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a b s t r a c t 

The need for temporal resolution and long-term stability in super-resolution fluorescence imaging has 

motivated research to improve the photostability of fluorescent probes. Due to the inevitable photo- 

bleaching of fluorophores, it is difficult to obtain long-term super-resolution imaging regardless of the 

self-healing strategy of introducing peroxide scavengers or the strategy of fluorophore structure modifi- 

cation to suppress TICT formation. The buffered fluorogenic probe uses the intact probes in the buffer 

pool to continuously replace the photobleached ones in the target, which greatly improves the photosta- 

bility and enables stable dynamic super-resolution imaging for a long time. But the buffering capacity 

comes at the expense of reducing the number of fluorescent probes in targets, resulting in low staining 

fluorescence intensity. In this paper, we selected BODIPY 493, a lipid droplet probe with high fluorescence 

brightness, to explore the dynamic process of lipid droplet staining of this probe in cells. We found that 

BODIPY 493 only needs very low laser power for lipid droplet imaging due to the high molecular accu- 

mulation in lipid droplets and the high brightness, and the spatiotemporal resolution is greatly improved. 

More importantly, we found that BODIPY 493 also has a certain buffering capacity, which enables BODIPY 

493 to be used for super-resolution imaging of lipid droplet dynamics. This work reminds researchers to 

coordinate the buffering capacity and brightness of fluorogenic probes. 

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Lipid droplets (LDs) are key organelles for lipid metabolism and 

nergy homeostasis in cells [1] , and have recently been found to 

ave physiological functions such as relieving cellular stress and 

esisting bacterial invasion [2–5] . The functions of LDs are accom- 

lished during the dynamic processes of LD generation, fusion, 

aturation, division, and interactions with other organelles [6–8] . 

he development of LD fluorescent probes has become a hot topic 

n recent years [9–11] . In particular, super-resolution fluorescence 

maging has broken the diffraction limit, realizing the resolution 

f LDs and the interaction network with other organelles at the 

anometer level [ 12 , 13 ]. However, the super-resolution imaging of 

he dynamic process of LDs has always been a challenge due to the 

oor photostability of fluorescent probes in super-resolution fluo- 

escence imaging [14–18] . 

In our previous work, we developed a buffering fluorogenic 

robe LD-FG for LD to overcome the photobleaching and achieve 

table super-resolution fluorescence imaging of LD dynamics 

 Fig. 1 ) [12] . The sensitivity of LD-FG to hydrogen bonding results
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n strong fluorescence emission after entering LDs and fluorescence 

uenching outside the LDs. The key point is that only a part of 

he intracellular probes entered the LDs, and the other part ex- 

sted in the periphery of the LDs and acted as buffer pools. When 

he probes in the LDs are photobleached, the intact probes in the 

uffer pool will be quickly replenished into the LDs to achieve sta- 

le imaging. LD-FG has been shown to be useful for SIM imag- 

ng of various dynamic processes such as LD formation, decom- 

osition, fusion. However, the buffering capacity comes at the ex- 

ense of reducing the number of fluorescent probes in LDs, re- 

ulting in low fluorescence intensity in LDs and restricting the im- 

rovement of spatial resolution in super-resolution imaging. There- 

ore, in our study we are looking for a synergistic improvement of 

robe buffering capacity and emission brightness. 

BODIPY dyes have high molar extinction coefficients and quan- 

um yields, and are currently known dyes with the highest lumi- 

escence brightness [ 19 , 20 ]. Due to its lipophilicity, BODIPY dyes 

re often used to stain lipids, including cell membranes and LDs 

21] . BODIPY 493 is the most commonly used green fluorescent 

D probe with high selectivity to LDs and high brightness [22] . In 

his paper, we explored the buffering capabilities of BODIPY 493 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Table 1 

Optical properties of LD-FG and BODIPY 493 in various solvents. 

Probe Solvent λabs (nm) λem (nm) Stokes shift (nm) ε (L mol −1 cm 

−1 ) ϕa Brightness 

BODIPY 

493 

DCM 497 508 11 84,670 0.95 80,437 

CH 3 CN 492 503 11 74,505 0.96 71,525 

DMSO 495 510 15 79,205 0.89 70,492 

EtOH 495 507 12 87,010 0.91 79,179 

H 2 O 453 503 50 24,420 0.07 1709 

LD- 

FG 

DCM 442 542 100 3604 0.70 2523 

CH 3 CN 437 576 139 3713 0.36 1343 

DMSO 441 598 157 3418 0.24 820 

EtOH 437 598 161 3456 0.10 346 

H 2 O 415 669 254 3250 0.003 10 

a Coumarin 153 was used to obtain relative fluorescence quantum yields ( ϕ). 

