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Abstract 

Background: Lipid droplets (LDs) establish a considerable number of contact sites with mitochondria 
to enable energy transfer and communication. In this study, we developed a fluorescent biosensor to 
image LD-mitochondria interactions at the nanoscale and further explored the function of LD-mediated 
matrix transmission in processes involving multi-organelle interactions. 
Methods: A fluorescent probe called C-Py (C21H19N3O2, 7-(diethylamino) coumarin-3-vinyl-4-pyridine 
acetonitrile) was designed and synthesized. Colocalization of C-Py and the commercial LD stain Nile Red 
was analyzed in HeLa cells. The fluorescence stability and signal to background ratio of C-Py under 
structured illumination microscopy (SIM) were compared to those of the commercial probe 
BODIPY493/503. The cytotoxicity of C-Py was assessed using CCK-8 assays. The uptake pattern of 
C-Py in HeLa cells was then observed under various temperatures, metabolic levels, and endocytosis 
levels. Contact sites between LDs and various organelles, such as mitochondria, nuclei, and cell 
membrane, were imaged and quantitated using SIM. Physical changes to the contact sites between LDs 
and mitochondria were monitored after lipopolysaccharide induction. 
Results: A LD-targeted fluorescent biosensor, C-Py, with good specificity, low background signal, 
excellent photostability, low cytotoxicity, and high cellular permeability was developed for tracking LD 
contact sites with multiple organelles using SIM. Using C-Py, the subcellular distribution and dynamic 
processes of LDs in living cells were observed under SIM. The formation of contact sites between LDs 
and multiple organelles was visualized at a resolution below ~200 nm. The number of LD-mitochondria 
contact sites formed was decreased by lipopolysaccharide treatment inducing an inflammatory 
environment. 
Conclusions: C-Py provides strategies for the design of ultra-highly selective biosensors and a new tool 
for investigating the role and regulation of LDs in living cells at the nanoscale. 
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Introduction 
Lipid droplets (LDs) are important structures in 

eukaryotic cells that are not only responsible for 
energy storage and supply [1, 2] but also play 
essential roles in the maintenance of cell homeostasis, 
including organelle energy balance, and confer 
protection against lipotoxicity and apoptosis. LDs also 
demonstrate intimate interactions with other 
intracellular organelles [3-5]. LDs can move along the 
cytoskeleton and interact with various subcellular 
organelles, such as mitochondria and nuclei, to 
regulate intracellular signal transduction and 
metabolic homeostasis in physiological and 
pathological environments [6-9]. LDs and 
mitochondria have been shown to play central roles in 
inflammatory and infectious conditions. Prior 
evidence has demonstrated that inflammation 
stimulates the assembly of multiple host defense 
proteins into complex clusters on LDs, promoting 
physical and functional uncoupling of LDs from 
mitochondria, which indicates that inflammation 
reduces fatty acid metabolism [10]. Further, it has 
been shown that LDs actively participate in the 
development of innate immunity in mammals. 
Although it is of considerable significance to 
understand the interactions between mitochondria 
and LDs to develop therapeutic strategies for treating 
immune-related diseases, no studies thus far have 
monitored the interactions between these two 
intracellular organelles under inflammatory and 
infectious conditions. Therefore, the mechanisms by 
which LDs and mitochondria behave under 
inflammatory and infectious conditions remain 
elusive. 

Fluorescence microscopy is a powerful tool for 
studying in detail the interaction networks between 
subcellular organelles. However, the nanoscale 
morphological changes that LDs and organelles 
experience under in vivo inflammatory and infectious 
conditions cannot be visualized using conventional 
morphological evaluation methods since it remains 
difficult to distinguish subcellular structures smaller 
than 200 nm [11-16], which hinders research aimed at 
elucidating the underlying mechanisms. Recently 
developed extended-resolution microscopy 
techniques, including stimulated emission depletion 
(STED), stochastic optical reconstruction microscopy 
(STORM), photoactivated localization microscopy 
(PALM), and structured illumination microscopy 
(SIM), have enabled visualization of molecular 
interactions at the nanoscale in living cells [17-20]. 
However, usage of commercial LD dyes (e.g., Nile 
Red, BODIPY 493/503) presents with issues such as 
high background noise and poor photostability 
[21-24]. In addition, contact is a dynamic process in 

which organelle and organelle are approached, 
contacted, and then separated [14, 25]. Therefore, 
visualization of LD biogenesis and contact sites 
established with other organelles (such as 
mitochondria) at the nanoscale remains a serious 
challenge. Thus, development of a novel biosensor 
compatible with extended-resolution imaging is 
necessary for the investigation of diagnosis and 
treatment strategies for LD-related diseases. 

