu et al., 2017)] due to the slow emission transients of UCNPs, Zhan et al. further developed a fast imaging method based on the previous work (Peng et al., 2019). Herein, the content of sensitizer (Yb3+) was increased to enhance the emission intensity and accelerate emission kinetics simultaneously, which successfully narrowed down the average pixel dwell time for UCNPs-STED to 10 μs, the same as typical STED scanning speed for molecular probes. Besides the most studied Tm/Yb-doped materials, other UCNPs also showed potential for STED imaging, but with a lower depletion efficiency (Krause et al., 2019): Krause and coworkers tested the STED performance of Dy3+- and Eu3+-doped NaYF4 UCNPs with a resolution of 90 nm at 320 MW/cm2 depletion intensity.
Despite the outstanding performance of UCNPs for STED imaging, it should be noted that irremovable re-emission backgrounds occur due to the upconversion excitation, which limits the STED resolution of UCNPs under higher STED laser power. Fortunately, the intensity of such irreversible background amounts to less than 10% of the total emission (Liu et al., 2017; Zhan et al., 2017) and therefore has little influence compared with other issues like particle size and achievable laser power.
LPR Hybrids
The LPR effect of noble metal nanoparticles (Au/Ag) has long been adopted as a powerful tool for PL enhancement (Kneipp et al., 1997; Tovmachenko et al., 2006). In 2012, Sivan et al. first established a theoretical research on the possibility of utilizing LPR of metallic nanomaterial to enhance STED imaging quality (Sivan et al., 2012). In this design, the dye was wrapped in a structured gold nanoshell, which had a LPR absorption tuned to the STED wavelength, that is, red-shifted from the emission of dyes. Such structure benefited the STED applications for several reasons: first, the core–shell structure ensured substantial field enhancement in the center, which enhanced the depletion efficiency of the dye by a factor Γ (that is, reduced the required STED power by Γ−1). Second, the singlet and triplet excited state decay rates were enhanced due to the metallic shell, which alleviated the photobleaching effect. Third, as a result of the first and second effects, it would be possible to apply higher excitation and depletion power for imaging, leading to improvement in the resolution and signal-to-noise ratio of STED. For demonstration, Sivan and coworkers studied a 26 nm gold particle with 10 nm dye-capsuled silica core as a standard model. The calculated resolution of this nanoparticle-assisted STED method (named NP-STED by Sivan et al.) showed a striking 7 times improvement compared with the conventional STED method. Furthermore, theoretical calculation indicated that the performance of this NP-STED method can be further improved by increasing the thickness of the metallic shell. That being said, NPs with smaller particle size have more potential in realistic applications, considering the intrinsic goal of precise localization in STED imaging. In a following research, Sivan further completed the model of NP-STED with different STED pulse durations (including continuous wave STED), in different time-gating conditions (Sivan, 2012). The abovementioned pioneer works on the concept of NP-STED with plasmon-assisted resolution improvement feature were acknowledged and reviewed by Balzarotti and Stefani, who pointed out that compared with nanoshells, metallic nanorods might be more simple and realistic in practice (Balzarotti and Stefani, 2012). Balzarotti and Stefani envisioned a nanorod particle with two LPR peaks (corresponding to transverse and the longitudinal dipolar modes, respectively) that can be adjusted to amplify both the excitation and STED light by near-field effect. Ideally, the fluorescent probe should be attached near the center of this rod for maximal improvement in the STED resolution and signal-to-noise ratio.
In 2014, applicability of the conceptual NP-STED method was finally supported by solid experimental results (Sonnefraud et al., 2014). Herein, Sonnefraud, Sivan, and other coworkers managed to synthesize batches of uniformed hybrid nanoparticles with 60 nm fluorescent cores and 20-nm-thick gold shells. This composite gives a 670-nm emission peak and a 780-nm LPR absorption, the latter of which efficiently overlapped with the STED wavelength. In this case, the depletion efficiency was enhanced by ∼4 times (Γ = 3.8 ± 0.8). The reason for the small Γ value might be due to the existence of background fluorescence of metallic components, which was not considered in the theoretical model. In the experimental work by Cortés, Sivan, and other coworkers, they further improved the results of NP-STED by using gold nanorods instead of shell structures (Cortés et al., 2016). Compared with the former strategy, conjugating dyes onto the rods avoided unwanted quenching of fluorophors nearby the metal, and the overall metal usage was also reduced owing to the more effective LPR effect. As a result, the enhancement of STED can be further facilitated, and the parasitic background of gold luminescence clearly reduced. The confluence of multiple positive effects gives a doubled Γ value of ∼8.5. However, the final imaging resolution of two studies for dispersed particles is only slightly higher than that of the confocal diffraction limits (∼200 nm).
Clearly, further improvement in resolution is required to promote realistic applications of NP-STED in bioimaging. To this end, Hell and Sivan et al. further developed 50 nm LPR hybrid particles with gold core and a silica shell doped with molecular dye Atto488. Such structure led to a variable-field enhancement effect within the particle that decayed as the distance from metallic core increased. As a result, the overall near-field enhancement level is expected to be lower than that of the gold shell or nanorod particles. Interestingly, despite the lower Γ value predicted by calculation (∼1.34 for average particles), the overall performance of this new material actually exceeded the previously reported ones (Urban et al., 2018). Specifically, a final resolution of 75 nm was achieved with a STED power of ∼20 mW (Figure 10), which equaled to a 3.3-fold improvement in resolution with respect to the diffraction limit of confocal microscopy. Meanwhile, the power requirement was ∼1.75 times lower than that needed for the standard dye (8.1∼10 MW/cm2).
[image: Figure 10]FIGURE 10 | STED performance of typical LPR hybrids (Urban et al., 2018). (A) The transmission electronic microscopy (TEM) image of LPR hybrids synthesized by Urban et al. (B) Confocal and STED imaging results of single LPR hybrid particles. (C) The comparison of resolution enhancement for dye-doped particles with and without (control) LPR effect under different STED powers.
It is also worth noting that the LPR field enhancement effect is a versatile tool that not only amplifies STED effect but also modulates the excitation-emission dynamics and, in some cases, entirely alters the characteristics of the original spontaneous fluorescence. A good example was given by the surface plasmon laser (spaser) technique, in which surface plasmon of noble metals was used to induce the lasing emission of fluorophores in hybrid nanoparticles (Galanzha et al., 2017). The resultant emissions are highly efficient, monochromatic, and stable, which all benefit their potential bioimaging applications. Recently, Kang and coworkers demonstrated the first example of spaser-based STED (Gao et al., 2020). Similar to the conventional STED process, the depletion of spaser emission power under increasing STED laser power corresponds well with the typical square root law. However, the role of metallic plasmon in this case is quite different from that of the NP-STED model. As depicted in Figure 11, the plasmonic cavity facilitates the spaser emission from the T2 energy level, while the depletion by STED happened on the S1 level (which corresponds to the spontaneous fluorescence of the bare dyes without spaser construction). Such configuration is quite the opposite of most STED processes but yields similar resolution improvement. With a 300-mW STED power, the spaser probe proved a ∼74-nm resolution, together with an ultranarrow emission bandwidth of ∼10 nm.
[image: Figure 11]FIGURE 11 | STED performance of spaser nanoprobe (Gao et al., 2020). (A) The energy diagram of spaser in STED; notice that the energy of STED light is higher than the spontaneous emission energy. (B) Typical emission spectra of spaser (black solid) and the original dye (red dotted). (C) Resolution enhancement from confocal to STED imaging and the corresponding plot files.
PROS AND CONS OF STED NANOPROBES: SYSTEMATIC COMPARISON
To further illustrate the advantages and disadvantages of different STED nanoprobes, herein we systematically cross-compare these materials with molecular STED probes in terms of morphology and functionalization, optical performance, and STED bioimaging utility.
Morphology and Functionalization
Particle Size
The currently reported STED nanoprobes have different sizes ranging from ∼2 nm to slightly over 100 nm (see Table 1; Figure 12A). The larger size of these materials compared with molecular probes (mostly <1 nm) raised several issues, which may interfere with the STED imaging quality. For example, the labeling density of nanoparticles is inevitably lower than that of molecules, due to their larger size (Figure 12B; Wu et al., 2020). Furthermore, nanoparticles beyond ∼30 nm suffer from insufficient transportation into and within cells, which might lead to poor targeting ability in bioimaging (Schübbe et al., 2012). Particles with even a larger size might induce an unneglectable steric effect, which severely interferes with subcellular targeting and may cause potential cellular damage, and meanwhile also put a physical limitation on the resolution (Schubbe et al., 2010; Prabhakar et al., 2013).
TABLE 1 | Summary of the particle sizes and surface functionalizing methods for STED probes.
[image: Table 1][image: Figure 12]FIGURE 12 | (A) Size distribution of reported STED nanoprobes (also see Table 1). (B) The observation of discontinuous labeling of nanoparticles due to steric effect (Wu et al., 2020).
Fortunately, the size control method of most colloidal materials is mature nowadays, and sub-30-nm-sized NPs, including UCNPs (Liu et al., 2017; Zhan et al., 2017), SiNPs (Liang et al., 2020), AIE dots (Fang et al., 2017; Li et al., 2017; Li et al., 2018), PDots (Wu et al., 2020), and QDots (Lesoine et al., 2013; Hanne et al., 2015; Ye et al., 2018; Zhao et al., 2019), have all been successfully fabricated for STED applications, some of which are even commercially available (Hanne et al., 2015; Zhao et al., 2019). CDots (Leménager et al., 2014; Wang et al., 2017; Han et al., 2019; Hua et al., 2019; Li et al., 2019), on the contrary, are naturally nano-sized (<10 nm) and are well known for their fast transport dynamics across membranes (Lu et al., 2019). For FNDs and LPR nanohybrid particles, the smallest particle size in reported STED imaging cases is 40∼50 nm (Tzeng et al., 2011; Urban et al., 2018). However, such limitations could be overcome, as the synthesis of smaller particles has also been reported (Liu P. et al., 2020; Ma et al., 2020).
In this sense, despite a few cases, the disadvantages of large particle size have been well addressed for most STED nanoprobes. Subsequently, synthesizing sub-5-nm-sized nanoparticles (Hua et al., 2019; Liang et al., 2020) should be the next target, as they in principle could provide a better biological and optical performance without losing the ultrafine targeting ability of molecular probes.
Functionalizing Methods
Compared with molecular dyes or FPs, the modification of nanoparticles faces more challenges due to significant steric effects. Still, many applicable functionalizing methods have been put forward, and some have proved applicable for the modification of STED nanoprobes (see Table 1).
Nanoparticles with full organic composition (AIE dots and PDots) usually consist of highly carboxylated surficial structures (Fang et al., 2017; Wu Y. et al., 2018; Wu et al., 2020). Such characters enable the facile functionalization of these particles with aminated molecules or proteins through the highly efficient amidation catalyzed by N-hydroxysuccinimide (NHS) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC). For carbon materials like FNDs or CDots, surficial carboxyl groups can be induced by chemical oxidation (Tzeng et al., 2011; Han et al., 2019). Despite that, FNDs still suffer from severe aggregation tendency and have only been successfully passivated by a noncovalent method, due to their large size (Tzeng et al., 2011). Comparatively, nano-sized CDots can be more easily functionalized by chemical methods, utilizing either their carboxyl (Han et al., 2019) or amine groups for modification (Yang J. et al., 2016). Such strategies have been adopted to produce CDot probes for the targeting of different organelles in living cells (Wu X. et al., 2018), which might play important roles in STED imaging.
By contrast, nanoprobes with inorganic surface undergo more complicated functionalization routes. For SiNPs, their surficial Si-OH groups are not very reactive with most linkage groups (carboxyl, amine, etc.). Therefore, the functionalization of SiNPs is mostly performed through silane linkers like APTES before further modification with functional molecules by amidation (Schubbe et al., 2010; Schübbe et al., 2012; Man et al., 2019). This might lead to an increase in particle size during the modification, altering the biodistribution of these probes, especially for smaller particles.
Inorganic emitters with metal element on their surface (QDots and UCNPs) can be functionalized with ligands that introduce active functional groups, which further enable the fabrication of bioconjugates for immunofluorescence label (Hanne et al., 2015; Zhan et al., 2017). At present, such strategies have been fully developed and utilized in commercially available QD probes. Meanwhile, gold-shelled LPR hybrids can be directly modified with streptavidin and further bound with biotinylated structures (Cortés et al., 2016).
Optical Performance
The optical performance of different nanoparticles can be compared in the following different dimensions (see Table 2).
TABLE 2 | Summary of photostability and saturation intensities for STED probes.
[image: Table 2]Photostability
Generally speaking, nanoparticle probes, compared with molecular probes, are more stable against photobleaching, which benefits their applications in long-term and 3D-STED imaging (Han et al., 2009; Ye et al., 2018; Han et al., 2019). The increased photostability of nanoparticles can be explained in several ways. First, the compact nanostructure of these materials separated the photoluimincent centers from environmental oxygen, thus effectively alleviating the photo-oxidation effect, which causes permanent bleaching of fluorophores. Second, the compact fluorophores and/or solid media provide additional intramolecular relaxation pathways, which also help alleviate photobleaching.
Inorganic emitters like QDots, UCNPs, and FNDs perform well under intense irradiation (×101∼2 MW/cm2) for ∼1 h (Han et al., 2009; Rittweger et al., 2009; Lesoine et al., 2013; Hanne et al., 2015; Laporte and Psaltis, 2016; Zhan et al., 2017; Ye et al., 2020), due to the high stability of inorganic crystalline structures compared with linear covalent bonds. Specifically, FNDs are highly stable to extremely high STED power (several GW/cm2), which allows nanoscale STED resolution comparable to electronic microscopy (Rittweger et al., 2009; Wildanger et al., 2012).
CDots are usually considered as highly photostable materials that endure tens of MW/cm2 STED power (Leménager et al., 2014; Wang et al., 2014; Li et al., 2019), but there are also evidence that some of the CDots are not as stable as typical inorganic nanomaterials (still, more stable than molecular fluorophores) (Hua et al., 2019), which suggests that their fluorescence might be related to embedded fluorophores rather than crystalline carbon cores (Qu and Sun, 2020).
Condensed organic nanoparticles like AIE dots and PDots are also resistant to photobleaching and can typically perform continuous STED imaging for up to 1∼2 h with over 50% fluorescence intensities remaining (Li et al., 2017; Wu Y. et al., 2018; Wu et al., 2020). Compared with other nanoparticles, dye-doped SiNPs suffer most from photobleaching, as their fluorescence originates from dispersed molecular emitters (Tavernaro et al., 2017). This issue can be addressed by either introducing metallic LPR structures (Sivan et al., 2012) or eliminating SOC by material engineering (Liang et al., 2020), which enhances their photostability to an acceptable level, similar to other nanoparticles.
Saturation Intensity
Saturation intensity is another crucial property of STED nanoprobes. In a typical STED imaging setup, the resolution is given as
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where ISTED and Isat are the applied STED power and the saturation power of the materials, respectively. Considering the resolution limit for confocal imaging,
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For most molecular and protein STED probes, their Isat values range from 101∼2 MW/cm2 (Hein et al., 2008; Bianchini et al., 2012). In this sense, the STED power required to achieve ∼100 nm resolution (approximately 2∼4 times improved from the limiting resolution of confocal imaging) easily exceeded 100 MW/cm2, which causes potential cellular damage and severe photobleaching. Apparently, lowering the Isat value could help reducing the STED power requirement and improve the STED imaging quality. According to Schrof and Hell et al. (Schrof et al., 2011), the saturation intensity of a STED probe is determined by
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with hν being the photon energy, σ the cross section for stimulated emission, and τ the PL lifetime. Compared with the dispersed molecular emitters, the compact nanoemitters typically show higher brightness and larger optical cross sections, which contribute to a lower saturation intensity or, equally, higher depletion efficiency. Furthermore, inorganic emitters like UCNPs and QDots typically have a longer PL lifetime (×10 ns), which also contribute to their low saturation intensity values. To this day, nanoprobes like UCNPs (Liu et al., 2017; Liang and Liu, 2017), QDots (Ye et al., 2020; Ye et al., 2018), CDots (Li et al., 2019), and SiNPs (Liang et al., 2020; Man et al., 2019) have been reported with an ultralow saturation intensity of 10–1 MW/cm2, which are 2∼3 magnitude lower than that of typical molecular STED probes. For FNDs, the lowest reported saturation intensity for N-V and N-V-N defects was 1 MW/cm2 (Han et al., 2009) and 2.5 MW/cm2 (Laporte and Psaltis, 2016), respectively, slightly lower than that of molecular probes.
It should be noted that compared with other materials, the saturation intensities of SiNPs may vary a lot according to the specific type of dyes used for doping. For example, SiNPs doped with the Atto647N dye showed STED power requirement (100∼400 MW/cm2) similar to that of the bare dyes (Tavernaro et al., 2017). Meanwhile, SiNPs doped with specially designed fluorophores (non-SOC (Liang et al., 2020) or non-ACQ (Man et al., 2019)) showed an ultralow Isat of ∼10–1 MW/cm2.
The exact saturation intensity values of AIE dots and PDots are absent from the literature, which can be estimated according to their power requirement for STED imaging. For AIE dots, their saturation intensities are estimated to be in the range of 101∼2 MW/cm2, judged from both the STED power requirement for imaging (>100 mW) (Fang et al., 2017; Li et al., 2017; Li et al., 2018; Xu et al., 2020) and the comparison of their depletion efficiency with molecular probes like coumarin (Yu et al., 2015). Although their depletion efficiency is similar to that of molecular dyes, the achievable resolution has been improved (Li et al., 2017) due to their higher endurance to STED photons. For PDots, the saturation intensities are estimated to be ∼10–1 MW/cm2.
LPR hybrids have smaller saturation intensity values than the original dyes used in the hybrid, which are determined by
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where Isat’ is the effective saturation intensity of LPR hybrid, Isat is the saturation intensity value of the dyes, and Γ is the factor describing the enhancement of depletion effect induced by LPR. So far, the reported Isat’ of LPR hybrids is still limited to ∼5 MW/cm2 (Sonnefraud et al., 2014; Urban et al., 2018), partially due to the high Isat value of the molecular dyes used in the hybrids.
Excitation/Emission Features
Basic excitation/emission features of the probes, such as PLQY, fluorescence lifetime, and potential re-excitation, play important roles in the STED bioimaging.