Fig. 1. LD probes LD-FG and BODIPY 493 have different buffering capacity and 

emission brightness, which synergistically affect the performance of buffering fluo- 

rescent probes. 
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 Fig. 1 ). Under different conditions of increasing the staining con- 

entration, decreasing the excitation laser intensity and prolonging 

he imaging interval, BODIPY 493 showed good buffering imaging 

erformance. With combination of high brightness of BODIPY 493, 

he spatial and temporal imaging resolution of LD dynamics can be 

ffectively im proved. 

We first compared the optical properties of LD-FG and BOD- 

PY 493 in different solvents. As shown in Table 1 and Fig. S1 

Supporting information), BODIPY 493 has much higher brightness 

han LD-FG in various solvents. This is mainly due to the huge 

ifference in the molar extinction coefficients of the two probes 

n different solvents. LD-FG has weak light absorption capacity in 

ll solvents ( ε = 3500 L mol −1 cm 

−1 ), while BODIPY 493 displays 

trong absorption capacity ( ε = 80,0 0 0 L mol −1 cm 

−1 ). The quan- 

um yield ( ϕ) of LD-FG decreases significantly when the solvent 

olarity increases from dichloromethane (DCM) to water. Our pre- 

ious studies have demonstrated that LD-FG experienced a large 

hange in charge density upon photoexcitation, induced more sub- 

tantial vibrations of hydrogen bond could effectively quench flu- 

rescence in protic solvents [ 12 , 23 ]. In contrast, BODIPY 493 ex- 

ibited high quantum yields in organic solvents ( ϕ > 0.9). How- 

ver, in water, both the absorbance and quantum yield of BODIPY 

93 decreased significantly ( ε = 24,420 L mol −1 cm 

−1 , ϕ = 0.07), 

hich is likely due to the poor water solubility of BODIPY 493 

nd the fluorescence quenching caused by aggregation in water 

24] . This significantly enhancement of fluorescence from water to 

rganic solvents gives BODIPY 493 a good fluorogenicity for LD 

taining. 

Improved spatiotemporal resolution depends on the brightness 

nd stability of fluorescent probes. Probes with higher brightness 

an not only effectively improve the spatial resolution, but also re- 

uce the excitation light intensity and shorten the imaging inter- 

al, thus effectively resisting photobleaching. 

We first examined the effect of the high brightness of BODIPY 

93 on improving temporal and spatial resolution in structure illu- 
5043 
ination microscopy (SIM) imaging. As shown in Fig. S2 (Support- 

ng information), BODIPY 493 was able to obtain a better signal- 

o-noise ratio than LD-FG even when the exposure time was re- 

uced, mainly due to the high brightness of BODIPY 493. We first 

hose the temporal resolution at 1.35 s/frame, the fluorescence in- 

ensity of LD-FG in LDs was about 1500, while BODIPY 493 had a 

5 fold improvement, which also made BODIPY 493 staining with 

igh signal-to-noise ratio ( ∼4.6 fold). For BODIPY 493, it can still 

aintain high brightness and signal-to-noise ratio in LDs even the 

emporal resolution decrease to 0.03 s/frame. These results suggest 

hat the high brightness of BODIPY 493 allows the high temporal 

esolution imaging of LDs. 

Exogenous fatty acids and active fatty acids produced during 

ipolysis and lipophagy can become toxic and ultimately trigger 

ell death, then the esterification of activated fatty acids will be 

pregulated to generate nascent LDs to avoid lipotoxicity [25] . The 

ormation of nascent LDs is crucial for energy storage and manag- 

ng cellular stress, but their size is too small to resolve [3] . BODIPY

93 has a high brightness, which improves the spatial resolution of 

IM imaging, thus enabling the observation of nascent small-sized 

Ds. 

We stimulated the biogenesis of LDs by adding oleic acid (OA) 

r metformin (Met) to cell culture medium, and then incubated 

eLa cells with BODIPY 493 to investigate its spatial resolution 

n SIM imaging. As shown in Figs. 2 a and b, many nascent small-

ized LDs were observed in cells after OA stimulation, and the spa- 

ial resolution was significantly improved to 143 nm by comparing 

ith the 180 nm of LD-FG in SIM imaging. 