Herein, a LD-targeted biosensor, C21H19N3O2, 
(Z)-3-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)-2-(p
yridin-4-yl) acrylonitrile, C-Py, was developed to 
trace the interactions of LDs with other organelles and 
the behavior of LDs under inflammatory and 
infectious conditions using SIM. Owing to its excellent 
photostability, low toxicity, good cell permeability, 
and high signal to background ratio, C-Py was 
successfully used for SIM of LDs to detect their 
quantity, morphological changes, and dynamic 
processes in living cells. SIM revealed that LDs 
establish physical contacts with a variety of 
organelles, such as mitochondria, nuclei, and cell 
membrane, and that part of the distance between LDs 
and mitochondria contact sites is shorter than ~200 
nm. Physical separation of LDs and mitochondria 
after lipopolysaccharide (LPS) induction in living cells 
was also observed at the nanoscale. C-Py may be used 
as a biosensor for tracking LD dynamics under SIM, 
providing a powerful approach for investigating 
diagnosis and treatment strategies for LD-related 
diseases. 

Materials and methods 
General materials 

Dulbecco’s modified Eagle’s medium 
(#11965118, DMEM), phenol-free medium (#1894117), 
Penicillin-streptomycin (#15140163, 10,000 units/ml), 
Trypsin-EDTA (#25200-072) and other reagents for 
cell culture were obtained from Gibco BRL (Grand 
Island, NY, USA). Fetal bovine serum (FBS) was 
obtained from VivaCell Shanghai (Shanghai, China). 
Lipopolysaccharide (#L2630, LPS) was obtained from 
Sigma-Aldrich (WGK, Germany). Nile Red (#N1142), 
MitoTracker® Deep Red FM (#M22426, MTDR), 4',6- 
Diamidino-2-Phenylindole, Dihydrochloride (#D1306, 
DAPI), (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindo-
carbocyanine Perchlorate ((#D3911, DiL) were 
obtained from Invitrogen (Eugene, Oregon, USA). 
HeLa cells, Hep G2 cells and A549 cells were gifted 
from Fengshan Wang’s lab (Shandong University). 

Synthesis and characterization 
7-N, N diethylamino-coumarin-3-carbaldehyde 

(3) in Scheme S1 was synthesized according to 
literature method [26]. A mixture of (3) (0.180 g, 0.73 
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mmol) and 4-pyridineacetonitrile (0.087 g, 0.73 mmol) 
were placed in a 50 mL of flask with 20 mL dry 
ethanol for 24 h, and the crude product of C-Py was 
obtained. After cooling to room temperature, the 
crude product was filtered, and washed with cool 
acetonitrile. Finally, high purity C-Py was obtained. 
1H NMR (400 MHz, CDCl3) δ 8.82 (s, 1H), 8.66 (d, J = 
4.6, 1.6 Hz, 2H), 8.10 (s, 1H), 7.56 (dd, J = 4.6, 1.7 Hz, 
2H), 7.43 (d, J = 9.0 Hz, 1H), 6.65 (d, J = 9.0, 2.5 Hz, 
1H), 6.50 (d, J = 2.3 Hz, 1H), 3.48 (q, J = 7.1 Hz, 4H), 
1.26 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 
161.57 (s), 157.17 (s), 152.68 (s), 150.50 (s), 142.09 (s), 
141.75 (s), 137.97 (s), 131.30 (s), 119.58 (s), 117.48 (s), 
112.47 (s), 110.06 (s), 108.50 (s), 106.13 (s), 97.13 (s), 
77.43 (s), 77.11 (s), 76.79 (s), 45.20 (s), 12.50 (s). HRMS 
(positive mode): For [M+H] + m/z 346.16. Found: 
[M+H] + m/z 346.20. 

