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Abstract

Super-resolution fluorescence microscopy continues to experience a period of extraordinary 

development. New instrumentation and fluorescent labeling strategies provide access to molecular 

and cellular processes that occur on length scales ranging from nanometers to millimeters and on 

time scales ranging from milliseconds to hours. At the shortest length scales, single-molecule 

imaging methods now allow measurement of nanoscale localization, motion, and binding kinetics 

of individual biomolecules. At cellular and intercellular length scales, super-resolution microscopy 

allows structural and functional imaging of individual cells in tissues and even in whole animals. 

Here, we review recent advances that have enabled entirely new types of experiments and greatly 

potentiated existing technologies.

Introduction

The fluorescence microscope is a mainstay instrument in cell biology due to its unique 

ability to visualize fluorescently-labeled molecules and cellular structures with unsurpassed 

specificity and contrast. Importantly, fluorescence microscopy is compatible with live-cell 

imaging, which enables the determination of spatial distributions of biomolecules in their 

native environment. Fluorescence microscopy thus provides a crucial complement to other 

whole-cell imaging technologies, such as electron and X-ray cryo-tomography, which can 

achieve 2–50 nm resolution [1–3]. The spatial resolution of conventional fluorescence 

microscopes, as defined by Ernst Abbe, is fundamentally limited by diffraction to roughly 

one half of the optical wavelength [4]. For visible light, the resolution is thus limited to 250–

300 nm, which is too coarse to resolve biological events that occur at length scales of a few 

nanometers. To surpass this barrier, the last two decades has been marked by continuing 

developments of super-resolution fluorescence microscopy modalities, including stimulated 

emission depletion (STED) [5], (fluorescence) photo-activated localization microscopy 
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((F)PALM) [6,7], stochastic optical reconstruction microscopy (STORM) [8], super-

resolution optical fluctuation imaging (SOFI) [9,10], and MINFLUX microscopy [11], 

which all circumvent the optical diffraction limit through different mechanisms (Figure 1). 

These methods provide access to nanoscale spatial information in living and fixed biological 

specimens – a feat that had remained elusive for optical microscopy for well over a century. 

Super-resolution microscopy now enables researchers to zoom in further, and resolve the 

molecular and cellular underpinnings of life with unprecedented specificity, sensitivity, and 

resolution.

In the era of super-resolution microscopy, the achievable spatial and temporal resolutions 

and overall information content in the obtained images are fundamentally limited by the 

physical and chemical properties of the fluorophores, as well as the labeling strategies used 

to target them to specific biomolecules and cellular structures. The fluorophores take center-

stage because optical imaging below the diffraction limit relies on the fact that fluorescent 

molecules can switch repeatedly between fluorescent ON or non-fluorescent OFF states 

(Figure 1). Even so, achieving optimal super-resolution imaging in intact cells, tissues, or 

even whole animals has required the development of new and improved instrumentation. 

Here, we discuss a few key examples of enabling developments in recent years that have 

potentiated existing technologies and provided entirely new measurement capabilities.

Improvements for single-molecule localization and tracking microscopy

The goal of PALM/STORM-type single-molecule localization and tracking experiments is to 

determine the positions of individual, fluorescently-labeled biomolecules as accurately and 

precisely as possible without perturbing their native function (Figure 1a). In practice, the 

properties of the fluorescent tag (i.e. its size, brightness, photostability), the labeling strategy 

(i.e. efficiency, specificity, and live-cell compatibility), and optical aberrations in the 

imaging system stand in the way of this goal. For example, fluorescent proteins continue to 

be the preferred labels for live-cell imaging, because they can be expressed by the cells 

themselves and genetically targeted to the proteins of interest with an efficiency and 

specificity that has not yet been matched by chemical labeling strategies [12]. However, the 

reduced brightness and photostability of fluorescent proteins compared to most chemical 

dyes has been a major limitation, as the limited photon budget results in reduced localization 

precisions and short observation times.