Metformin can also stimulate the generation of small LDs 

hrough the hydrolysis of LDs [26] , thus the LDs diameter in Met- 

reated cells was visually shrunk by comparing to OA-treated cells, 

ith the spatial resolution further coming up to 134 nm ( Figs. 2 c

nd d). These results strongly suggest that the high brightness of 

ODIPY 493 effectively im prove the spatial and temporal resolu- 

ion in super-resolution imaging, which is particularly suitable for 

mall-sized LDs imaging. 

BODIPY 493 displays strong affinity to LDs due to its high 

ipophilicity (Clog P = 5.03). This makes BODIPY 493 mainly accu- 

ulate in LDs after entering cells, which leads us to believe that 

ODIPY 493 had no buffering capacity at first. As the concentra- 

ion of BODIPY 493-stained cells increased (from 1 to 10 μmol/L) 

12] , or BODIPY 493 was released into the cytoplasm as the hydrol- 

sis of LDs (Fig. S3 in Supporting information) [27] , obvious back- 

round fluorescence appeared outside LDs, which should be due 

o the fact that the aggregation between BODIPYs could not effec- 

ively quench the fluorescence at higher concentrations. But it also 

mplies that BODIPY 493 exists outside LDs, providing the possi- 

ility for its buffering ability. Indeed, the large number of newly 

ormed LDs were stained with probes in buffer pools, but caused 

he fluorescence quenching due to the limited buffering capability 

f BODIPY 493 (Fig. S4 in Supporting information). 



J. Chen, W. Liu, X. Fang et al. Chinese Chemical Letters 33 (2022) 5042–5046 

Fig. 2. Spatial resolution of BODIPY 493. (a, c) SIM images of living HeLa cells 

stained with 2 μmol/L BODIPY 493. (b, d) Cells were pre-treated with 200 μmol/L 

oleic acid for 30 min and 200 μmol/L metformin for 8 h, respectively. The plot pro- 

file of the yellow arrow in (a) and (c). Scale bar = 2 μm. 
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Our previous work has shown that the increasement of hy- 

rophilicity of photobleached fluorophore allowed the exchange 

ith intact probes in the buffer pools ( Fig. 1 ) [12] . We defined the

ate of photobleaching as k bl , and the rate of exchange of bleached 

robe and buffer probe as k ex . When k ex > k bl , the fluorescence

ntensity of the probe will remain stable during dynamic imag- 

ng. There are two ways to ensure that the probe exchange rate is 

reater than the photobleaching rate. One is to increase the buffer- 

ng capacity of the probe. The higher buffering probe concentration 
ig. 3. (a) Confocal images of BODIPY 493 in living HeLa cells during photobleaching 

ar = 2 μm. (b, c) Relative intensity of the bleaching area during photobleaching and photo

5044 
utside LDs will increase the rate of probe exchange, as we previ- 

usly reported for LD-FG. The other is to reduce the excitation laser 

ntensity, which reduces the speed of photobleaching. This method 

s suitable for probes with limited buffer capacity but high bright- 

ess, such as BODIPY 493. 

Next, we examined the performance of BODIPY 493 in cells 

o stabilize photostability by the buffering strategy. We performed 

RAP (fluorescence recovery after photobleaching) experiments on 

iving HeLa cells stained with BODIPY 493. We irradiated a se- 

ective area with a higher laser intensity (20 or 10 μW) for few 

econds to cause significant photobleaching, and then changed to 

 mild laser intensity (4 μW) to monitor the photorecovery pro- 

ess under minimal photobleaching. The apparent buffering capac- 

ty of BODIPY 493 under different experimental conditions was 

ompared by fluorescence recovery rate and final photorecovery 

egree. 

We first compared the effect of different staining concentrations 

or fluorescence recovery. Increasing staining concentration can en- 

arge the buffer pool outside LDs, thus speeding up the exchange 

rocess. As shown in Figs. 3 a and b, by incubated with 2 μmol/L 

ODIPY 493, the fluorescence intensity was decreased by 83% af- 

er photobleached with high power laser. Subsequently, the ex- 

hange of buffer probe made the fluorescence intensity restored 

o about 45% of initial fluorescence intensity ( F 0 ) in 55 s. While

he fluorescence intensity of low staining concentration could only 

ecover from 16% to 38%. The confocal images of LDs in Fig. 3 a

lso showed that high staining concentration resulted in clearer 

mage after photobleaching. It is also worth mentioning that, for 

D probes with high lipophilicity, excessive staining concentration 

ould disturb the microenvironment of the LDs, and the accumu- 

ation of a large number of non-fluorogenic probes in cytoplasm 

ould also cause high imaging background. 