Cell culture and imaging under OMX 3D-SIM 
HeLa cells at a density of 1×105 were seeded on 

35 mm glass-bottom culture dishes and incubated 
with 2 mL of DMEM medium supplemented with 
10% FBS. After 24 h incubation, cells were incubated 
with 10 μM C-Py for 2 h, and washed with fresh 
DMEM for five times. Lastly, the cells were cultured 
in a phenol-free medium and imaged under an OMX 
3D-SIM extended-resolution microscope (Delta Vision, 
Inc) equipped with an 60×/1.42 numerical aperture 
oil-immersion objective lens and solid-state lasers 
[27]. Images were obtained at 512 × 512 using Z-stacks 
with a step size of 0.125 μm, and C-Py was excited at 
488 nm and emitted at 505-550 nm. 

Cytotoxicity assay 
The cytotoxicity assay was measured with the 

Cell Counting Kit-8 (CCK-8) assay. HeLa cells were 
seeded in seven 96-well plates at a density of 5×103 
cells/well in DMEM with 10% FBS at 37 °C for 24 h. 
Then the medium culture was replaced with 1000 μL 
fresh medium containing 0, 0.1, 0.5, 1.0, 5.0, 10, 50 μM 
of C-Py. After 1, 3, 6, 12 h, respectively, 10 μL CCK8 
solution was added to each well, and the plate was 
incubated in the incubator for 1 h. Finally, the 
absorbance at 450 nm was determined by 
enzyme-linked immunosorbent assay. 

Flow cytometry analysis 
HeLa cells were seeded in 6-well plates at a 

density of 1×105 cells/well in DMEM with 10% FBS at 
37 °C for 24 h. Then the medium culture was replaced 
with 1000 μL fresh medium containing 0, 0.1, 0.5, 1.0, 
2.5, 5.0, 10, 25, 50 μM of C-Py. After being treated with 
biosensors for 2 h, the cells were digested by trypsin 
and washed twice with precooled PBS. Cells were 
resuspended with 500 μL buffer and detected by flow 
cytometry. A total of 10,000 cells per sample were 

collected with a BD Accuri C6® flow cytometer (BD 
Biosciences, San Jose, CA, USA), and the mean 
fluorescence intensity detected by FL1-H (533 ± 30 
nm) were analyzed using FlowJo software (Becton 
Dickinson, Sparks, MD, USA). 

 Co-localization experiments 
Cells at a density of 1×105 were seeded on 35 mm 

glass-bottom culture dishes and incubated with 2 mL 
of DMEM medium supplemented with 10% FBS. 
After 24 h incubation, cells were incubated with 10 
μg/mL Nile Red or 100 nM MTDR for 30 min, and 
1000 ng/mL DAPI for 5 min. Then cells washed with 
fresh DMEM three times and incubated with 10 μM 
C-Py for 2 h. Finally, the cells were cultured in a 
phenol-free medium and imaged under an OMX 
3D-SIM. Nile Red was excited at 561 nm and emissed 
at 575 nm, MTDR at 647 nm and emissed at 663-735 
nm, while excitation wavelength of DAPI was 364 nm 
and emission at band of 454 nm. The images were 
analyzed using ImageJ. 

Confocal laser scanning microscopy 
HeLa cells adhered to 35 mm glass-bottom 

culture dishes were incubated with 10 μM C-Py in 
DMEM for 2 h at 37 °C. Then samples were analyzed 
under a laser scanning microscope LSM 710 META 
(Carl Zeiss, Jena, Germany) equipped with 63×/1.49 
numerical aperture oil immersion objective lens. 
Images were acquired with ImageJ software (version 
1.51j8, National Institutes of Health) and ZEN 
software (version 2012 SP1) (Carl Zeiss, Inc.). 

Electron microscopy 
Cells were seeded on glass-bottom culture dishes 

and incubated with DMEM medium supplemented 
with 10% FBS. After 24 h, cells were collected by 
centrifugation at 1,000 g and put into 2.5% 
glutaraldehyde, fixed with 1% osmium acid. Then the 
mixture was dehydrated and embedded in 
conventional ethanol, ultrathin section, double 
staining with sodium acetate and lead citrate, and 
finally observed by transmission electron microscope 
(JEM 100CX II transmission electron microscope, 
Tokyo, Japan) with an acceleration voltage of 80 kV. 