PLQY values indicate how efficient the fluorescent probe converts excitation light into emission signals. Probes with higher PLQY may provide a better signal-to-noise ratio in imaging similar excitation and depletion conditions. Herein, the reported PLQY values of different nanoprobes for STED imaging are summarized, as shown in Table 3. FNDs and QDs showed highest average quantum yield above ∼70%, followed by CDots, PDots, and AIE dots, whose PLQY varied between 10 and 60% depending on the specific materials. The PLQY of SiNPs and LPR hybrids is highly dependent on the doped dyes and may reach a near-unity level with optimized condition (Liang et al., 2020). As for UCNPs, although their PLQY was not provided in relative research, the values are estimated to be <5% according to relative research on similar materials (Chen et al., 2012). The relative low-emitting efficiency however can be compensated by applying higher excitation power [1 mW (Liu et al., 2017) or 700 kW/cm2 (Zhan et al., 2017)], which has been performed in STED imaging.
TABLE 3 | Summary of excitation/emission features for different STED nanoprobes.
[image: Table 3]In terms of PL lifetime, most STED nanoprobes including organic emitters (AIE dots, PDots, and dispersed dye molecules) (Li et al., 2017; Liang et al., 2020), FNDs (Rittweger et al., 2009), QDots (Ye et al., 2020), and CDots (Li et al., 2019) have short PL lifetime ranging from 1 to 20 ns, which allows fast scanning speed and similar time-gating setup similar to molecular probes for the improvement in STED imaging quality (Wang et al., 2018). The pixel dwell times of these nanoprobes are therefore typically shorter than 1 ms. The only exception was FNDs (1∼10 ms per pixel), which required longer pixel dwell times to compensate for the low signal intensities under extreme STED power. UCNPs however have much longer lifetimes scale up to μs due to complex intersystem relaxation (Liu et al., 2017), which leads to a much longer dwell time per pixel (typically 1∼10 ms) than other probes. Although increasing the content of sensitizer ion may accelerate the emission kinetics (Peng et al., 2019), it might also increase the power requirement for STED imaging, as suggested in Eq. 3.
The re-excitation in STED imaging refers to a situation where the STED light alone induces unneglectable emission of the probes. In this case, a parasitic background fluorescence always exists and even enhances in the donut-shaped STED light irradiated region, which leads to dim halos in the image and prevent the further improvement in resolution (Figure 7). So far, nanoprobes including QDots, CDots, UCNPs, and LPR hybrids have witness re-excitation in their STED applications (see Table 3). For QDots, the re-excitation intensity might reach up to 26% of the total emission, which clearly damaged the imaging resolution and signal-to-noise ratio (Hanne et al., 2015). This issue however can be facilely addressed by rationally selecting a longer STED wavelength located apart from the tail of QDots’ emission (Ye et al., 2020). Similarly, the re-excitation of CDots could also be avoided by using STED light with a longer wavelength (Li et al., 2019). The re-excitation of UCNPs, on the other hand, is difficult to avoid, due to their multiplex energy levels that pick up anti-Stokes excitations easily. Luckily, the re-excitation observed in UCNPs is not very intense (<10% as reported in (Liu et al., 2017) and <4% as reported in (Zhan et al., 2017)) and therefore can be omitted during the imaging. The re-excitation of LPR hybrids originates from their metallic fluorescence, which can be distinguished from the fluorescence of doped dyes by time-gating (Sonnefraud et al., 2014). Meanwhile, PDots, AIE dots, and FNDs are mostly free from re-excitation due to their relatively large Stokes shift (>100 nm), apart from occasional exceptions (Li et al., 2017).
Besides the careful selection of STED wavelength, the re-excitation can also be eliminated by other experimental or instrumental methods. For example, by applying STEDD (stimulated emission double depletion) imaging with two depletion pulses, the re-excitation background can be effectively subtracted (Gao and Ulrich Nienhaus, 2017). In other situations, the anti-Stokes emission background evoked by depletion laser generally has a shorter PL lifetime compared with the down-converted fluorescence, which therefore allows time-related background subtraction by gated STED or STED-FLIM technology (Wang et al., 2018; Ma and Ha, 2019). Another known solution is to apply adaptive STED illumination, aka the DyMIN (Dynamic intensity MINimum) method, which not only eliminates re-excitation but also alleviates photobleaching at the same time (Li et al., 2020). Still, the abovementioned methods pose high instrumental requirements that might not be satisfied by most STED devices.
STED Bioimaging Utility
The actual STED bioimaging utility of nanoparticles is determined by multiple factors, including the biocompatibility, targeting, real-time tracking ability, and power requirement.
Biocompatibility
To meet the requirements of bioimaging, especially for living cells and long-term applications, the nanoprobes must be biocompatible and nontoxic in usage. The cytotoxicity of all nanoprobes applied for STED has been extensively studied (Soenen et al., 2011; Luo et al., 2013; Wolfbeis, 2015; Reisch and Klymchenko, 2016). The conclusion can be summarized as follows:
In terms of chemical composition, materials like SiNPs, AIE dots, PDots, FNDs, and CDots that consist of nonmetal elements are generally biocompatible and nearly nontoxic with a concentration of several tens of μg/mL, which is normally 5∼10 times higher than the working concentration used in imaging. Still, it should be noted that materials with large size (∼100 nm) and/or aggregation tendency might induce cellular damage in long-term studies. This particularly limits the usage of bare SiNPs and FNDs, as their surface composition is hydrophobic and might form agglomerates under physiological conditions (Schubbe et al., 2010; Tzeng et al., 2011). Meanwhile, inorganic nanoparticles like QDots, UCNPs, and LPR hybrids contain heavy metal elements, resulting in potential long-term toxicity, especially for in vivo imaging. Fortunately, since the toxicity of inorganic nanoparticles can be largely alleviated by bioconjugation and the dosages required for imaging are generally low, the toxicity of these materials for cellular imaging has proved acceptable (Gao et al., 2005).
Another important issue however is the phototoxicity of nanomaterials. This concern comes from two major aspects. First, a number of nanomaterials have been applied in photodynamic therapies (Cheng et al., 2014), suggesting their toxicity under continuous irradiation. Second, under the continuous irradiation of STED light, some nanoprobes such as LPR hybrids showed a considerable photothermal effect (Cortés et al., 2016) that might damage the living samples, which should be taken into account in the toxicity assessment of STED nanoprobes. However, little work has been applied, except for individual reports on the low phototoxicity of PDots (Wu et al., 2020).
Specific Targeting
There are two major strategies to create specific-targeting nanoparticles. The first one is the immunofluorescence method, which is a universal method that allows the specific targeting of interested subcellular structures such as microtubules. Small-sized (<30 nm) particles like AIE dots, PDots, ligand-modified QDots, and UCNPs have all been demonstrated for subcellular targeting by the immunofluorescence method (Fang et al., 2017; Wu et al., 2020; Hanne et al., 2015; Zhan et al., 2017; Urban et al., 2018) (see Table 4). However, the immunofluorescence method in most cases is adapted for fixed cell, as the transportation of antibodies across the membrane requires enhanced permeability. Another problem with immunofluorescence staining is that the steric effect of nanoparticles might induce discontinuous label, which might lead to a false-dotted signal, especially when higher imaging resolutions are achieved (Wu et al., 2020). It is also worth noting that the ability of immunofluorescence labeling is also limited by the size and dispersibility of materials, as silica particles and FNDs with aggregation tendency under physiological environments have proved not to be suitable for specific targeting so far (Schubbe et al., 2010; Schübbe et al., 2012; Prabhakar et al., 2013; Prabhakar et al., 2018).
TABLE 4 | Summary of representative works on STED nanoprobes for bioimaging.
[image: Table 4]As the other option, active targeting in living cells is mostly facilitated by introducing charge and hydrophobicity/hydrophilicity through material design. For example, introducing hydrophobic cation structures might endow CDots and PDots with mitochondrial targeting ability (Li et al., 2018; Geng et al., 2019), while strong positive charge on an overall hydrophilic material might introduce affinity toward nucleic acids (Han et al., 2019). In some cases, the targeting of lysosomes or endosomes can also be achieved by utilizing the retention tendency of nanomaterials in these organelles (Leménager et al., 2014; Wu et al., 2020).
Real-Time Tracking
Bioconjugated PDots have been applied to label endosomes with different caveolins and study their interaction in real time (Wu et al., 2020). Meanwhile, CDots and AIE dots with engineered surface charge have been used to perform real-time tracking on nucleus (Han et al., 2019) and mitochondrial (Li et al., 2018) activities (see Table 4).
The real-time tracking ability of STED nanoprobes is highly influenced by their imaging speed. Generally, a dwell time of <10 μs per pixel or several seconds per frame is considered acceptable for real-time tracking applications (Peng et al., 2019). For nanoparticles, two issues might decrease imaging speed and reduce their real-time tracking abilities. Firstly, STED light alone could excite the probes in some cases, which severely slows down the imaging acquisition as a second-time scanning, and thus, calculation is required to remove the background noise (Hanne et al., 2015). Fortunately, such inconvenience can be avoided by either selecting suitable STED wavelengths (Ye et al., 2020) or applying time-resolved methods for background elimination (Castello et al., 2017; Wang et al., 2018; Ma and Ha, 2019). The second issue that interferes with the STED imaging efficiency is the prolonged dwell time due to longer PL lifetime of materials. This is particularly significant for UCNPs, whose PL lifetime scales up to μs and leads to ultralong dwell time per pixel exceeding 1 ms (Liu et al., 2017). For the time being, this issue can only be addressed by accelerating emission kinetics through adjusting the material composition (Peng et al., 2019).
Resolution and Power Requirement
The resolution of STED nanoprobes is limited by three major factors, namely, the size of particles, the depletion efficiency, and endurable imaging power. As discussed above, most reported STED nanoprobes have reached the size below 30 nm, providing little limit in the resolution of imaging (typically 30∼200 nm). The only exception was FNDs, which have achieved a higher resolution than particle size limitations (Rittweger et al., 2009; Wildanger et al., 2012). Still, considering the endurance of imaging samples toward STED irradiation, the bioimaging resolution was limited to ∼40 nm with a 180 mW STED power (Tzeng et al., 2011).
The power requirement and single-particle resolution of nanoprobes are basically determined by their saturation intensities. Materials like QDots, CDots, SiNPs, and UCNPs have achieved saturation intensities below 0.25 MW/cm2, allowing ∼30 nm single particle resolution with a low STED power of <50 mW or intensity <20 MW/cm2. As for AIE dots and LPR hybrid NPs, the power requirement for STED is typically 2∼4 times higher (100∼200 mW), while the overall resolutions are limited (∼70 nm), except for individual cases with ultrahigh STED power (312.5 mW, ∼30 nm) (Li et al., 2017). In comparison, the currently reported PDots for bioimaging typically require a very low STED power of <5 mW, while providing a final resolution of ∼70 nm (Wu Y. et al., 2018; Wu et al., 2020) (see Table 4).
Multicolor STED Imaging
Multicolor STED imaging is a powerful tool for the study of nanoscale interactions in living organisms (Meyer et al., 2008). The successful multicolor STED imaging depends on two major conditions. First, the emission spectra of different probes should be distinguishable with minimal crosstalk. Secondly, identical STED and excitation wavelength should be applied for multicolor imaging if possible, in order to avoid locating error. For the first requirement, the emitting bandwidth of probes should be as narrow as possible (ideally <20 nm), which might be resolved by materials like QDs (Ye et al., 2018), UCNPs (Zhan et al., 2017), and some LPR hybrids (spaser) (Gao et al., 2020). The second requirement asks for large Stokes shifts, which can effectively avoid re-excitation and allow the application of a single STED wavelength for probes with different emissions. So far, this requirement has only been fulfilled by PDots (Wu et al., 2020), which however typically has a broad emission band.
CONCLUSIONS AND OUTLOOK
Developing nanoprobes for STED imaging provides a valuable view on improving the STED imaging quality from a material perspective. These materials showed overall high brightness, photostability, and depletion efficiency. Furthermore, a variety of nanoprobes have demonstrated their applicability in realistic bioimaging of subdiffraction biostructures, both in fixed and living cells. Despite the abovementioned success, the steric effect, potential toxicity, and difficulties in modification of these materials still propose concern in their future development.
In order to reach the full potential of nanoprobe-based STED microscopy, the most important issue to address is perhaps their particle sizes. A reasonable future target for STED nanoprobes would be synthesizing particles with 2∼5 nm lateral size. The importance of the size might be important for STED imaging and could be explained as follows: first, considering the current single particle resolution limit of ∼20 nm, sub-5-nm particles in principle could have avoided significant discontinuous labeling in bioimaging. Second, it has been proved that sub-5-nm particles could be efficiently cleared from organisms after imaging (Soo Choi et al., 2007), which makes them safer imaging probes regardless of chemical composition. Third, smaller particles have a relatively larger surface area, which provides sufficient modifying spots for the tuning of their targeting ability. Meanwhile, it is also true that due to the size effect, particles smaller than 2 nm might become highly active and are hard to fabricate, stabilize, or modify. Also, the emission wavelength of particles like QDots and CDots is highly dependent on their size, and particles below 2 nm in diameter might show highly blue-shifted spectra, which would cause a higher phototoxicity in bioimaging.
Currently speaking, the development of STED nanoprobes is still in a primitive stage, where different types of nanomaterials are manufactured, tested, and measured in STED microscopy. However, introducing nanoprobes into STED should go beyond supplementing the library of fluorescent probe. Taking the unique chemical/physical properties of nanomaterials into account, we believe the vast potential of these materials in STED microscopy is yet to be fully realized.
Exploring Imaging Applications for Microorganisms
Considering the growing concern on human health crisis caused by microorganisms, such as the occurrence of superbacteria with antibiotic resistance and the recent outbreak of coronavirus, real-time and superresolution bioimaging of microorganisms is becoming more and more important. STED imaging might provide crucial tools for systematic study of their behavior, infecting mechanism and potential cure, and the application of nanoprobes in this scenario is worth expecting. Currently, only CDots have been applied for bacteria STED imaging (Yang J. et al., 2016; Liu S. et al., 2020), and the potential of STED nanoprobes for microorganism imaging still needs further exploration.
Utilizing Nanoprobes as Multifunctional Theranostic Platform
Compared with small molecules, nanoparticles are considered as more of platforms than fluorescent tags in their nature. Their microscopic size, large surface area, and improved stability are all in favor of creating multifunctional hybrid materials for theranostics applications (Kelkar and Reineke, 2011). It is promising to cooperate the subdiffraction STED imaging ability with mass delivery, catalysis, energy conversion, and photochemical functions which could allow in situ and real-time observation of the physical/chemical process, especially during a classical theranostic process with nanomaterials. The knowledge of biophysics at nanoscale acquired with this tool might deepen our understanding on the actual performance of nanomedicine and how to achieve better therapeutic effects.
Nanoprobes for Multimode Superresolution Imaging
Subdiffraction imaging methods including STED, PALM, STORM, and SIM together with electronic microscopy provide an individual tool to achieve nanoscale resolution. However, cooperating different methods might provide further structural information of the interested biotargets. Many STED nanoprobes can also be utilized in other superresolution imaging methods (Dertinger et al., 2009; Yang X. et al., 2016; Chen et al., 2017; Zhi et al., 2018), which in principle allow multimode superresolution imaging with the same material (Denkova et al., 2019). Furthermore, inorganic nanomaterials like FNDs provide high contrast in TEM, which have enabled the cooperation of STED and TEM for cellular research (Prabhakar et al., 2018).
From STED to Beyond
The STED imaging method itself undergoes fast development and has become very mature nowadays, as the resolution, imaging speed, and photon efficiency have greatly improved (Heine et al., 2017; Eilers et al., 2018). Meanwhile, novel imaging methods specifically applicable for nanoprobes relying on STED or STED-like imaging setups have been developed, most of which can be assigned to the concept of reversible saturable optical fluorescence transition (RESOLFT) imaging proposed by Hell et al. (Hofmann et al., 2005). By triggering fluorescence depletion through other saturation pathways (e.g., by exciting the fluorophore into a metastable dark state), the shrinking of PSF can be realized, in many cases, with much lower saturation intensities (1∼2 magnitude lower than the corresponding STED Isat). For many nanoprobes like QDots (Irvine et al., 2008; Xu et al., 2014; Kianinia et al., 2018), FNDs (Han et al., 2010), UCNPs (Kolesov et al., 2011; Wu et al., 2015), and CDots (Khan et al., 2015), such pathways have been discovered, and some were even utilized for STED-like subdiffraction imaging.
Another idea to perform STED-like imaging was to get rid of the central excitation beam and using the donut-shaped beam as the only excitation/saturation source. Resultantly, dark spot in a circle of dim light occurs, indicating the location of nanoparticles (Chen et al., 2018). Furthermore, the idea of STED-like microscopy can be broadened beyond fluorescence imaging, such as the suppression of scattering imaging (SUSI) method with plasmonic gold nanoparticles (Xu et al., 2018).
With all the abovementioned success, we firmly believe that the mutual development of nanomaterials and STED/STED-like imaging technique shall continuously provide new perspectives in achieving superresolved imaging both in space and time, shedding new lights into the subdiffraction bioimaging.
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Far field single molecule localization microscopy (SMLM) has been established as a powerful tool to study biological structures with resolution far below the diffraction limit of conventional light microscopy. In recent years, the applications of SMLM have reached beyond traditional cellular imaging. Nanostructured interfaces are enriched with information that determines their function, playing key roles in applications such as chemical catalysis and biological sensing. SMLM enables detailed study of interfaces at an individual molecular level, allowing measurements of reaction kinetics, and detection of rare events not accessible to ensemble measurements. This paper provides an update to the progress made to the use of SMLM in characterizing nanostructured biointerfaces, focusing on practical aspects, recent advances, and emerging opportunities from an analytical chemistry perspective.
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INTRODUCTION