The use of relatively dim fluorescent proteins for live-cell single-molecule imaging and 

tracking experiments has been greatly potentiated by the recent development of MINFLUX 

microscopy [11] (Figure 1c). MINFLUX is a new localization scheme that converts photon 

information much more efficiently than camera-based tracking (PALM/STORM). Excitation 

light with an intensity minimum at its center, similar to the doughnut beam used in STED 

(Figure 1b), is targeted to known positions around a single fluorophore (compare Figures 1a, 

b and c). The numbers of emitted photons at each doughnut position are then used to 

calculate the position of the fluorophore. For stationary fluorophores, MINFLUX 

microscopy can achieve < 2 nm localization precisions using only 500 photons, thus 

reaching molecular resolution with single molecule fluorophores and surpassing the 

performance of camera-based localization schemes used in PALM by an order of magnitude. 
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Compared to camera-based tracking of moving emitters, MINFLUX provides single-

molecule trajectories containing an order of magnitude more localizations (hundreds vs. 

tens), and each trajectory is sampled at one to two orders of magnitude higher time 

resolution (200 μs vs. 2–20 ms).

For MINFLUX tracking the doughnut minimum has to be kept near the continuously 

moving fluorophore. Thus, frequent position sampling, i.e. high time resolution, is required 

to avoid losing moving molecules. To achieve a time resolution of 200 μs using 12 

fluorescent photons per localization event, the detected fluorescent photon count rate has to 

be around 75 kHz. Such count rates were possible using the fluorescent protein mEos2 in the 

initial demonstration of MINFLUX [11]. A time resolution of 200 μs was sufficient to track 

slowly diffusing (D < 2 μm2/s) 30S ribosomal subunit proteins in E. coli. For tracking of 

faster moving molecules, either the emission count rate of the fluorophore or the size of the 

scan range L has to be increased. The latter measure lowers the localization precision at each 

time point. Thus, MINFLUX microscopy, like camera-based localization methods, 

encounters a fluorophore-limited trade-off between spatial and temporal resolution, albeit at 

much more favorable values. In a recent demonstration of MINFLUX tracking, the DNA-

tethered dye ATTO647N yielded a count rate of 350 kHz, when excited slightly below its 

excitation saturation threshold [13]. It is therefore highly desirable to develop bright photo-

activatable or photo-switchable fluorescent protein and dye labels that can achieve count 

rates close to 1 MHz (required for 20 μs time resolution). The emission count rate of 

currently available fluorescent dyes and proteins is primarily limited by repeated transitions 

to non-fluorescent dark states [14] a property of fluorophores that is undesirable for single-

molecule microscopy, but exploited in super-resolution optical fluctuation imaging (SOFI) 

[9,10] (Figure 1d).

PALM and MINFLUX microscopy rely on sequential photo-activation to ensure that single 

molecules can be probed individually. An alternative approach to achieve low concentrations 

of actively emitting fluorophores is to label only a small subset of expressed proteins using 

stochastic protein labeling [15]. Stochastic protein labeling is achieved by flanking the stop 

codon of the gene of interest with two unique 3-letter nucleotide sequences immediately 

upstream of the gene for a fluorescent tag. By use of these gene sequences, ribosome stop 

codon read-through occurs with low-probability (<0.1%), such that only a small subset of 

the expressed proteins will be fused to the fluorescent tag. The fluorescence signal can be 

amplified by using multivalent tags, such as the Sun-tag [16] or the 3x-HALO repeat [17], 

combined with bright fluorophores, such as Janelia Fluor dyes [18]. More recently, exchange 

of fluorogenic probes in epitope arrays has been exploited to provide unbleachable 

fluorescent labels [19]. Signal amplification using array tags enables higher localization 

precisions and/or longer trajectories in PALM/STORM or MINFLUX-based tracking, but 

also increases the overall molecular mass of the fluorescent label (1–2.5 MDa vs. 27 kDa for 

a single fluorescent protein).

Super-resolution imaging biomolecular activity in living cells

The research fields of fluorescence-based biosensing [20,21] and super-resolution imaging 

have remained largely separate. While super-resolution microscopy offers information about 
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the nanoscale locations of fluorescently-labeled biomolecules, the biochemical activity of 

the tagged molecules cannot be simultaneously inferred. Recently however, Mo et al. 

bridged this gap by introducing a new class of biosensors that enable readouts of enzymatic 

activity at spatial resolutions below the optical diffraction limit [22]. These biosensors, 

modeled after similar FRET-based biosensors [20], rely on the newly discovered 

phenomenon that the proximity of two fluorescent proteins (in this case Dronpa and 