Results and Discussion 
Biosensor design and characterization 

LDs are highly complex and dynamic 
intracellular structures that store neutral lipids, 
including triglycerides and cholesterol esters, within 
cells and possess a phospholipid monolayer covered 
with various proteins [1, 2]. Considering the 
structural characteristics of LDs, biosensors equipped 
with suitable lipophilic units may efficiently target 
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LDs. The 7-N, N-diethylamino coumarin unit, with a 
hydrophobic structure similar to that of Nile Red 
(Figure S1), has frequently been used in the design of 
LD biosensors [28]. Donor–π–acceptor (D–π–A) 
fluorescent materials may present rich photophysical 
properties. Modification of the structures of the 
donors and acceptors can enable design and 
optimization of biosensors with desired excitation and 
emission wavelengths [29, 30]. Thus, C-Py was 
designed to contain a coumarin group and a pyridine 

unit to form a D–π–A structure, which not only 
satisfied the required photophysical properties but 
also resulted in a biosensor with the desired 
hydrophilicity/lipophilicity for uptake by living cells 
(Figure 1A). The synthesis route and characterizations 
(HR-MS, 1H NMR, and 13C NMR) of C-Py are 
illustrated in Scheme S1 and Figures S2-S4, which 
provide evidence for the structure and high purity of 
the compound. 

 

 
Figure 1. Design and optical characterization of the biosensor C-Py. (A) Schematic representation of SIM of LDs labelled with C-Py. (B) UV-vis absorption and emission spectra 
of C-Py (10 μM) in buffer solution (10 mM Tris-HCl, 100 mM KCl, pH 7.4). (C) Fluorescence emission spectra of C-Py in mixtures of 1,4-dioxane and water with various 
proportions (λex = 405 nm). (D) Confocal microscopy image of C-Py-labeled particles. (E) Enlarged image of the indicated region in D. (F) Fluorescence intensity profile along the 
line drawn in E across a contact site between C-Py-labeled particles. (G) SIM image of C-Py-labeled particles. (H) Enlarged image of the indicated region in G. (I) Fluorescence 
intensity profile along the line drawn in H across a contact site between C-Py-labeled particles. 
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The UV-vis absorption and emission spectra of 
C-Py are shown in Figure 1B. C-Py showed an 
absorption peak at 476 nm (ε = 2.5×104 mol−1 cm−1) 
and a fluorescence peak at 561 nm. It was weakly 
emissive in pure water, but its fluorescence gradually 
increased as the solvent polarity decreased. As shown 
in Figure 1C, with increasing 1,4-dioxane content, the 
emission intensity of C-Py gradually increased, 
accompanied by an apparent blue-shift in the 
maximum emission from 561 nm to 503 nm due to 
intramolecular charge transfer [31]. The high 
lipophilicity of C-Py and its strong fluorescence 
emission in low-polarity solvents demonstrate its 
suitability for applications in LD imaging. 

To examine the ability of C-Py to visualize 
contact sites between organelles, confocal microscopy 
(Figure 1D) and SIM (Figure 1G) were used to 
observe contact sites between C-Py-labeled particles. 
As expected, the edges of the particles could not be 
clearly observed using conventional confocal 
microscopy (Figure 1E), and data on the contact sites 
between particles could not be extracted (Figure 1F). 
In contrast, contact sites between C-Py-labeled 
particles could be resolved under SIM (Figure 1H–I). 
These results suggest that C-Py could be used to 
observe contact site events occurring in living cells 
under SIM. In addition, bright-field images of C-Py- 
labeled particles collected by confocal microscopy and 
SIM were clear (Figure S5), which also demonstrates 
that SIM has high imaging resolution. In order to 
assess the influence of immersion oil on SIM image 
quality, we compared immersion oils with refractive 
indices (n@589.3 nm) of 1.516, 1.524, and 1.510. The 
reconstructed images in Figure S6A-C were imaged 
identically but were acquired with the three different 
immersion oils. The image collected with the optimal 
immersion oil (n = 1.516, A) is clearer than those 
collected with the other oils. The widefield images in 
Figure S7A-C were similarly acquired with identical 
parameters but different oils. As can be seen from the 
signal-to-background ratios (SBR) displayed for each 
channel, imaging with an incorrect oil leads to 
significantly decreased SBR compared with the 
optimal oil. 