At the heart of measurement science lies the need to find answers to the following questions: 1. What is in the sample? 2. In what amount? The same questions are being asked repeatedly in applications including (but not limited to) drug discovery, environmental monitoring, cancer diagnostics, and SARS-COVID19 testing etc., all of which have broad social impacts on a global scale. However, asking questions is easy, finding answers to them are often hard, especially when the concentration of analytes is low and signals difficult to detect.

Single Molecule Localization Microscopy (SMLM) represents a class of fluorescent super-resolution imaging technique capable of detecting individual molecules with resolution at least a magnitude lower than the diffraction limit of conventional light microscopy. First demonstrated in 2006 and winning the Nobel Prize in Chemistry in 2014 (Dickson et al., 1997; Betzig et al., 2006; Rust et al., 2006; Moerner, 2015a,b), the elegant and robust design of SMLM allows direct observation of fluorescent molecules with resolution at molecular length scale using a standard bench-top microscope. The typical lateral resolution of SMLM is around 20 nm, and the axial resolution is below 100 nm (von Diezmann et al., 2017; Pan et al., 2018, 2019). Being a far field technique which can rely on large field-of-view detectors (Huang et al., 2011; Long et al., 2012; Ma et al., 2013), SMLM enables the probing of millions of single molecules simultaneously, which is hard to achieve with near-field scanning techniques. This has made SMLM an ideal tool for studying biosensing interfaces such that rare events can be detected and sample heterogeneity studied to enable building quantitative relationships inaccessible to ensemble studies (Titus and Willets, 2013a,b; Blythe et al., 2014; Nicovich et al., 2017; Pan et al., 2018; Cheng et al., 2019; Xing et al., 2019). Here, we provide a short account on the advances of using SMLM in the study of biosensors, focusing on application aspects, and recent progresses in the past several years.