To further improve the apparent buffering capacity of BOD- 

PY 493, we prolonged the imaging interval to allow more buffer 

robes to enter LDs for increasing the degree of fluorescence recov- 

ry. As shown in Figs. 3 a and c, the fluorescence recovery rate was
and photorecovery processes. White circles highlighted the bleaching area. Scale 

recovery processes of BODIPY 493 under different experimental conditions. 
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Fig. 4. Time-lapse SIM images of living HeLa cells and the enlarged images of LD movements in the boxed region. The HeLa cells were incubated with 2 μmol/L BODIPY 493 

for 30 min. Scale bar = 5 μm. 
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[

ignificantly improved after imaging interval was extended from 3 s 

o 5 s with the same staining concentration. Moreover, the fluores- 

ence intensity finally restored from 21% to 73%, and the confo- 

al images were also brighter after fluorescence recovery ( Fig. 3 a). 

or SIM imaging, when the dynamic imaging interval was 5 s, the 

uorescence intensity decreased by 48% after 25 frames; but the 

uorescence intensity did not show obvious downward trend after 

5 frames when imaging interval extended to 20 s (Fig. S5 in Sup- 

orting information), which was well consistent with the results 

f FRAP experiments. In addition, due to the excellent fluorescent 

roperties of BODIPY 493, the laser power of imaging can be ap- 

ropriately reduced to sacrifice a small amount of brightness for 

ong-term photostable imaging. As we expected, the final fluores- 

ence recovery degree was increased from 45% to 62% with the 

ame staining concentration. These results indicate that increas- 

ng the staining concentration can increase the number of buffer 

robes to accelerate the replenishment process. Furthermore, ex- 

ending imaging interval and reducing excitation laser power ap- 

ropriately can also effectively minimize the impacts of photo- 

leaching on LD dynamic imaging by BODIPY 493. 

LDs are highly dynamic organelles, and the movement of LDs 

n cells is closely involved in lipid metabolism, energy home- 

stasis, signal transduction, protein degradation and interactions 

ith other organelles [ 7 , 28 ]. The above results show that BODIPY

93 has high brightness and suitable buffering capacity. Therefore, 

ODIPY 493 was next used to track LD movement in HeLa cells by 

IM imaging. 

As shown in Fig. 4 , the small-sized LDs were observed to move 

uickly in living cells. Within 0–40 s, LD1 (white arrow) gradually 

oved toward LD2 (red arrow), with the LD3 (magenta arrow) sep- 

rated from a LDs cluster. After the contact between LD1 and LD2, 

he LD2 was “activated” and rapidly moved to LD3 in 10 s (50 s to 

0 s), and then formed a “LD-LD complex” in the following 50 s 

60 s to 110 s). Subsequently, the “LD-LD complex” disassembled 

nd LD2 gradually returned to the activated site and moved in the 

irection to LD1. In addition, the reciprocating motion of small LDs 

as also successfully captured (Fig. S6 in Supporting information). 

uring the tracking of LD movement, the fluorescence intensity of 

ODIPY 493 did not show obvious decrease (Fig. S7 in Support- 

ng information). The above results prove that BODIPY 493 has a 

oderate buffering capacity, which can be used for stable super- 

esolution imaging of LD dynamics with time scales of tens of sec- 

nds. 

In conclusion, we demonstrate that BODIPY 493 has the ability 

o achieve stable super-resolution imaging of LDs dynamics with a 
5045
uffer strategy. BODIPY 493 benefits from its high brightness with 

 temporal resolution of 0.03 s/frame and a spatial resolution of 

34 nm in SIM imaging, which is especially suitable for small-sized 

D imaging. The apparent buffering capacity of BODIPY 493 can be 

ffectively enhanced by increasing staining concentration, extend- 

ng imaging interval and reducing excitation laser power appropri- 

tely. We believe the rationally structural modification of BODIPY 

yes in future can not only retain the high brightness but also im- 

rove buffering capacity, so it would become a powerful tool for 

he research of LD physiology based on the high temporal and spa- 

ial resolution in super-resolution imaging. 
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