Extended-resolution imaging of C-Py in living 
cells 

To confirm whether C-Py targets organelles in 
living cells, HeLa cells were incubated with C-Py and 
SIM images were shown in Figure 2A-B, intracellular 
fluorescence from C-Py presented as round puncta, all 
of which were randomly distributed and 
unconnected. The diameters of these puncta ranged 
from 0.1 to 3.0 μm (Figure 2C-D) with an average 
diameter of 1.0 μm, which is consistent with the 

previously reported diameters of LDs (from 0.1 to 100 
μm in different cell types) [32]. To better identify these 
puncta, we used 3D-SIM to capture images at 
different depths in the cells and over time. The size 
and brightness of the puncta varied with depth 
(Figure 2E), which is consistent with the 
characteristics of LDs. Further, the dynamic processes 
of the puncta were observed over time, and two 
puncta were shown to establish contact with each 
other and then separate (Figure 2F). To assess the SIM 
imaging characteristics of C-Py in different cell lines, 
HepG2 cells and A549 cells were stained with C-Py. 
The images of these cells showed the same bright, 
round puncta (Figure S8). 

Next, the cytotoxicity of C-Py to HeLa cells was 
evaluated using the CCK-8 assay [33]. As shown in 
Figure S9, C-Py in the concentration range of 0 to 50 
μM exerted negligible cytotoxicity to HeLa cells over 
12 h, suggesting that C-Py is potentially safe at a 
working concentration of 10 μM for long-term SIM of 
dynamic processes in living cells. Additionally, at low 
concentrations of 0.1-1.0 μM, the fluorescence 
intensity of C-Py was markedly low, while at 
concentrations of 2.5-50 μM, C-Py showed sufficiently 
bright fluorescence and efficient cellular uptake for 
SIM (Figure S10). The uptake pattern of C-Py in HeLa 
cells was then observed under different temperatures, 
metabolic levels, and endocytosis levels. As shown in 
Figures S11–12, after incubation with C-Py for 2 h at 
37 °C, the cells showed evident green fluorescence 
that was significantly higher than that of cells 
incubated with C-Py at 4 °C, with mitochondrial 
inhibitors (2-deoxy-D-glucose and oligomycin), or 
with an endocytosis inhibitor (NH4Cl) [34]. This result 
indicates that the biosensor entered the cells through 
energy-dependent endocytosis. Taking together the 
morphology, size, distribution, and movements of the 
puncta, we concluded that C-Py labels an organelle in 
living cells with low toxicity and good cellular 
permeability. 
C-Py specifically labeled LDs with high signal 
to background ratio (SBR) and photostability 

In cellular imaging using SIM, one of the major 
concerns is the specificity of the fluorescent biosensor 
[35]. The size (0.1 to 3.0 μm) and spherical 
morphology of the C-Py puncta (Figure 2C-D) 
prompted us to further investigate whether C-Py 
specifically labels LDs. The specificity of C-Py was 
compared to that of the commercial probe 
BODIPY493/503 using a colocalization experiment in 
HeLa cells with the LD stain Nile Red. The merged 
images revealed that the green fluorescence signal of 
C-Py overlapped well with the red fluorescence signal 
of Nile Red (Figure 3A-B). The Pearson colocalization 
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coefficient (PCC) was calculated to be as high as 0.85 
for C-Py and Nile Red. There was no significant 
difference between BODIPY493/503 and Nile Red 
(PCC = 0.84), indicating the high LD labeling 
specificity of C-Py (Figure 3C). 

A low background fluorescence is a necessary 
feature of an effective biosensor to avoid interference 
from external factors in image analysis [36]. The SBRs 
of C-Py, BODIPY493/503, and Nile Red were 
calculated to further compare their imaging 
capabilities. As shown in Figure 3D, the green 
fluorescence signals of C-Py and BODIPY493/503 
were clear and bright, while the red fluorescence 
signal from Nile Red was diffuse and blurry 
throughout the cell and had a lower intensity. The 
SBRs of the biosensors were markedly different 
(Figure 3E), with C-Py providing a lower background 

signal than BODIPY493/503 and Nile Red. This 
provided a basis for the application of C-Py to explore 
the behavior of LDs using extended-resolution 
imaging. 