BASICS OF SMLM

The foundations of SMLM have been reviewed thoroughly elsewhere, therefore they are only covered briefly due to the limited scope of this mini review (Moerner, 2015a,b). Fundamentally speaking, there are two building blocks to the mainstream SMLM techniques: scholastically photo-switching single molecules, and super-reconstruction. Briefly speaking, the process work via (1) accurate localization of point spread function (PSF) from single emitters, and (2) using various methods to allow only a limited number of emitters to be in the “ON” state so that (1) can be applied to each image plane to allow super-reconstruction, such as an early demonstration shown by Betzig et al. (2006) (Figure 1).


[image: Figure 1]
FIGURE 1. The first SMLM demonstrated with fluorescent proteins in 2006 (Betzig et al., 2006). A series of diffraction limited images were acquired, and to each image PSF for single emitters were localized with accuracy typically below ~20 nm and image reconstructed to form the final image. Copyright with permission from Science.



Typical Methods to Induce Single Molecule Blinking

As a fluorescence technique, one of the requirements of SMLM is to observe probe molecules randomly switch between fluorescent “ON” and “OFF” states. After first observation of such phenomena in fluorescent proteins at room temperature in the late 1990s (Dickson et al., 1997), the past two decades have seen numerous SMLM probes developed and methods to blinking control (Li and Vaughan, 2018). Usually, fluorophores are more likely to stay in the fluorescent “ON” state. In practice, the challenge is often to find ways to extend the length of the “OFF,” or dark state, and to develop methods to reduce labeling density. Among the various approaches reported, three approaches have been established, and are the most frequently used in the today's mainstream SMLM.

The first is direct photos-switching of immobilized fluorophores in a buffered environment (Nahidiazar et al., 2016) (Figure 2, top). This is the most commonly used approach in SMLM, with many examples demonstrated represented with dSTORM, STORM, PALM, etc. (van de Linde et al., 2011). A carefully designed buffer environment requires: (1) an oxygen-removing reaction, which typically involves glucose oxidation and this also reduces photo bleaching. (2) A reducing agent, such as β-mercaptoethanol or Tris(2-carboxyethyl)phosphine (TCEP), is often added to drive the fluorophores into the dark states (Vaughan et al., 2013), typically with the Alexa fluorophore family (e.g., Alexa 647). (3) Additional reagents, such as the enzyme horseradish peroxidase was used to reduce the amount of hydrogen peroxide, a radical generator. This is the most widely adopted approach to induce photo-switching for SMLM, and numerous studies have been reported in literature (Sauer and Heilemann, 2017).


[image: Figure 2]
FIGURE 2. Three typical methods to introduce single molecule blinking. A carefully designed buffer environment extends the length of the “OFF” state (van de Linde et al., 2011; Sauer and Heilemann, 2017; Li and Vaughan, 2018) (Top). In PAINT, blinking control is achieved by transient adsorption of the imaging strand to the binding strand immobilized on the substrate (Jungmann et al., 2010; Stein et al., 2019) (Bottom). Triplet mediated blinking can be controlled in the gas phase without the use of solution environment once oxygen is removed and lifetime of triplet state extended (Ha and Tinnefeld, 2012; Blythe and Willets, 2016; Cheng et al., 2019) (Right). (A) Without oxygen removal. (B) Oxygen removed. (C) With an inefficient triplet quencher. (D) With an efficient triplet quencher. Copyright with permission from the American Chemical Society and Nature Publishing Group.


The second group of methods is PAINT (Jungmann et al., 2014, 2016; Schnitzbauer et al., 2017; Stehr et al., 2019) (Figure 2, bottom). PAINT stands for points accumulation for imaging nanoscale topography. As a different method to the direct photo-switching methods mentioned above, PAINT does not rely on photo-switching of immobilized fluorophores in the imaging plane. Instead, fluorophores labeled imaging species, usually single stranded DNA, diffuse in the imaging buffer and bind transiently to the surface bound species to produce the fluorescent “ON” signal (Peterson et al., 2016b; Morris et al., 2018; Lackey et al., 2020). e.g., By controlling the length of the matching strand pairs, stochastic blinking of single molecular fluorophores can be achieved, and the lateral spatial resolution can be lowered down to ~5 nm (Dai et al., 2016). The very high resolution is possible because localization precision is related to the inverse square of the photon count, and in PAINT, high photon counts can be obtained when a longer stranded DNA is used, although to some extend the speed of imaging has to be compromised (Dai et al., 2016). A feature with PAINT is that multiple contact between probes and their target enables a higher total number of photons, hence higher resolution to the technique.

The third approach does not require a solution environment, but can be performed in the gas phase, as seen in Figure 2, right (Ha and Tinnefeld, 2012; Blythe and Willets, 2016; Cheng et al., 2019). In gas phase SMLM, fluorescent photons are observed as fluorophores cycling between singlet excited state and the ground state, with a small chance to enter the triplet state. The triplet state is non-emissive because electrons are parallel and spin-forbidden, the lifetime of which is significantly longer than the singlet state (“ON” state), e.g., millisecond to second. Hence, once a fluorophore enters the triplet state, it can remain in the dark for a long time, as long as oxygen is removed because oxygen is a triplet quencher (Blythe et al., 2015a,b; Blythe and Willets, 2016; Cheng et al., 2019). An advantage of triplet quenching induced SMLM is its good performance in an epi set-ups without buffer environment, which is hard to achieve with PAINT or dSTORM when the imaging strands freely diffuse, so typically objective based TIRF set-ups are used.



Super Reconstruction: The Importance for Fiducial Correction

SMLM relies on stacking many images of blinking fluorophores into the same region of interest. Hence, the second building block to SMLM is super-reconstruction (Sage et al., 2015). Overall, the aim of super reconstruction is to develop methods to obtain images below the diffraction limit efficiently and accurately. Roughly speaking, this process involves three separate steps: the first is drift correction, the second single emitter localization and third image reconstruction. The past decade has seen rapid advances in our understanding of emission patterns of single emitters, namely point spread function (PSF), and now higher order PSF fittings are available to enable 3D super-resolution imaging (Hao et al., 2013; von Diezmann et al., 2017; Li et al., 2020). Higher order drift correction methods, such as 3D drift control, has been shown to work efficiently

Due to the limited length of this mini review, more commonly used methods for drift correction after imaging acquisition are not the focus of this article, which were reviewed thoroughly elsewhere (Mockl and Moerner, 2020).

Apart from PSF engineering, a recent development in super reconstruction is the realization of the importance of drift correction (Figure 3). In the past, attentions have been focused on PSF engineering so that advanced imaging concepts, e.g., high speed 3D imaging, can be done, in some cases close to video rate (Huang et al., 2013). Since images of SMLM were acquired over an extended period of time (e.g., tens to hundreds of seconds), the physical movement of the sample stage could induce significant aberrations. Solving this issue leads to SMLM microscopy with superior performance. In a recent study by Coelho et al. (2020), it was shown that actively stabilizing the microscope sample stage over the imaging process frame by frame could reduce the spatial drift down to ~1 nm (Coelho et al., 2020). Rapid repositioning of the samples using self-calibrated piezostage and anti-shaking algorithms were shown to reduce drift far below the photon-limited localization precision and improved the spatial resolution, and this does not require complex algorithms or hardware to achieve (Coelho et al., 2020). This is important because this technique can be applied without using a second laser beam, as seen in the single molecule depletion imaging via non-linear optical properties of the probes (Balzarotti et al., 2017).


[image: Figure 3]
FIGURE 3. Active SMLM is achieved with better drift correction to improve the resolution without PSF engineering or change of fluorophores (Coelho et al., 2020, 2021). It was shown that using an actively stabilizing microscope, the lateral spatial drift could be reduced down to ~1 nm using self-calibrated piezostage and anti-shaking algorithms. This can be done without relying on complicated hardware and the entire process can be completed in 2 weeks. Copyright with permission from Nature Publishing Group.





APPLICATION TOWARD QUANTITATIVE BIOANALYSIS

Initially established as an advanced imaging tool to probe biological structures (Tuson and Biteen, 2015), the applications of SMLM is advancing rapidly into the field of surface analysis including catalysis and biosensors (Sambur et al., 2016; Chen et al., 2017). Here we focus on the latter topic due to the very few reviews available to this topic at the moment, here three types of applications are addressed: PAINT for single molecule kinetic measurements; quantitative single molecule sensors with counting; and the emerging use of SMLM for predictive chromatography separations.


PAINT: From Imaging to Kinetic Measurement

As mentioned earlier, PAINT represents a subtype of SMLM techniques that relies on transient binding of biomolecules onto a surface immobilized molecule to induce photo-switching. Since the time each molecule resides on the imaging plane is related to the binding affinity between the molecular pairs at chemical equilibrium, important kinetic information, such as dissociation and/or association constant, namely Kd or Ka, can be extracted by analyzing the fluorescent “ON” period in relation to the “OFF” period in the single molecular time trace (Jungmann et al., 2010). e.g., A series of studies by Harris's group showed measurement of molecular binding kinetics could be studied at single molecular level with PAINT, demonstrated by several examples with e.g., biotin-avidin, structure-switching aptamer, peptides, and small molecular targets etc. (Fox et al., 2009; Wayment and Harris, 2009; Heider et al., 2011; Peterson et al., 2016a; Morris et al., 2018; Peterson and Harris, 2018; Lackey et al., 2020) as seen in Figure 4.


[image: Figure 4]
FIGURE 4. Measurement of single molecular binding kinetics with PAINT. Initially developed as an imaging tool, PAINT has been established as a method to measure binding affinities between biomolecules including DNA, peptides, and small molecular drug targets. Shown above as an example of measuring dissociation constant between cocaine and single stranded DNA split aptamer (Morris et al., 2018). Copyright with permission from the American Chemical Society.


The success of PAINT in studying molecular interactions at a single entity level is inspiring (Figure 4). PAINT is distinct to conventional methods for probing molecular interactions at biointerfaces, such as surface plasmon resonance sensors which typically relies on change of local dielectric environment therefore an ensemble measurement tool (Jiang et al., 2016, 2017). A clear advantage is that PAINT is capable of detecting rare events and sample heterogeneity, a distinct feature to single molecule tools. Saying this, due to the weak binding between single stranded DNAs, the robustness of DNA PAINT in response to the influences of environmental factors, such as salt concentration and temperature is yet to be explored, which could vary significantly in complex sensing environments, such as blood or serum. Another factor to consider is that PAINT remains as a fluorescent technique, but in many applications, the candidate molecule are non-fluorescent hence it is unlikely for PAINT to completely replace current methods in the near future.



Counting Single Molecules on Biosensing Interfaces

Single molecule counting is another topic currently attracting broad attentions. From a quantitative biology perspective, knowing the exact number of molecules, especially proteins, in complex biological environments such as cells is of enormous importance and interest. This is because such knowledge will not only produce insights to how cells function and communicate, but could establish completely new ways of studying biological systems when information is gathered from single events instead of ensemble approaches currently being used (Zanacchi et al., 2017). In other words, single molecule counting allows SMLM to be treated as a bottom-up bioanalytical tool to generate discrete signal response, instead of simply an imaging tool to break the diffraction limit of light microscopy whose mechanism has been well-appreciated (Gooding and Gaus, 2016; Lu et al., 2017; Liu et al., 2018). This marks a conceptual recent advance of SMLM, and it is most relevant to the analytical science community.

Though it sounds attractive, counting the absolute number of single molecules is by no means a trivial task. This is especially true for cellular imaging, in which counting accuracy is impaired by difficulties in controlling labeling density of the probes or complex photophysics of the blinking fluorophores. e.g., Some probes can remain in the dark and never switch “ON,” others could all switch randomly at different rates. Fluorescence is a process reflecting electrons transferring between ground/excited states to emit photons. Electrons within different bands are fermions and follow rules of Boltzmann's distribution, photons are Boson particles in nature and follow Poisson's distribution, the complex origins governing the single molecular blinking imposes significant challenges to build mathematical relationships, even empirical ones.

For biosensors, challenges to the labeling issue can be partially resolved, because the density of surface epitopes can be controlled at the interface. From an analytical chemistry point of view, this is important because in principle quantification can be done directly without amplification of the analytes or accumulation of the signal. This is a distinct advantage of SMLM sensors to other single molecule assays such as digital polymerase chain reaction, or single molecule optical arrays (Wu et al., 2019).