TagRFP-T) can alter the fluorescence fluctuation rates of TagRFP-T. The fluorescence 

fluctuation rates change over an effective distance of 5–6 nm, and these changes are 

quantifiable through photochromic Stochastic Optical Fluctuation Imaging (pcSOFI, Figure 

2) [23]. The resulting pcSOFI images provide the spatial positioning of TagRFPT and a 

measure of the proximity between TagRFP-T and Dronpa, i.e., the signaling state of the 

biosensor. This new approach, termed FLuctuation INcrease by Contact (FLINC), was 

validated in living cells by using Protein Kinase A (PKA) activity as a test case. PKA is a 

signaling protein that phosphorylates downstream proteins in response to G-protein coupled 

receptor activation. A PKA-specific substrate peptide linked to a phosphoamino-acid-

binding domain (PAABD) was tagged with TagRFP-T and Dronpa, resulting in a FLINC-

based A-Kinase Activity Reporter (FLINC-AKAR1) (Figure 2a). Hotspots of PKA activity 

were detected at the plasma membrane when both labels were in close proximity, which 

resulted in a spatially localized FLINC signal (Figure 2b). As with FRET-based biosensing, 

the distance sensitivity of FLINC makes this new class of biosensors generally applicable to 

a wide-variety of biological processes, including localized enzyme activities and ion 

concentrations in cells [20,24–26].

Capturing the big picture: High-content super-resolution imaging

Large scale “–omics” studies have been very successful in providing population-averaged 

transcriptomic, proteomic, and metabolomic profiles of cells and tissues. However, cell 

heterogeneity and rare subpopulations remain undetectable with these techniques. Recent 

efforts have therefore focused on using super-resolution microscopy to spatially map and 

quantify the distributions of proteins and RNA transcripts in single cells. Key challenges for 

this endeavor are the large numbers of targets to image and the limited number of resolvable 

fluorescent wavelengths in the visible spectrum. In other words, fluorescence microscopy is 

not readily parallelizable to enable simultaneous imaging of hundreds of targets in single 

cells. Therefore, visual proteomics and transcriptomics with (sub-)cellular resolution 

requires sequential labeling and imaging of the specimen.

Recent extensions to the Points Accumulation for Imaging in Nanoscale Topography 

(PAINT) [27–30] technique have been particularly promising for mapping the spatial 

localizations of tens and possibly hundreds of proteins in single cells. In DNA PAINT, 

antibodies modified with short DNA nucleotides bind to proteins of interest within fixed and 

permeabilized cells [31]. Dyeconjugated DNA strands, so called imager stands, are then 

introduced into the sample (Figure 3a). Before binding to the complementary DNA sequence 

on the antibody, imager strands diffuse rapidly, so that their fluorescence emission 

contributes to a diffuse cellular fluorescence background. Once bound, however, the imager 

strands produce sharp point-spread-functions enabling their localization. Localized signal 

detection upon binding replaces fluorophore photoactivation and blinking used in PALM and 
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STORM (Figure 1a). In contrast to covalent labeling strategies, DNA-PAINT imaging 

enables theoretically unlimited localizations of the same protein through turnover of 

reversibly bound imager strands. Furthermore, the fluorophore binding kinetics can be 

controlled by adjusting the imager strand concentration and the binding affinity can be 

controlled by changing DNA strand length and degree of complementarity. However, the use 

of high concentrations of unbound imager strands also increases the diffuse background 

signal. To improve the signal-to-background ratio, Förster resonance energy transfer 

(FRET)-based imager strands have been developed recently [32,33]. In FRET-PAINT, the 

imager and docking strands are respectively labeled with donor and acceptor dyes. A FRET 

signal from the acceptor dye on the docking strand will only be detected upon binding of an 

imager strand (Figure 3a). By monitoring the red-shifted FRET signal, the signal-to-

background ratio is improved dramatically so that higher concentrations of imager strands 

can be used. FRET-PAINT enabled an increase in imager strand concentration by two orders 

or magnitude, while maintaining a similar signal-to-background ratio as conventional DNA-

PAINT. The accompanying increase in imager strand binding events cut down the total data 

acquisition time by a factor of 30. Finally, exchange-PAINT (Figure 3a) enables probing of 

8–10 different protein targets by sequentially introducing and then washing out different 

imager strands with different DNA complementarities [34–36]. Since binding events are 

transient by design, exchange-PAINT enables faster washing and relabeling compared to 

immuno-labeling approaches. The exchange-PAINT principle is fully compatible with 

FRET-based imager probes, which could further increase data acquisition throughput and 

enable imaging of hundreds of different proteins in the same cell.