The high-power lasers used in SIM may cause 
photobleaching of the fluorophore. Therefore, it is 
extremely important that the biosensor exhibits high 
resistance to photobleaching to enable longitudinal 
imaging [37]. To study the photostability of C-Py in 
living cells, continuous laser irradiation was applied 
over an extended period. After 703 s of continuous 
irradiation, the fluorescence intensity loss of C-Py was 
less than that of Nile Red and BODIPY493/503 
(Figure 3F), which suggests that C-Py is resistant to 
photobleaching and suitable for long-term tracking of 
the dynamic movements of LDs in living cells by SIM. 

 

 
Figure 2. SIM images of C-Py puncta in HeLa cells (λex = 488 nm, λem = 505-550 nm). (A) SIM image of cells stained with C-Py (10 µM) for 2 h. (B) Enlarged images of the 
indicated regions in A. (C and D) Size distribution of the C-Py puncta. Their diameters ranged from 0.1 to 3 µm (n = 1914). (E) Depth- and time-dependent images of cells stained 
with C-Py. (F) Images of the dynamic C-Py puncta over time. Two interacting puncta are outlined by the red dashed line. 
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Figure 3. Co-localization, SBR, and photostability of C-Py, BODIPY493/503, and Nile Red in HeLa cells under SIM. (A) Merged SIM images of cells stained with C-Py or 
BODIPY493/503 and Nile Red. Scale bar, 5 µm. (B) Enlarged images of the indicated regions in A. Scale bar, 1 µm. (C) Quantitative analysis of the colocalization between C-Py 
or BODIPY493/503 and Nile Red. (D) Merged SIM images of cells stained with C-Py or BODIPY493/503 and Nile Red, with signal and background (BG) regions for each channel 
indicated. (E) SBRs of C-Py, BODIPY493/503, and Nile Red (****P<0.0001). (F) Photostability of C-Py, BODIPY493/503, and Nile Red during continuous irradiation with the SIM 
laser. Scale bar, A, 5 µm. B, 1 µm, D, 1 µm. 

 

SIM tracking of contact sites between C-Py- 
labeled LDs and multicellular organelles 

LDs not only store energy but also establish close 
interactions with other organelles that are crucial for 
the regulation of cell membrane transport, lipid 
metabolism, protein degradation, and signal 
transduction [38-40]. To explore the interactions 
between LDs and other organelles, cells were 
co-stained with C-Py, 4',6-diamidino-2-phenylindole 
(DAPI), and Mito Tracker Deep Red (MTDR) to label 
LDs, nuclei, and mitochondria, respectively. Because 
organelles in whole cells have a certain thickness, it is 
difficult to obtain a clear panorama using 
conventional optical microscopy. Therefore, samples 
were imaged at multiple layers with 125 nm per frame 

by 3D-SIM to reduce false positives [41, 42] (Figure 
S13). As shown in Figure 4A, 9 image layers were 
captured in the Z-axis direction to a depth of 1 μm to 
show the distribution of LDs in various parts of the 
cell and close contacts with mitochondria and nuclei. 
As shown in Figure 4B, in the 7th layer of the 3D 
image at a Z-axis depth of 125 nm, LDs were found in 
the nuclear region. As shown in Figure S14A, LDs 
and nuclei could be clearly seen in layers 5, 7 and 9, 
and LDs could be clearly seen in nucleus in Figure 
S14B, further confirming that LDs were located in the 
nucleus. LDs are considered to be confined to the 
cytoplasm, even though it has been reported that 
there are relatively substantial amounts of LDs 
present in the nucleus in certain cell lines (Figure 4C) 
[43]. Herein, the nuclear distribution of LDs in HeLa 
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cells was revealed by extended-resolution imaging 
using C-Py. 

LDs provide energy to mitochondria by forming 
contact points. Damage to the energy supply process, 
or contact site, results in the development of 
disordered lipid metabolism and impaired 
mitochondrial function [44-47]. The resolution of 
conventional microscopes is insufficient to clearly 
observe organelles in living cells, which markedly 

restricts our ability to image contact sites between LDs 
and mitochondria and to understand related 
metabolic diseases. To solve this issue, we used C-Py 
to track contact sites between LDs and mitochondria 
in living cells by SIM. First, we proposed the metric Cd 
= |xR – xF| (nm) for quantification of the contact 
distance between mitochondria and LDs (Figure 4D). 
This metric uses the full width at half maximum 
(FWHM) of the fluorescence signal to define the edges 

 