One example was demonstrated by Lu et al. (2017). In a recent report, it was shown that images of SMLM could be obtained using fluorophore labeled antigens immobilized onto substrate modified by self-assembled monolayers with density of probes well-controlled (Figure 5) (Lu et al., 2017). An evident quantitative relationship was found when an increasing amount of antibodies was added. This study was important because it demonstrated the first proof-of-concept quantitative immuno-biosensors with SMLM. Though it sounds straightforward, absolute counting of single molecules on biosensing interfaces is not a trivial task. In practice, counting usually relies on preliminary knowledge of the blinking behavior of molecular targets, or calibration toward a reference (Jungmann et al., 2010). Common issues include: 1. A blinking fluorophore can enter the dark state due to various reasons including photo-bleaching, reacting with the reducing agent, or entering triplet state, each with a significantly different lifetimes. 2. A fraction of fluorophore may never turn “ON.” All of which can lead to over counting or under counting issues (Lee et al., 2012).


[image: Figure 5]
FIGURE 5. Toward immuno-biosensors with SMLM. Shown above: (Left) (A) raw images of bovine serum albumin proteins immobilized on glass coverslips with self-assembled monolayer on transparent conducting oxide substrate. (B) A quantitative relationship is built with increased amount of labeled proteins on the surface (Right) adding an increasing amount of antibody results in an increasing number of counting per image area (Lu et al., 2017). Copyright with permission from Elsevier.


To date, absolute counting of single molecules with SMLM is still difficult to achieve, especially when biological samples are used when calibration can be difficult and target molecules tend to cluster together while the sample is heterogeneous. Additional challenges are associated with issues such as data interpretation and linking (Lee et al., 2017). Saying this, some successes have been achieved. e.g., In a recent study, combining SMLM to fluorescent correlation produces localization-based fluorescence correlation spectroscopy, or lbFCS (Stein et al., 2019). Essentially, the method might be the first to allow absolute counting of single molecules using SMLM, but due to the relatively complicated multimodal system it depends on, which is off-putting to non-experts, to what extent the technique can be widely used is still to be explored.



Application to Analytical Bioseparation

Chromatography separation is a basic technique used in many industrial chemical production processes such as antibody drug developments. Bringing a new biopharmaceutical product into the market is both time consuming and cost ineffective, and during this process, nearly half of the effort is spent on the separation and purifications (Calabrase et al., 2020). Conventional analytical chromatography relies heavily on empirical trials and currently there is only very limited ability to predict their outcomes (Kisley and Landes, 2015). Due to the complexity of protein structures and significant sample heterogeneity (e.g., size, charge, structure), large amount of resources are being spent to optimize column separation efficiency. At the moment, methods to improve the performance of protein chromatography techniques are in urgent need.

Single molecule optical methods may point to a possible direction to potentially solve this issue. In principle, SMLM allows quantification of protein-substrate interactions at a single molecular level. This has enabled improvements in the random theory of chromatography, with the aim of making it more quantitative and predictive (Figure 6) (Calabrase et al., 2020) e.g., in the recent works, it was shown that rapid imaging with time resolved single molecule detection, and combining fluorescence correlation spectroscopy and fluctuation imaging can be applied to the study of proteins diffusing through porous materials (Calabrase et al., 2020). Although strictly speaking this is still not an SMLM technique, it was shown that rare events that interfere with efficient protein separations could be identified and several quantitative relationships proposed by studying them. These developments were inspiring, because they represent a possible route for predictive chromatography single molecule technique design, hence a possible direction for applications of SMLM.


[image: Figure 6]
FIGURE 6. (A–E) Toward predictive protein chromatography via SMLM. It was shown that time resolved super-resolution imaging techniques and combining fluorescence correlation to fluctuation could help build new theoretical frameworks to expand the current understanding of the protein separations in column chromatography. Shown above as an example of using dual mode correlation spectroscopy and fluctuation imaging, so that heterogeneous diffusion behavior of proteins could be resolved and parameters derived (Moringo et al., 2018). Copyright with permission from American Chemical Society.





CHALLENGES AND EMERGING DIRECTIONS


Mass Transport and Target Enrichment

Mass transport is a fundamental process that describes the motion of analytes within their environments, which has been studied extensively in the field of electrochemistry and often the discussion is centered around Butler-Volmer equation. e.g., The focus is often centered on whether electron transfer or mass transport dominates the signal response (Wen et al., 2013). In the context of single molecular biosensors, mass transport is addressed by the insufficient interactions between the target molecule and sensing interface, especially when the analyte is present at low concentrations and Brownian motion inadequate. e.g., Studies with nanopores sensors suggested it could take over 10 min for the analyte to diffuse through the pore when the concentration is very low (Ying and Long, 2019) (e.g., <pM). In other words, even with a sCMOS with single molecular resolution, in practice the testing cycle could be hours, and therefore impractical (Wu et al., 2019).

One simple solution to this issue is magnetic enrichment, as shown in Figure 7. It has been shown that incorporating magnetic nanoparticles into the analysis could substantially reduce the limit of detection and also reduce non-specific effects via target enrichment (Tavallaie et al., 2018), as discussed in a recent review (Gloag et al., 2019). Currently, there are still limited studies on the use of magnetic nanoparticles for such uses in SMLM, so a clear opportunity exists. Saying this, caution is still needed, because magnetic nanoparticles are often coated with gold because of its well-established surface chemistry (Rosi and Mirkin, 2005). It is known that at this length scale, gold nanoparticles exhibit plasmonic effects, which are coherent oscillation of conducting d band electrons in response to the incident light (Willets et al., 2017). In the context of SMLM, plasmonic effects can potentially produce two outcomes, the first is that the emitting center can be shifted by the complex plasmon-molecular interactions (Xia et al., 2019), shrinking the images, and this is not favored (Cheng et al., 2019). The second is that it could produce significant signal enhancement which leads to higher localization precision, and is hence preferred. Hence, whether in this context, working with plasmonic metal is necessary or not is yet to be determined (Baiyasi et al., 2019).


[image: Figure 7]
FIGURE 7. Basic principles of magnetic enrichment. Being a “hero” in solving the mass transport issue for ultrasensitive biosensors, the use of magnetic nanoparticles can be used for pre-concentration and/or separation of the analyte, while at the same time reducing non-specific effects (Gloag et al., 2019). Copyright with permission from Wiley.




Non-specific vs. Specific Interactions

For biosensors to operate in complex environments, such as blood or serum, a key aspect to consider is non-specific interactions (Jiang et al., 2020). e.g., Nucleic acid analysis and immuno-biosensors typically rely on the specific binding of biomolecules on the sensing interface to induce an optical or electrical response. For such sensors, a non-specific effect is usually undesired and should be minimized. Typically, reducing non-specificity requires the use of a chemical antifouling layer or nanostructured interface, e.g., polyethylene glycol, zwitterionic layer, or mesoporous surfaces, etc. (del Rio et al., 2019; Jiang et al., 2020).

Recently, SMLM has been shown to be able to differentiate specific and non-specific interactions by exploring the single molecule time traces, as seen in Figure 8. e.g., In a recent development, an amplification-free approach, named single-molecule recognition through equilibrium Poisson sampling (SiMREPS) has been shown to be able to detect miRNA with LOD close to 1 fM (Johnson-Buck et al., 2015, 2019; Chatterjee et al., 2020; Li J. M. et al. et al., 2020). In SiMREPS, specific and non-specific interactions are resolved by inspecting different kinetic time traces at a single molecular level. e.g., Specific interactions produce homogeneous blinking events, while non-specific events generate single molecular signals that are more random and heterogeneous. This development is important, because it is one of the first examples of using SMLM to differentiate specific and non-specific binding, which is pivotal to nearly all biosensors.


[image: Figure 8]
FIGURE 8. Using SMLM to differentiate specific vs. non-specific effects with PAINT. In SiMREPS, (A) using carefully designed molecular probes, specific interactions are associated with single molecule blinking signals that are homogeneous over time, while non-specific events are seen as heterogeneous blinking events. (B) Over time, better separation between specific and non-specific events are expected (Mandal et al., 2020). Copyright with permission from the American Chemical Society.





CONCLUSIONS

First demonstrated in 2006, it has been 15 years since the first demonstration of SMLM. Numerous methods of SMLM techniques have been developed, and now it is finding more applications in ultrasensitive bioanalysis. The realization of drift correction in SMLM is significant because it could potentially make sub-5 nm optical microscopy a routine technique without high-end engineering expertise and this is the length scale of a fluorescent protein. Kinetic measurement with PAINT, quantitative single molecule sensors and application to separation science are just three examples of emerging research frontiers brought about by SMLM. In the context of ultrasensitive sensing, to solve the mass transport issue for low abundance analyte detection, magnetic enrichment may present a viable solution, but caution is needed when a plasmonic system is used. Specificity is a fundamental issue to many bioanalytical devices operating in complex sensing environments, SMLM could lead to new knowledge to it and potentially offer a solution. Overall, the past years have witnessed rapid advances of using SMLM to probe biosensing interfaces. It is expected that the relevant field will continue to develop in an accelerated rate.
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Expansion super-resolution technology is a new technology developed in recent years. It anchors the dye on the hydrogel and the dye expands with the expansion of the hydrogel so that a super-resolution map can be obtained under an ordinary microscope. However, by labeling the target protein with a first antibody and secondary antibody, the distance between the fluorescent group and the actual target protein is greatly increased. Although fluorescent proteins can also be used for expansion super-resolution to reduce this effect, the fluorescent protein is often destroyed during sample preparation. To solve this problem, we developed a novel label system for expansion microscopy, based on a DNA oligostrand linked with a fluorescent dye, acrylamide group (linker), and benzoylguanine (BG, a small substrate molecule for SNAP-tag). This protocol greatly reduced the error between the position of fluorescent group and the actual target protein, and also reduced loss of the fluorescent group during sample preparation.
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INTRODUCTION

The optical microscope has been an important tool for biomedical research for a long time, because of its advantages of non-contact and no damage to the specimen. However, the diffraction limit, ~200–300 nm in the lateral direction, is comparable to or larger than many subcellular structures. Super-resolution fluorescence microscopy overcomes this limitation and provides an unprecedented tool for life science research (Huang et al., 2009). Stimulated emission depletion (STED) microscopy was the first super-resolution far-field optical microscopy technology; it utilizes a laser to suppress the fluorescence emission from the fluorophores located at the periphery of the excitation using stimulated emissions (Hell, 2015). STED microscopy can realize immunofluorescence imaging at 20 nm resolution and fluorescent protein imaging at 50–70 nm (Willig et al., 2006; Hein et al., 2008; Rankin et al., 2008). Single-molecule localization microscopy (SMLM) is based on the localization of individual fluorescent molecules. Typical examples of this kind of technology are photoactivated localization microscopy and stochastic optical reconstruction microscopy (STORM) (Betzig et al., 2006; Rust et al., 2006). Another method to improve the spatial resolution of optical microscope is structured illumination microscopy (SIM), which applies a patterned illumination field to the sample to obtain multiple images with illumination patterns of different phases and directions, thus reconstructing high-resolution images with a lateral resolution of ~100 nm and axial resolution of ~300 nm (Gustafsson, 2000; Gustafsson et al., 2008; Schermelleh et al., 2008). However, these three technologies have their own disadvantages. STED technology causes a large amount of light damage to the sample; SMLM technology has slow imaging speed and requires special fluorescent molecular markers; SIM technology has fast imaging speed, but lower resolution improvement.

In 2015, the Boyden group invented expansion super-resolution technology (Chen et al., 2015). This technology does not make changes to the microscope hardware but puts the fluorescently labeled biological sample in the swellable hydrogel so that the sample can be enlarged evenly as the polyacrylamide hydrogel swells. In this way, a super-resolution image can be obtained using ordinary microscope equipment. Combining expansion technology with traditional super-resolution optical imaging technology greatly increases the resolution, allowing observation of subtle structures and phenomena that were previously unobservable. For example, in 2018, expansion stimulated emission depletion microscopy (ExSTED), combined expansion microscopy and STED together, achieved super-resolution images with a resolution of <10 nm, which is 30 times higher than traditional microscopy techniques (Gao et al., 2018). In addition, the combination of expansion and STORM has also achieved good results. Using this technology in mouse spermatocytes achieved a resolution of 10–20 nm and showed a detailed structural view of the meiotic chromosome axis (Xu et al., 2019). The combination of extension and SIM can also increase the spatial resolution to 30 nm. Furthermore, ExFEAST, which combines fluctuation-enhanced Airyscan technology (FEAST) and sample expansion microscopy, improves the lateral resolution to ~26 nm (Wang et al., 2020). Its advantages of simple operation and fast but powerful functions provide great convenience for the research of fixed biological specimens and even more biological systems (Halpern et al., 2017).