Similar strategies have also led to breakthroughs in imaging-based transcriptomics. 

Multiplexed, error-robust fluorescence in-situ hybridization (MERFISH) [37] utilizes single-

molecule FISH (smFISH) [38,39] to localize and identify RNA transcripts in single cells. 

Specifically-designed encoding probes stably bind to RNA transcripts through base pair 

complementarity. These encoding probes are flanked by a unique combination of read-out 

sequences that act as high-affinity docking sites for STORM dye-labeled RNA imager 

strands. As in exchange-PAINT, imager strands are sequentially introduced, spatially 

localized by STORM, and then the attached dye is photobleached or chemically cleaved to 

enable the next round of imaging. Through the use of L different imager strands in N rounds 

of imaging, each RNA transcript can be precisely localized and identified by a unique 

barcode, corresponding to whether the encoding probe was labeled with an imager strand in 

a given round of imaging (Figure 3b). By integrating MERFISH with two-color imaging and 

automating data acquisition, over 100 RNAs in ~40,000 cells could be identified [40]. Thus, 

MERFISH imaging achieved data acquisition throughputs comparable to droplet-based, 

single-cell sequencing approaches [41–43], with the additional advantage of providing the 

subcellular locations of the imaged RNA transcripts within each cell. MERFISH thus 

enables the detection of spatially correlated RNA profiles within a cell population. For 

example, the technique successfully identified dividing cells by detecting up-regulation of 

genes encoding the cell-division machinery. Neighboring cells exhibited similar levels of up-

regulation, suggesting a level of synchronization due to a common recent progenitor cell or 

the presence of local environmental signals.
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The DNA- and RNA-based imaging methods described above provide spatial information 

about hundreds of protein and RNA targets in the populations of cells. However, the 

sequential labeling and washing steps that enable these capabilities limit these techniques to 

static imaging of fixed cells. Capturing molecular and cellular behaviors in real time requires 

live-cell compatible labeling and imaging approaches. Lattice-light sheet microscopy 

(LLSM) is perhaps the most versatile live-cell imaging platform capable of probing the 3D 

dynamics of cells and cellular organelles with high spatial and temporal resolution [44]. 

Spatial structuring of excitation light into thin optical lattices enables super-resolution 

imaging through structured illumination microscopy (SIM) [45,46]. Perhaps more 

importantly, the perpendicular excitation and detection geometry enables noninvasive long-

term imaging of light-sensitive specimens. Since its initial demonstration in 2014, Betzig 

and co-workers have continued to refine LLSM to push its spatial resolution [47], as well as 

its multicolor [48], and deep-tissue imaging capabilities [49]. Patterned activation followed 

by patterned excitation of the reversible photo-switchable fluorescent protein Skylan-NS 

[50] achieved 120 × 230 × 170 nm 3D spatial resolution [47] through non-linear structured 

illumination microscopy (NL-SIM) [51]. In a separate effort, LLSM was implemented with 

6 different excitation wavelengths and 4 different detection channels to achieve 6-color 

imaging after linear unmixing [48,52]. Multicolor LLSM provided unprecedented 5-

dimensional datasets (3 spatial dimensions, time, and wavelength) that begin to capture the 

full complexity of organelle motion and interplay in living cells. The combination of LLSM 

with protein-retention expansion microscopy [53,54] enabled multicolor fluorescence 

imaging of the complete Drosophila brain at 60 × 60 × 90 nm resolution in under 100 hours 

[55]. Recently, the capabilities of LLSM were further improved through the use of adaptive 

optical elements (AO-LLSM) that compensate for optical aberrations induced by refractive 

index mismatches in thick biological specimens [49]. Spatial light modulators and 

deformable mirrors in the excitation and emission beam paths enabled diffraction-limited 

imaging of cells deeply embedded in tissues and living animals (Figure 4). The combination 

of these technologies in a single instrument paves the way towards super-resolution imaging 

of cellular structures and cellular dynamics, as they occur in their native 3-dimensional 

environment.

Conclusion

Super-resolution microscopy continues to benefit from paradigm-shifting developments of 

novel measurements technologies, fluorescent labeling strategies, and functional imaging 

probes. Here, we highlighted a few key examples in each of these categories that have 

enabled experimental access to previously inaccessible biological processes within cells. 

