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Abstract: A novel lipophilic dye, based on the structures of benzothiadiazole
heterocycles, was shown to be an effective fluorescent stain for the imaging of lipid
droplets (LDs) within both fixed and live cells. Its high photostability, large Stokes shift,
and improved staining and specificity over that of commercial dye Nile Red highlight its

great potential as a versatile chemical tool for facilitating LD imaging and research.
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Figure 1. Structures of Nile Red and CBD-Fluor

Lipid droplets (LDs) are highly dynamic cellular organelles involved in the storage

and metabolism of neutral lipids, processes which are both tightly regulated and closely



associated with various metabolic diseases such as obesity and diabetes.'® To better
gauge their relative abundance, size, and distribution, as well as further elucidate their
fundamental roles in human health and disease, there remains the need to develop new
methods and techniques for the selective detection and visualization of LDs. To this end,
lipophilic fluorescent dyes have proven to be invaluable chemical tools for advancing LD
research by providing a non-destructive method for the imaging and quantification of LDs
in real time—a necessary feature for probing LD dynamics within complex cellular

environments.t-13

Of the reported LD stains, Nile Red is most commonly used given its
commercial availability and long history as an LD marker.'*-'® However, given its
modest photostability and a small Stokes shift—resulting in high levels of noise and
background artifacts—there remains a need to develop new lipophilic fluorophores
with enhanced photophysical properties and improved selectivity towards LDs to
better assess their primary and secondary biological roles under physiological
conditions.’” Herein, we report the use of a recently described environmentally-
sensitive fluorophore, CBD-Fluor (Figure 1), which displays exceptional selectivity

for the imaging and quantification of lipid droplets within both fixed and live cells."®
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Figure 2: (A) Absorbance and emission spectra for CBD-Fluor showing the solvent polarity and quantum yield
effects in various solvents. (B) Photostability of CBD-Fluor demonstrated by an unchanged absorption
spectrum under sustained photoirradiation (A = 420 nm, Rayonet) in aerated THF.



Similar push-pull chromophores based on the benzothiadiazole scaffold
have received increasing attention in recent years for bioimaging applications.
Their compact structure compared to other polycyclic aromatic dyes is more
attractive to prevent disruption of native interactions. Despite this compact
structure, however, CBD-Fluor absorbs similarly to larger cell-imaging dyes such
as BODIPY and fluorescein (>400 nm, Figure 2A). Moreover, CBD-Fluor displays
marked photostability under continuous irradiation (Figure 2B). Dyes related to
CBD-Fluor also display large Stokes shifts and environmentally sensitive
emission—high emission intensity in non-polar environments and diminished
emission in polar environments (Figure 2A). CBD-Fluor, however, was found to
display the strongest bias in this turn-on behaviour in non-polar environments.'8
Thus, we hypothesized that CBD-Fluor would be ideal for applications in lipid

staining to address current shortcomings in LD analysis.

Figure 3. HelLa (human cervical cancer) cells stained for lipid droplets with CBD-Fluor. (A) shows staining with live
cells while (B) depicts the staining of fixed cells. Scale bar is set to 20 um.

To assess the effectiveness of CBD-Fluor for the selective intracellular
staining of LDs, cultured HeLa (human cervical cancer) cells were incubated with
CBD-Fluor and imaged using a confocal fluorescence microscope (see supporting

information). The obtained images for both fixed and live cells clearly depict



punctate markings with very little cytoplasmic staining (Figure 3). To ensure that
CBD-Fluor was in fact marking spherical structures within the cell and not simply
staining lipid structures on the cell’s surface, an orthogonal analysis was
performed. A total of 14 slices at 13 um was analzyed along the Z-axis (Figure 4).
This analysis confirmed that CBD-Fluor was marking spherical structures within

the cytoplasm, and that the spherical structures were indeed LDs.

Figure 4. Orthogonal analysis of CBD-Fluor confirms the staining of spherical LDs within the cytoplasm of cells as
verified by z-stack analysis. Scale bar is set to 20 um.

To further establish CBD-Fluor's LD staining capabilities, we set out to
quantify the total number of lipid droplets stained by CBD-Fluor per cell in
comparison to that of the well-known lipid marker, Nile Red. Indeed, in live HelLa
cells, CBD-Fluor was shown to stain, on average, 25% more LDs than did Nile Red
(Figure 5). Within fixed HelLa cells, CBD-Fluor was even more impressive as it was
found to stain 55% more lipid droplets, on average, than Nile Red. Given their
complex structural makeup, one of the few reliable methods for identifying all
intracellular LDs is by selectively staining their hydrophobic core with a lipophilic
dye. Based on these results, it is likely that CBD-Fluor has either greater lipid

affinity or a stronger turn-on response to hydrophobic LDs relative to Nile Red.



Either way, CBD-Fluor appears to be superior to Nile Red in its sensitivity for

detecting lipid droplets within a cellular environment.
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Figure 5. Average lipid droplet count per HeLa over three distinct sampling images. On average, CBD-
Fluor stained more LDs relative to Nile Red. First column: Imaging of live HeLa cells with CBD-Fluor (A)
and Nile Red (B). Second column: Imaging of fixed HelLa cells with CBD-Fluor (C) and Nile Red (D).
Scale bar is set to 20 um.

To further demonstrate the overall utility CBD-Fluor as a versatile LD
reporter, we showed that it could also be used alongside other common cellular
dyes. Upon co-incubation of CBD-Fluor (green emission) and Hoechst, a common
nuclear stain (blue emission), the resulting images in Figure 6 were obtained. An
overlay of these signals validated the ease with which CBD-Fluor can be used
alongside other cellular markers and its potential for elucidating key interactions

between LDs and other cellular compartments.



Figure 6. Cellular staining with CBD-Fluor (A, ex: 488 nm, em: 526 nm) and Hoechst (B, ex: 405 nm, em:
453 nm). (C) Overlay of respective images. Scale bar is set to 20 um.

Finally, the relative fluorescence intensities of both CBD-Fluor and Nile Red were
also compared in live HelLa cells. The results from this study clearly depict a more
favorable signal-to-background ratio for CBD-Fluor (Figure 7A) compared to that of Nile
Red (Figure 7B). To better visualize this key result, a 2D histogram was generated for the
relative fluorescence intensities of both CBD-Fluor and Nile Red across the same relative
area within the cell (Figure 7). The resulting figure visibly shows high fluorescence being
given off by CBD-Fluor within the core of LDs with almost zero background fluorescence
being emitted outside. In comparison, Nile Red displayed more modest selectivity as a

greater than two-fold increase in background fluorescence was calculated.
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Figure 7. Fluorescence intensities of both CBD-Fluor (A) and Nile Red (B) in live HelLa cells. CBD-Fluor exhibits
remarkable selectivity, while Nile Red displays a more modest signal-to-noise ratio. Scale bar is set to 20 um.

Conclusion

In summary, a newly derived push-pull fluorophore (CBD-Fluor) was shown
to be highly effective in its ability to stain intracellular lipid droplets in both live and
fixed cells. Throughout the course of our investigations we found that CBD-Fluor
not only stained, on average, more lipid droplets than did Nile Red, but also
displayed more impressive signal-to-background ratios. These attributes, along
with its high photostability and large Stoke shift, indicate that CBD-Fluor is a highly
effective chemical reporter for LD imaging and research.
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