At present, there are two main fluorescent labeling methods used in expansion super-resolution. One is to use a primary antibody to connect a fluorescently-coupled secondary antibody (Kunz et al., 2020). The other is to use a fluorescent protein fused to the target protein (Tillberg et al., 2016). After expansion, the fluorescence signal can be lost owing to various reasons. Under normal circumstances, the luminous efficiency, brightness, and anti-quenching ability of antibodies are much stronger than fluorescent proteins. Therefore, even if the fluorescent signal is lost during the preparation of the expanded sample, information from the sample can be obtained based on the remaining fluorescent signal. However, the disadvantage of antibody labeling is that their large size leads the luminescent group to be far away from the target protein. In addition, only a few kinds of antibodies are available, limiting their practicability. In non-expanded samples, this size of an antibody is ~20 nm, which does not cause a large error, but after expansion, the size of antibody can often reach more than 80 nm (Mikhaylova et al., 2015; Zwettler et al., 2020). Antibody size is a critical factor that limits further resolution improvement in expansion microscopy (Li et al., 2018). The advantage of labeling the target protein with fluorescent protein is that the distance error is small, but the loss of fluorescent protein during preparation of the expanded sample is relatively large. Therefore, significant information is often missing (Tillberg et al., 2016). To improve this situation, one method is to expand the sample first and then label. For example, a biotin-conjugated antibody is used to identify the target protein before expansion, and dye-labeled streptavidin is used to identify the biotin after expansion (Li et al., 2018). Compared to using antibodies before expansion, this method can reduce the distance between the luminescent group and the target protein and reduce the loss of fluorescent signal. However, additional methods are still needed to reduce the distance between the fluorescent dye and the target protein.

To solve this problem, we developed a novel labeling system suitable for expansion microscopy. The system is based on SNAP-tag and a DNA oligostrand. SNAP-tag, a small mutant of the DNA repair protein O6-alkylguanine-DNA alkyltransferase (20 kD, <5 nm), can be covalently modified using O6-benzylguanine substrates (BG) (Juillerat et al., 2003; Nieves et al., 2019). The DNA oligostrand that we designed is a double-stranded DNA of 20 bp modified with BG, Acrydite, and dye at both ends of the DNA oligostrand. Fluorescent dyes can be taken to the target protein through the connection between SNAP and BG, and Acrydite can participate in the polymerization process of hydrogels to reduce the loss of the fluorescent group. In addition, since the DNA oligostrand, still intact after proteolysis, is not enlarged with the hydrogel, we can achieve our goal to reduce the distance between the fluorescent group and the target protein after expansion. We applied this method to observe the structure of F-actin and the nuclear pore complex (NPC), and found that these structures could be seen more delicately, indicating that it has the potential for application in a variety of fields.



MATERIALS AND METHODS


Materials

Vector pEGFP-N1 was used to create the plifeAct-SNAP-EGFP, plifeAct-SNAP, and pNup153-SNAP plasmids. After restriction digestion to generate an empty backbone, the appropriate fragments were inserted into pEGFP-N1.



Modification and Synthesis of DNA Oligostrand

We designed the DNA single strands according to Chen et al. (2015) with some modification. The sequences of the single-stranded DNAs are as follows: 5′-Alexa647-GACGATGTATGCTTAGGGTCT-Acrydite-3′; 5′-Alexa488-GACGATGTATGCTTAGGGTCT-Acrydite-3′; and 5′-BG-GACCCTAAGCATACATCGTCTT-3′. The modified DNA single strands were synthesized by the Beijing Genomics Institution (Beijing, China). Using the annealing program of the thermocycler, the DNA oligostrands were formed by the polymerization of single-stranded DNA. DNA oligostrands synthesized from different single strands were named BG-dsDNA-Alexa647 and BG-dsDNA-Alexa488.



Cell Culture

HeLa and U2OS cells were grown in DMEM containing 1 g/L glucose (Gibco/Invitrogen) supplemented with 10% fetal bovine serum and 100 U/mL penicillin-streptomycin in a 37°C tissue culture incubator. Before transfection, cells were cultured in chambered cover glasses overnight to 60–80% confluence. The cells were transfected with constructs for 24 h using Lipofectamine 3000 (ThermoFisher) according to the manufacturer's protocol. After transfection, cells were then seeded on a #1.0/18 mm diameter round cover glass (Menzel) for use.



Labeling With DNA Oligostrand in Fixed Cells

For fixed cell labeling, cells expressing SNAP-tags were harvested at 60–80% confluence and rinsed twice with phosphate buffered saline (PBS) to remove dead cells and debris. After fixing with 4% paraformaldehyde (157-8, Electron Microscopy Sciences) and 0.1% glutaraldehyde for 15 min at 25°C, cells were permeabilized with PBS supplemented with 0.3% Triton-X100 for 3 min and rinsed with PBS three times. DNA oligostrands were incubated with fixed cells at a final concentration of 1 μM in PBS supplemented with 5% bovine serum albumin and 1 mM DL-dithiothreitol (DTT) for 2 h.



Labeling of Live Cells With DNA Oligostrands

Coverslips covered in an ~60–80% confluent layer of HeLa and U2OS cells were transfected with related constructs, incubated in 37°C prewarmed 40 μg/mL digitonin (Cat#D141; Sigma Aldrich) in import buffer (20 mM Hepes, 110 mM KOAC, 5 mM NaOAC, 2 mM MgOAC, 1 mM EGTA, pH 7.3) for 15 s for F-actin and 3 min for NPC, and then rinsed twice with 1.5% polyvinylpyrrolidone (PVP) in import buffer. The cells were stained with DNA oligostrands at a final concentration of 1 μM in 1.5% polyvinylpyrrolidone supplemented with 1 mM DTT for 5 min. Cells were then fixed with 4% paraformaldehyde and 0.1% glutaraldehyde (A600875-0025, BBI Life Sciences, Shanghai, China) for 15 min at 25°C, rinsed with PBS, and mounted in ProLong Glass Antifade Mountant (P36980, Invitrogen, Thermo Fisher Scientific). In this study, for plifeact-SNAP-EGFP, DNA oligostrand BG-dsDNA-Alexa647 was used. For plifeAct-SNAP and pNup153-SNAP, DNA oligostrand BG-dsDNA-Alexa488 was used.



Expansion Microscopy

Expansion microscopy was performed as previously described (Chozinski et al., 2016) with slight modifications. To form a gel, stained and fixed cells were incubated with a monomer solution containing 8.625% sodium acrylate (w/w) (408220, Sigma-Aldrich), 2.5% acrylamide (w/w) (A4058, Sigma-Aldrich), 0.15% N, N, -methylenebisacrylamide (w/w) (M7279, Sigma-Aldrich), 2 M NaCl (S5886, Sigma), and 1 × PBS at room temperature and supplemented with fresh 0.2% (w/w) ammonium persulfate (APS, 17874, Thermo Fisher Scientific, Waltham, MA) and 0.2% (w/w) tetramethylethylenediamine (TEMED, 17919, Thermo Fisher Scientific, Waltham, MA) when used. Polymerization was performed for 2 h. The diameter of the gelated samples was measured to calculate the expansion ratio. A total of 8 U/mL proteinase K (EO0491, Thermo Fisher Scientific, Waltham, MA) in digestion buffer (50 mM Tris pH 8.0, 1 mM EDTA, 0.5% Triton X-100, 0.8 M guanidine HCl) was added to the gelated samples to digest cells. The digested cells were then expanded in ddH2O, and the water was changed every 30 min until the gel size no longer changed. The diameter of the gel was measured to calculate the expansion factor with dimensions before expansion. The expanded gels were stored in ddH2O at 4°C until use. For imaging, the gel was fixed with 3% low melting point agarose near the corner of the gel.



Imaging

Unexpanded and expanded specimens in 35 mm glass bottom dishes were fixed as described in the previous protocol. Wide-field fluorescent images were collected onto an EMCCD camera (Evolve 512, Delta Photometrics) with an oil-immersed objective (150 × /1.45, Olympus), yielding a pixel size of 106 nm. Emissions were collected through an objective and filtered by a 520 nm band-pass filter (FF01-520/35-25, Semrock) for Alexa488 or by a 655 nm band-pass filter (FF02-655/40-25, Semrock) for Alexa647. Airyscan imaging was performed using a commercial microscope (ZEISS, LSM880, Germany) with an additional Airy FAST detector module (Zeiss), equipped with a Plan-Apochromat 63 × /1.4NA oil objective (Zeiss; Plan-Apochromat 63 × /1.4 Oil DIC M27). Samples stained with BG-dsDNA-Alexa488 were excited using a 488 nm laser. Emissions were collected through a 495–550 nm band-pass filter, 570 nm long-pass filter, and a 1.25 airy unit (~60 μm) pinhole onto a 32 GaAsP detector element. Pictures were obtained using ZEN software (Zeiss; black edition) and pixel size was set to ~40 nm in the x and y directions. SIM imaging was performed using a commercial microscope (NIKON, A1&SIM&STORM, Japan) with a SIM model equipped with a 100 × /1.49NA oil objective (Nikon; CFI Apo TIRF 100 × /1.49 Oil), and the 488 laser was selected.



Image Processing and Analysis

Airyscan images were processed using ZENs Airyscan processing with automatic deconvolution parameters. Fluorescence images were analyzed using ImageJ and Origin software. A total of 300 images obtained by Airyscan mode were used to achieve reconstruction using the NanoJ-SRRF plug in ImageJ FEAST image (Gustafsson et al., 2016; Wang et al., 2020). SIM reconstruction was automatically constructed by Nikon software. According to the size changes before and after the expansion of the hydrogel, we determined that the expansion coefficient was 4.10 ± 0.05.




RESULTS


Design of DNA Oligostrands

The BG molecule is a ligand of the SNAP protein; they can combine with each other in the cell to form a stable covalent bond (Figures 1A,B,D). To reduce the distance between the fluorescent group and the target protein, we designed DNA oligostrands of 20 bp. It is not only small in size (~6.8 nm), but also not enlarged as the hydrogel enlarges, for it cannot be degraded by proteinase K. The main body is a double-stranded DNA, modified with a BG molecule, fluorescent group, and Acrydite at the ends (Figure 1C). For the target protein to be labeled with the designed DNA oligostrand, we needed to express the target protein by fusion with SNAP, a small tag that can also reduce the distance between the target protein and the fluorescent signal after expansion to a certain degree. Through binding between BG and SNAP, the DNA oligostrand chain can bring the fluorescent group to the vicinity of the target protein. Acrydite connects the sample to the gel by participating in the polymerization process of hydrogels. DNA oligostrands can be designed with different fluorescent groups according to different experimental requirements. To perform experiments, we only need to transfect the relevant plasmid and wait for it to be expressed in the cell, and then incubate with the designed DNA oligostrands to stain the cell. Next, by following the protocol of sample expansion, we can achieve amplification of the target protein in the cell (Figure 1E). For this research, Alexa647 and Alexa488 were utilized. Alexa647 was chosen to distinguish from EGFP-labeled F-actin. Alexa488 was chosen for subsequent expansion super-resolution technology because it retains more signal after expansion than Alexa647 (Tillberg et al., 2016).


[image: Figure 1]
FIGURE 1. Design of DNA oligostrands and schematic diagram of SNAP-benzoylguanine (BG) staining. (A) Molecular formula of BG. (B) Molecular formula of Acrydite. (C) Schematic diagram of the designed DNA oligostrands. (D) Schematic diagram of SNAP-tag protein binding to BG. (E) Staining and expansion of the DNA oligostrand.




Cell Staining After Fixation

Since the DNA oligostrand is essentially a piece of double-stranded DNA, it cannot directly penetrate the cell membrane and bind to the SNAP-tag protein expressed inside the cell, thus, making it impossible to directly stain the target protein. Regarding how to use the DNA oligostrand to stain the SNAP-labeled target protein, we devised a fixed cell staining method described below (Nieves et al., 2019). First, cells were incubated with 4% paraformaldehyde for 15 min, then permeabilized with Triton X-100 and stained with dye (Figure 2A). We first used the plifeact-SNAP -EGFP plasmid to transfect cells at a confluence between 60 and 80% and incubated them for 24 h to allow expression of the fusion protein. Next, we used the designed DNA oligostrand with Alexa647 to stain F-actin in the cells. At the same time, we used genetic engineering methods to label F-actin with EGFP to help verify the accuracy of the DNA dye-labeled site. From the light emitted by the DNA oligostrand and EGFP, we observed that the light-emitting areas of the two overlapped strongly and both stained F-actin (Figure 2C). Figure 2D is a simulation effect diagram of two channel co-localization, and the Pearson correlation coefficient (PCC) was 0.75. The distribution of the correlation scatter plot of the two channels is shown in Figure 2E. The staining results showed that the DNA oligostrand stained F-actin in the cell after cell fixation. However, the status of F-actin in the whole cell was not good, and the pseudopodia of the cell was not clear (Figure 2C). The results showed that a large number of microfilaments were depolymerized during the entire sample preparation process, and the cell morphology could not be well-maintained. Although this dyeing method can label F-actin, the result is not satisfactory. For this reason, we explored a new method.