These developments now set the stage for mapping the structure and the activity architecture 

of cells, cellular organelles, and individual molecules. Experiments using super-resolution 

microscopy continue to benefit from the development of ever more powerful gene-editing 

technologies [56–58] and from experimental tools that enable chemical or real-time optical 

manipulation of bimolecular activity in living cells [59,60]. Given the long and successful 

track record of fluorescence microscopy in elucidating the functional properties of biological 

systems, the ongoing technological advances in super-resolution fluorescence microscopy 
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will undoubtedly continue to transform our understanding of life at the smallest length 

scales.
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Highlights

• MINFLUX microcopy achieves orders of magnitude better spatial and 

temporal resolution than camera-based, single-molecule localization and 

tracking microscopy.

• FLINC biosensors enable super-resolution optical fluctuation imaging of 

biomolecular localization and activity in living cells.

• DNA - and RNA-based labeling approaches enable multiplexed single-

molecule localization microscopy of hundreds of different proteins or RNA 

transcripts.

• Adaptive optics (AO)-corrected lattice-light sheet microscopy achieves non-

invasive live-cell imaging in intact tissues and animals at unprecedented 

spatiotemporal resolution.
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Figure 1. Working principles of selected super-resolution imaging modalities and their resolving 
capabilities.
a) In coordinate-stochastic (F)PALM/STORM microscopy, fluorophores randomly switch 

between fluorescence ON and OFF states (yellow and green stars, respectively) when 

illuminated by wide-field excitation light, resulting in isolated fluorescence signals on the 

detector. The positions of individual molecules are determined by fitting the pixelated 

(diffraction-limited) single-molecule images (green histogram) with a mathematical model 

(black line). Localization precisions of 20–80 nm are routinely achieved for camera-based 

single-molecule imaging in living cells as indicated by the green probability densities. If a 

molecule emits photons during several camera frames, its position can be determined at 

subsequent time points in single-molecule tracking applications, as indicated by the blue 
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displacements overlaid on the simulated Brownian diffusion trajectory (grey).b) In 

coordinate-targeted STED microscopy, fluorophores (green and yellow stars) in the 

specimen are selectively excited by a conventional confocal excitation beam (green) and 

then forced back to the ground state by a red-shifted doughnut beam (red) through 

stimulated emission. STED microscopy provides a smaller probing volume compared to 

confocal microscopy, because only the fluorophores near the center of the doughnut beam 

(below the I0 intensity threshold for stimulated emission, dashed line) are allowed to remain 

in the excited state and fluoresce (yellow star). A super-resolved image is acquired pixel-by-

pixel by scanning the excitation beam and the overlapping STED doughnut through the 

sample. STED can achieve a resolution of 20–50 nm in whole-cell imaging, as indicated by 

the green fluorescence signals overlaid on fluorescently-labeled nucleoporin proteins of the 

nuclear pore complex [61,62]. The deterministic scanning pattern of STED is not suited for 

single-molecule tracking; nevertheless, tracking of synaptic vesicles labeled with multiple 

fluorophores has been demonstrated [63]. c) MINFLUX microscopy is a hybrid of 

coordinate-targeted and coordinate-stochastic microscopy. Wide-field illumination is used to 

randomly photoactivate a single fluorophore in the specimen, and then a doughnut beam is 

targeted to four predefined coordinates (blue dots) around the fluorophore. If the fluorophore 

is located near the intensity minimum, it will only emit a few fluorescence photons, and any 

small displacement of the doughnut will cause it to emit more photons. The position of the 

fluorescence emitter can be calculated from the number of photons emitted at the four 

targeted coordinates (n0, n1, n2, n3). Localization precisions of 2 nm can be achieved for 

MINFLUX single-molecule imaging, as indicated by the green probability densities, and 

20–50 nm for MINFLUX single-molecule tracking in living cells, as indicated by the blue 

displacements. d) SOFI relies on stochastic fluctuations of fluorescence emitters that 

independently transition between fluorescent and non-fluorescent states over time. If these 

emitters are positioned closer than the diffraction limit, then the signal in a given pixel (i-4, 

i, or i+4) is the sum of the fluorescence signals (overlapping Gaussian profiles) of multiple 

emitters (yellow stars). Due to fluorophore blinking, the intensity measured in each pixel 

fluctuates in time (blue, red, and yellow profiles). Computing the nth-order auto- and cross-

cumulants of the temporal fluctuations in each pixel can provide resolution improvements by 

up to a factor of n. Resolutions on the order of 100 nm are routinely achieved in living cells, 

as indicated by the green probability densities.