[image: Figure 2]
FIGURE 2. Comparison of F-actin staining using two methods in Hela (A) Schematic diagram of the process of staining after cell fixation. (B) Schematic diagram of the process of staining and then fixing cells. (C) Staining of F-actin with benzoylguanine (BG)-dsDNA-Alexa647 after fixation. (D) Simulation effect diagram of the co-location of the two channels in (C). The Pearson correlation coefficient (PCC) is 0.75. (E) Distribution of the correlation scatter plot of the two channels in (C). (F) Staining of F-actin with BG-dsDNA-Alexa647 before fixation. (G) Simulation effect diagram of the co-location of the two channels in (F) The Pearson correlation coefficient (PCC) is 0.81. (H) Distribution of the correlation scatter plot of the two channels in (F). (I) Corresponding line-scanning profile from the images (C,F). Scale bars, 5 μm.




Optimization of the Staining Method

The new dyeing method is based on the properties of PVP, which can prevent osmotic swelling of cells. The method involves staining the cells while the cells are alive before fixation. Figure 2B shows the operation parameters. We first treated the cells with digitonin for 15 s to form small holes in the cell membrane, quickly incubated the cells with the DNA oligostrand in PVP for a short time, and then fixed the cells. Pore damage caused by digitonin to the cells is minimal, and cells are always in an environment with PVP; therefore, the cells remain alive during the short processing time (Ma and Yang, 2010). Since BG binds to SNAP very quickly, only a short incubation is sufficient to stain the cells. The stain results are shown in Figure 2F. With this new method, F-actin in the cells was stained and the cell morphology was relatively complete. The details were well-preserved, and the pseudopodia of the cells were clearly visible (Figure 2F). The PCC of the two channels was 0.81(Figure 2G), and its correlation was also greater than the stained image after fixation. The distribution of the correlation scatter plot of the two channels is shown in Figure 2H. The corresponding line-scanning profile from the images (Figures 2C,F) shows that the signal-to-noise ratio of the improved dyeing method is better than the previous dyeing method (Figure 2I). Compared with the staining method after fixation, now the F-actin structure of cells was better preserved.



Expansion Super-Resolution

To observe whether our method was suitable for expansion super-resolution, we performed expansion experiments after dyeing. For F-actin, more pseudopod details were observed after expansion. Comparing the results before and after expansion, we found that more pseudopods were formed by the aggregation of several bundles of fiber filaments (Figures 3A,C). Figures 3B,D are enlarged details of Figures 3A,C. Fitting the cross-sectional (Figure 3B) section of F-actin before expansion to a Gaussian peak, we determined the full width at half maximum (FWHM) to be 426 nm (Figure 3E). Similarly, we determined the FWHM in Figure 3D after rescaling by the expansion ratio after expansion to be 188 nm, which is smaller than pre-expansion (Figure 3E). The resolution barrier inherent in light microscopy restricts the ability to differentiate between objects closer than 300 nm (Thorley et al., 2014). However, after expansion, we could observe structures with a bifurcation of <300 nm in the pseudopodia under a wide field of view. The results obtained in the experiment show that the improved resolution after expansion allowed us to see more of the local structure of F-actin. To further test its application in analysis of different cellular structures, we next performed imaging of the NPC, which has great challenges for high-resolution structural research (Grossman et al., 2012). In our experiment, we imaged the organization of Nup153, a stable component of the NPC (Winterflood and Ewers, 2014). According to the results shown in Figure 3F, the nuclear pores before expansion were densely distributed, but were relatively sparsely distributed after expansion (Figure 3H). Fitting the cross-sectional (Figures 3G,I) section of the NPC before and after expansion to a Gaussian peak, we obtained the FWHM after rescaling by the expansion ratio after expansion to be 80 nm, which is smaller than the 349 nm determined before expansion (Figure 3J). Note that the image scale bars for expanded specimens in this report have not been divided by their respective measured expansion factors of 4.10 ± 0.05, but the data processing distances refer to pre-expansion dimensions.


[image: Figure 3]
FIGURE 3. Comparison of the results of F-actin in Hela and NPC in U2OS before and after expansion (A) F-actin stained with benzoylguanine (BG)-dsDNA-Alexa488 before expansion. (B) Enlargement of part of picture (A). (C) F-actin stained with BG-dsDNA-Alexa488 after expansion. (D) Enlargement of part of picture (C). (E) Intensity distribution plot along arrows in (B,D). (F) nNup153 stained with BG-dsDNA-Alexa488 before expansion. (G) Zoomed in view of (F). (H) nNup153 stained with BG-dsDNA-Alexa488 after expansion. (I) Zoomed in views of (H). (J) Line profiles of selected nuclear pore complexes in (G,I). Scale bar: 5 μm in (A,C), 1 μm in (F,H).




Analysis of the NPC

Combining expansion super-resolution technology with other super-resolution technologies enabled us to further analyze the structure of the NPC. For the same field of view, we used confocal and Airyscan modes to photograph and SRRF to process the images taken by Airyscan to obtain a FEAST image. We also used SIM mode to photograph and reconstruct the NPC. In the picture taken in confocal mode, we found that the hollow structures of most NPCs were faintly visible (Figure 4A). In the picture taken in Airyscan mode, the hollow structure of most NPCs was clearer than in the confocal picture (Figure 4B). In the SIM mode, we also observed the hollow structure of the NPC (Figure 4C). However, we found some arc artifacts in the SIM reconstruction image (red arrow in Figure 4C) but not in other images. The FEAST image was the clearest (Figure 4D). The resolution of the NPC image processed by FEAST was higher than that of the other three. In addition, based on the statistics of 100 nuclear hole diameters processed by FEAST, the average diameter of the Nup153 ring was ~102 nm (Supplementary Figure 1), comparable to a previously reported measurement of Nup153 (Winterflood and Ewers, 2014). It is also comparable to that of other NPC components, such as Nup96 (Szymborska et al., 2013) and Nup133 (Li et al., 2018).


[image: Figure 4]
FIGURE 4. Combination of expansion super-resolution and other super-resolution technologies (A) nNup153 taken in confocal mode after expansion. (B) nNup153 taken in Airyscan mode after expansion. (C) Image of nNup153 after structured illumination microscopy reconstruction. (D) Image of nNup153 after fluctuation-enhanced Airyscan technology reconstruction. Scale bars, 1 μm.





DISCUSSION

Expansion super-resolution technology has become popular tin recent years. Because of its simple operation and low instrument requirements, it can be quickly applied to various fields (Düring et al., 2019; Gambarotto et al., 2019; Götz et al., 2020). However, the shortcomings of expansion super-resolution technology are slowly being identified. Part of the signal can be lost during the formation of the hydrogel, and as the hydrogel expands, the distance error caused by commonly used antibody markers is amplified by the same multiple (Li et al., 2018; Zwettler et al., 2020). Therefore, a method with less signal loss and a small size is needed. We designed a new 20 bp DNA oligostrand BG-dsDNA-dye based on the characteristics of high specific binding between BG and SNAP and their small size. We used the DNA oligostrand to stain living cells, which is suitable for expansion super-resolution technology. Acrydite connected to the BG-dsDNA-dye can directly participate in the formation process of the hydrogel, thus reducing signal loss during the expansion process. Although other three functional linkers have been reported, this linker is very suitable for small molecule targeting of fluorophores (Wen et al., 2020). However, only some of the structures could be labeled well with small-molecules or antibodies. Our three function linker with genetic SNAP tag should be applicable for most proteins. The size of SNAP and BG-dsDNA-dye is also smaller than the size of most antibodies; therefore, the distance error between the fluorescent signal and the target protein can be reduced. A wider range of proteins than antibodies can be labeled by genetic engineering. Only a small number of proteins have their mature antibodies. Many antibodies would cause complex backgrounds as their unspecific binding problem. Using this method combined with expansion super-resolution, we have obtained a more detailed structure of F-actin and the NPC. The results show that the designed DNA oligostrands are suitable for expansion super-resolution technology and have wide applications.

Current super-resolution microscopy technology has improved the range of optical resolution from ~250 to ~10 nm, providing us with a powerful tool for studying the details of matter (Galbraith and Galbraith, 2011). When using antibodies to label the target protein, the resolution can be accurate to tens of nanometers. However, with the improvement of resolution, the influence of errors caused by the size of the antibody itself also increases. The accuracy of the location of the target protein is also greatly reduced. In expansion super-resolution technology, errors caused by the size of the antibody owing to swelling of the hydrogel are also amplified, which can be as high as 80 nm (Zwettler et al., 2020). Therefore, it is necessary to develop new labeling technology to reduce the labeling errors. Labeling after expansion is a way to reduce labeling errors since the antibody will not be enlarged with the enlargement of the hydrogel (Li et al., 2018; Zwettler et al., 2020). In addition, labeling errors can be directly reduced by reducing the size of the marker. In our method, the distance between the luminescent group and the target protein is determined by the size of the SNAP and the length of the DNA oligostrand. We obtained a reduction ratio of 1.09 through the relative molecular mass ratio of EGFP (26 kD) and SNAP (20 kD) (Deng et al., 2011). By referring to the size of EGFP (3.5 nm), we obtained an estimated SNAP diameter of 3.2 nm based on the reduction ratio. A 20 bp DNA double strand can form approximately two helices with an average pitch of 3.4 nm, so the size of the DNA oligostrand size is ~6.8 nm. The orientation between SNAP and DNA oligostrand is uncertain. When the relationship between SNAP and DNA oligostrand is vertical, the distance between the target protein and the luminescent group is the shortest. When the relationship between SNAP and DNA oligostrand is parallel, the distance between the target protein and the luminescent group is the longest. Therefore, the distance between the target protein and the luminescent group before expansion is in the range of 7.5–10 nm. After expansion, the size of SNAP is stretched four times to as large as 12.8 nm owing to digestion with proteinase K. The size of the DNA oligostrand remains unchanged at 6.8 nm because the DNA oligostrand is not digested by proteinase K. Therefore, the distance between the target protein and the luminescent group after expansion is in the range of 14.5–19.6 nm. Before or after expansion, the distance error caused by labeling in this study is smaller than the error in conventional antibody labeling. Therefore, the method in this study is not only suitable for expansion super-resolution technology, but also has fewer labeling errors.

Although our method labels F-actin and NPC well, the labeling efficiency we found was not as remarkable as expected according to the results of the NPC. NPC is a macromolecular assembly of eight-fold symmetrical arrangement of protein subcomplexes (Grossman et al., 2012). The pictures revealed that not all Nup153 molecules could be equally recognized by the marker. This may be due to the existence of endogenous Nup153 which causes not all Nup153 could be recognized by DNA oligostrands. Further work should be carried out to increase the labeling efficiency. As far as the scope of application is concerned, our method is suitably applied to the study of the subcellular structure, while not for the research of rapid cell activities. For the time-consuming activities that cell can be fixed in each state, our method still has reference significance. In addition, it is uncertain whether the results obtained in this study remain the same when the experimental conditions such as cell types or growth conditions are changed. However, it is still a good marking method to reduce errors and signal loss in expansion super-resolution technology. It helps to improve the localization accuracy of expanded samples and provides a technical basis for subsequent studies of the expansion super-resolution technology. The strategies developed in this work can also be used to combine expansion super-resolution microscopy with other imaging techniques.



CONCLUSIONS

In summary, since the advent of the expansion super-resolution technology in 2015, it has been widely used in biology and other fields because of its simple operation and low equipment requirements. However, because the commonly used antibody labeling technology and fluorescent protein labeling technology have shortcomings, such as large size of the marker after expansion or loss of signal when used in expansion super-resolution technology. We designed a DNA oligostrand, and connected BG, Acrydite, and a fluorescent dye to the ends of the oligostrand. The DNA oligostrand is brought to the vicinity of the target protein by specific binding between BG and SNAP. Expansion super-resolution microscopy in combination with other super-resolution techniques showed that the DNA oligostrands are suitable for expansion super-resolution technology. The use of oligostrands in expansion super-resolution also achieved a better resolution of the structures of F-actin and the NPC. Compared with antibodies, DNA oligostrands have several advantages, including simple operation, suitability for expansion, smaller distance errors, and wide application feasibility.
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Categories STED power
Dye-doped \
SINPs 18~38 mW (6.27
~13.23 MW/cm?)
0.89 MW/em?
AIE dots 100 MW/om?
150 mW
144 mw
PDots 3 mW or 10 MW/om?
3 mW or 10 MW/em?
FNDs 180 mW
130 MW/cm?
QDots 150 mW
200 mW
39.6 MW
27.5 MW
CDots \
\
39.6 MW
UCNPs \
LPR hybrids 0.5~1.5 MW/em?

“The specific imaging resolution was not provided.

Resolution

88+ 4nm
19.2 nm (particies, 38 MW)

4356 (in vitro, 18 mW)

61~65 nm (particles and in vitro)

95 nm
74.37 nm
~100 nm

78 nm
68 nm

39 nm
90 nm

54nm
85nm
21 nm
20.6 nm

71 (£25) nm
~130 nm
221 nm

66 nm (particles)/82 nm (cellular
skeleton)

20~50% improved from confocal
results™

Bioimaging applications

Cellular intake quantification
Nonspecific cell imaging

Nonspecific cell imaging

Specific labeling (microtubule)
Specific labeling (mitochondria)
Nonspecific cell imaging

Specific labeling, real-time tracking, dual-color
STED

Nonspecific cell imaging
Nonspecific cell imaging

Specific labeling (vimentin fioer)
Specific labeling (microtubule)
Nonspecific cell imaging
Nonspecific plant cell imaging

Lysosome imaging
Bacteria imaging
Nucleus/tunneling nanotubes imaging

Specific labeling (cellular skeleton)

Specific labeling (actin)

References

Peuschel et al. (2015)
Liang et al. (2020)

Man et al. (2019)

Fang et al. (2017)
Lietal (2018)
Xu et al. (2020)

Wu et al. (2020)

Tzeng et al. (2011)
Laporte and Psaltis,
(2016)

Hanne et al. (2015)
Yang et al. (2016b)
Ye et al. (2020)
Ye et al. (2018)

Leménager et al. (2014)
Yang et al. (20162)
Lietal. (2019)

Zhan et . (2017)

Cortés et al., (2016)
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Categories
Dye-doped
SINPs

AIE dots

PDots
FNDs

QDots

CDots

UCNPs

LPR hybrids

PLQY

Depending on dyes, up
1099% Liang et al. (2020)

20~30%

20~50%
70~95%

64~90.5%

14.5~56%

Lifetime

1~10ns

1~6ns

¥
~12ns (N-V
defects)

/27 ns (NV-N
defects)
8~10ns

~5ns

~10°" s

~0.9ns

Pixel dwell
times

~10 s

Not mentioned

05~1ms
1~10ms

10~100 s

Not mentioned

Typicaly, 1~10 ms. shortest
reported value: 10 s Peng
etal (2019)

10~100 s

Re-excitation

Not mentioned

No in most cases
(exception: Li et al.
(2017)

No

No

Yes (3~26%)
Can be avoided
Yes, can be avoided

Yes (<10%)

Yes

References

Schubbe et al. (2010), Schiibbe et al. (2012),
Peuschel et al. (2015), Tavernaro et al. (2017),
Man et al. (2019), Liang et al. (2020)

Yuetal. (2015), Fang etal. (2017), Lietal. (2017),
Li et al. (2018), Xu et al. (2020)

Wu et al. (2018b), Wu et al. (2020)

Han et al. (2009), Rittweger et al. (2009), Tzeng
etal. (2011), Prabhakar et al. (2013), Laporte and
Psaltis, (2016)

Lesoine et al. (2013), Hanne et al. (2015), Yang
et al. (2016b), Ye et al. (2018), Ye et dl. (2020)
Leménager et al. (2014), Yang et l. (2016a), Han
etal. (2019), Hua et al. (2019), Li et al. (2019), Liu
et al. (20200)

Liu et . (2017), Zhan et al. (2017), Peng et al.
(2019)

Sonnefraud et al. (2014), Cortés et al. (2016),
Urban et al. (2018), Gao et al. (2020)
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Categories

Molecuiar dyes
and FPs
Dye-doped
SINPs

AIE dots
PDots

FNDs

QDots

CDots

UCNPs

LPR hybrids

Photostability

Very poor, bleachable within tens of STED
scans

Poor [<50% intensity remains after 15 min of
continuous scanning; exception: (Man et al.
(2019))

Robust (>50% intensity remains after 30 min of
continuous STED scanning)

Robust (>50% intensity remains after 2 h of
continuous STED scanning)
Non-photoleaching

Robust (>50% intensity remains after 2~3 h of
continuous STED scanning or thousands of
scans)

Robust (no significant bleaching after ~1000
continuous scans)

Robust (no significant bleaching after ~200 min
of continuous STED scaning)

Improved compared with molecuiar dyes or
SiNPs

10"2 MW/om?

~10°"2 MW/om? depending on dyes
Lowest reported value: 0.18~0.188 MW/
om? (Man et al. (2019), Liang et al. (2020)
~10""2 MW/cm? (estimated)

~107" MW/cm? (estimated)

0.7~6.6 MW/cm®

0.129~0.192 MW/om?

0.226 MW/cm® Li et al. (2019)

0.19~0.849 MW/cm?

4.6~5.8 MW/cm?

References

Hein et al. (2008), Meyer et al. (2008), Wildanger et .
(2009)

Schubbe et al. (2010), Schiibbe et al. (2012), Peusche
et al. (2015), Tavernaro et al. (2017), Man et al. (2019),
Liang et al. (2020)

Yu et al. (2015), Fang et al. (2017), Li et al. (2017), Li
et al. (2018), Xu et al., 2020)

Wu et al. (2018b), Wu et al. (2020)

Han et al. (2009), Rittweger et al. (2009), Tzeng et al.
(2011), Prabhakar et al. (2013), Laporte and Psaltis,
(2016)

Lesoine et al. (2013), Hanne et al. (2015), Yang et al.
(2016b), Ye et al. (2018), Ye et al. (2020)

Leménager et al. (2014), Yang et al. (2016a), Han et al.
(2019), Hua et al. (2019), Li et al. (2019), Liu et al.
(2020b)

Liu et al. (2017), Zhan et al. (2017), Peng et al. (2019)

(Sonnefraud et al. (2014), Cortés et al. (2016), Urban
et al. (2018), Gao et al. (2020)
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Categories Size Functionalizing methods References

Molecuiar dyes <tnm Hein et al. (2008), Meyer et al. (2008), Wiidanger et al. (2009)

and FPs

Dye-doped SINPs  Tunable from 30 to 100 nm; Through silane linkers Schubbe et al. (2010), Schiibbe et al. (2012), Peuschel et al. (2015), Tavernaro

smallest size <2 nm et al. 2017), Man et al. (2019), Liang et al. (2020)

AIE dots 10~50 nm Amidation (NHS-EDC) Yuetal. (2015), Fang etal. (2017), Liet . (2017), Liet al. (2018), Xu etal. (2020)

PDots 25-50 nm Amidation (NHS-EDC) Wu et al. (2018b), Wu et al. (2020)

FNDs 35-70 nm Noncovalent passivation ~ Han et al. (2009), Rittweger et al. (2009), Tzeng et al. (2011), Prabhakar et al,

(2013), Laporte and Psalts, (2016)

QDots 10~20 nm Ligands + amidation Lesoine etal. (2013), Hanne et al. (2015), Yang et l. (2016b), Ye et . (2018), Ye
(NHS-EDC) et al. (2020)

CDots 3~7nm Amidation (NHS-EDC/ Leménager etal. (2014), Yang et al. (2016a), Han et al. (2019), Huaetal. (2019), L
SOCl) etal. (2019), Liu et al. (2020b)

UCNPs 10-30 nm Ligand + amidation Liu et al. (2017), Zhan et al. (2017), Peng et al. (2019)
(NHS-EDC)

LPR hybrids 25~100 nm Streptavidin-biotin binding  Sonnefraud et al. (2014), Cortés et al. (2016), Urban et al. (2018), Gao et al. (2020)
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System

SPEs in hBN flakes 64
SPEs (Vs) in hBN monolayers 141
SPEs in hBN nanoparticles (>3 nm) 87
SPEs in monolayer/bulk hBN 65

SPEs (V3) in multilayer hBN 142

Method

RESOLFT, off-state microscopy
SMLM
SMLM
SMLM
SMLM

Mechanism

Non-linear excitation of SPES with repumping from metastable statefs)
Stochastic on/off photo-binking between charge states (V3-V5)

Stochastic on/off photo-biinking

Stochastic on/off photo-binking combined with spectral analysis

Stochastic on/off photo-blinking due to protonation of SPEs (Vj + H* — VigH)

Resolution

(63 + 4)m
10.7 nm
<10nm
~10 nm
~5-40 nm
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Cell lines

786-0
HKC
HepG-2
AB49
A375
4T1

Cell names

Human dlear cel renal cancer cels
Human kidney tubular epithetial cells
Human hepatoblastoma cells

Human non-small cel lung cancer cells
Human malignant melanoma cells
Mouse breast cancer cells

Total number

52
52
38
57
56
50

Calibration

40
40
29
45
44
38

Prediction
12
12

12
12
a2
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Raman shift DNA Protein Lipid
(em™)

642 Tyrosine (C-C)
747 Thymine
831/851 Tyrosine
1003 Phenylalanine
1124 C~C stretching mode
1176 Cytosine, Tyrosine
guanine
1208 Tyrosine
1252 Amide Il =CH in-plane
bending
1311 Adenine
1337 Adenine, guanine  Tryptophan
1445 CH2 deformation
1581 Pyrimidine ring
1604 Tyrosine
1620 Tyrosine

1655 Amide |





OPS/images/fchem-09-641670/fchem-09-641670-t003.jpg
Actual set

Prediction set 786-0 HKC
786-0 12 0
HKC 0 12





OPS/images/fphy-09-641341/inline_57.gif





OPS/images/fphy-09-641341/inline_56.gif





OPS/images/fphy-09-641341/inline_55.gif





OPS/images/fphy-09-641341/inline_54.gif





OPS/images/fphy-09-641341/inline_53.gif





OPS/images/fphy-09-641341/inline_52.gif
.





OPS/images/fphy-09-641341/inline_51.gif





OPS/images/fphy-09-641341/inline_50.gif





OPS/images/fphy-09-641341/inline_49.gif





OPS/images/fchem-08-618131/math_6.gif





OPS/images/fchem-08-618131/math_7.gif
(3,2,

)






OPS/images/fchem-08-618131/math_2.gif





OPS/images/fchem-08-618131/math_3.gif
(P b)) = c)”fz:"T”' /:m(x 3.2 42 (1,3,2)

PSE. (x,y) dz= i (R 8, [©
—





OPS/images/fchem-08-618131/math_4.gif
()= Dy [ o (5 2) 1742 (2« SEs (5)de

pris2 frd} ™"
= D (1) [ o . )(,(m,)) .
PSE. (x,y) dz ()





OPS/images/fchem-08-618131/math_5.gif
I(x,3,2,1) o

2Py (=, 1)

o

)





OPS/images/fchem-08-618131/inline_7.gif
2L
@-2" 3

7
=g+
RO =R AT





OPS/images/fchem-08-618131/inline_8.gif





OPS/images/fchem-08-618131/inline_9.gif
211k
RETLAOR





OPS/images/fchem-08-618131/math_1.gif
[F ()= C [ {nalor 2P (5,3.2)) + PSE: (v3)dz - (1)





OPS/images/fphy-09-641341/inline_58.gif
.





OPS/images/cover.jpg
@ frontiers Research Topics





OPS/images/fchem-08-619377/fchem-08-619377-g002.gif
torge ke ot cossn
owrs e
wa s ol
1 | e

' ane
—_

Dosed  cortmesspusee
ctaion  Gapaten foadout

o
wia
—_ e
T -
contruors i
xtaton Sooson

001 Bpeed GRATAM®





OPS/images/fchem-08-601436/fchem-08-601436-g004.gif





OPS/images/fchem-08-601436/fchem-08-601436-g005.gif





OPS/images/fchem-08-619377/crossmark.jpg
©

2

i

|





OPS/images/fchem-08-619377/fchem-08-619377-g001.gif
fon boam excitation  FED SIM

NavE Yo Tm NaYF NV E@NaYE NG NaYF Y0 Tm
Rosoluion:28tm _ Resoltor: 172m Resoluton: 131 nm

P T
L ° - . - M
PR

00@*%





OPS/images/fchem-08-601436/crossmark.jpg
©

2

i

|





OPS/images/fchem-08-601436/fchem-08-601436-g001.gif
B






OPS/images/fchem-08-601436/fchem-08-601436-g002.gif





OPS/images/fchem-08-601436/fchem-08-601436-g003.gif





OPS/images/fchem-08-618131/math_8.gif