Achimovich et al. Page 13

Curr Opin Struct Biol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Working principle of the membrane-tethered FLINC–AKAR1 biosensor for 
photochromic Stochastic Optical Fluctuation Imaging (pcSOFI).
a) The phosphoamino-acid binding domain (PAABD) binds to its substrate upon 

phosphorylation by PKA, which brings TagRFP-T (red cylinder) into close proximity to 

Dronpa (green cylinder). The resulting changes in the fluorescence fluctuations kinetics of 

TagRFP-T provide a quantifiable FLINC signal of the phosphorylation state of the biosensor. 

b) SOFI images of FLINC–AKAR1 biosensors on the plasma membrane of live HeLa cells. 

After normalization to account for variability in biosensor concentration, the intensity in 

each pixel is the local FLINC signal, which reports on the local PKA activity. The 

normalized SOFI images show that PKA activity is spatially localized into distinct micro-

domains (left image), and that PKA activity increases upon chemical activation (middle 

image) and decreases upon chemical inhibition (right image). Figure reproduced and 

adapted with permission from Ref. [22].
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Figure 3. High-content super-resolution microscopy labeling techniques.
a.) DNA-PAINT is used to localize antibody-labeled proteins (purple and gray). Left Panel: 

Diffusing dye-conjugated imager strands can bind to complementary docking strands on the 

antibodies. Upon binding, their fluorescence images on the detector become localized in 

space, which enables precise position estimations of the so-labeled proteins. Middle Panel: 

Docking strands used in FRET-PAINT are conjugated to a FRET acceptor dye. FRET occurs 

only after binding of an imager strand, which is conjugated to a FRET donor dye. FRET 

emission of the acceptor dye is used to localize the labeled protein. Raising the 

concentration of imager strands does not increase the background in the emission channel of 

the acceptor dye, but accelerates the data acquisition time by increasing the imager strand 

binding rates. Right Panel: Exchange-PAINT enables multiplexed labeling by sequentially 
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introducing multiple different imager strands that are conjugated with the same dye after 

repeated washing steps. b) MERFISH localizes multiple RNA transcripts by introducing 

encoding RNA probes that bind to M distinct RNA transcripts through complementary base-

pairing (black lines). Each encoding probe contains a unique combination of readout 

sequences (colored lines), which act as docking sites for STORM dye-modified imager 

probes. Fluorescent imager probes (yellow stars) are sequentially introduced, imaged, and 

then photobleached or chemically cleaved (grey stars) prior to the next round of imaging. If 

a localized fluorescence signal is measured in a given imaging round, the position of the 

RNA transcript can be determined and the bit value for this position is set to 1. Over N 

rounds of imaging, an N-bit barcode is generated that uniquely identifies the RNA transcript.
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Figure 4. Adaptive optics corrected lattice-light sheet microscopy (AO-LLSM) enables live-cell 
imaging in whole animals.
(a) Left Panel: Imaging a 170 μm x 185 μm x 135 μm volume in the spine of a zebrafish 

embryo (center) at diffraction-limited resolution requires local adaptive optics correction of 

specimen-induced aberrations. Shown are the tiled correction wavefronts applied in the 

excitation (top) and emission (bottom) light paths. Larger amplitudes of the correction 

wavefronts are indicative of larger specimen-induced aberrations that occur at greater 

imaging depths. Right Panel: Slices through the image volume at different imaging depths. 

There is notable improvement in resolution after adaptive optics correction and 

deconvolution of images. Scale bar: 30 μm. b) Exploded view of hundreds of individual cells 

in the zebrafish eye. Four different cellular components were simultaneously labeled. The 

plasma membrane was labeled with a genetically-targeted citrine, the trans-Golgi apparatus 

was labeled with genetically-targeted mNeonGreen, the endoplasmic reticulum was labeled 

with genetically-targeted tagRFPt, and mitochondria were labeled with the organelle specific 

dye MitoTracker Deep Red. Scale bar: 30 μm. Figures reproduced and adapted with 

permission from Ref. [49].
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