 
Figure 4. C-Py nanoscopic tracking of organelle–LD contact sites in living cells. (A) 3D-SIM image collected over 1 μm in the Z-axis of LDs (C-Py), mitochondria (MTDR), and 
nuclei (DAPI). (B) SIM images collected at 125 nm in the Z-axis of LDs and nuclei. (C) Schematic diagram of the distribution of LDs and other organelles. (D) Schematic diagram 
of the metric used for estimating the contact distance between LDs and mitochondria. Cd is the absolute distance between the edge of a red mitochondrion (xR) and a green LD 
(xG) on the x-axis, which are derived from the FWHM of the organelle images. (E) SIM images of contact sites between LDs and mitochondria. (F) Fluorescence intensity profiles 
along the solid white lines in E and the calculated Cd values. (G) LD–mitochondria contact distances measured using SIM. Data are represented as mean ± SEM (n = 50 images 
from 20 cells) and three independent experiments were analyzed. (H) TEM image of contact sites between a mitochondrion and LDs. 
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of the organelles, which reflects the resolution of the 
image. Using this metric, mitochondria and LDs were 
observed to be in close contact, forming contact sites 
shorter than ~450 nm under normal physiological 
conditions (Figure 4E-G). In addition, we captured 
continuous dynamic images of LDs and mitochondria 
from separation state to contact point by SIM. Results 
as shown in the Figure S15, LDs and mitochondria 
were in a non-contact state at 31s. With the change of 
time, LDs and mitochondria were partially contact at 
186 s. The results showed that they could establish a 
specific contact point. Then, we imaged contact sites 
between LDs and mitochondria by transmission 
electron microscopy (TEM), and found them to be 
shorter than 100 nm on average (Figure 4H). We also 
used C-Py and Dil to track the LDs and membrane in 
living cells and the results showed that there were a 
lot of LDs near the cell membrane (Figure S16) [41]. 
However, the current quantitative analysis mainly 
relies on manual, an automatic analysis tool that can 
quantify the distance between LDs and mitochondria 
is lacking, which requires the help of experts in 
computer image recognition. We believe that in the 
future, the development of image algorithms and 
artificial intelligence (AI) will provide convenience for 
researchers to analyze images for organelle 
interaction. 

In summary, interactions between LDs and 
multiple organelles, especially LD–mitochondria 
contact sites, were imaged at the nanoscale using 
C-Py. These results provide a new starting point for 
investigating the role and regulation of LDs in living 
cells at the nanoscale. 

LPS decreases the number of contact sites 
between LDs and mitochondria 

Apart from being a storage site of neutral lipids, 
LDs have been regarded as the basic platform for the 
execution of various cellular processes, including 
immune responses. Arachidonic acid-like enzymes, 
which are important signaling molecules involved in 
inflammatory responses, including cyclooxygenase, 
prostaglandin E2 synthetase, and leukotriene C4 
synthetase, also exist in LDs [48]. When host cells are 
infected by pathogenic microorganisms, LDs 
redistribute and produce the required inflammatory 
mediators to regulate the immune response [48]. 
Further, research has also suggested that 
mitochondria are the key centers of the elicitation of 
innate immune responses to antibiotics and antiviral 
agents [10, 49, 50]. However, interactions between 
LDs and mitochondria in inflammatory responses 
have rarely been studied [10], which hinders the 
precise evaluation of the mechanisms underlying 
organelle interactions under states of inflammation 

and the subsequent discovery of anti-inflammatory 
drugs. 

To investigate the changes to contact sites 
between LDs and mitochondria under pathological 
conditions such as inflammatory processes, HeLa cells 
were treated with 30.0 μg/mL LPS for 6 and 12 h to 
induce an inflammatory reaction in the cells (Figure 
5A). Then, LDs and mitochondria were stained with 
C-Py and MTDR, respectively. After treatment, the 
LPS-induced mitochondria were physically separated 
from the LDs. After LPS treatment for 6 h, the average 
contact distance between LDs and mitochondria 
increased from 458.4 ± 60.7 nm to 2786 ± 180.8 nm, 
and after 12 h, the average contact distance increased 
to 2847 ± 148.3 nm (Figure 5B-D). Moreover, the PCC 
of LDs and mitochondria decreased from 0.6737 ± 
0.0211 in untreated HeLa cells to 0.2291 ± 0.0165 and 
0.2633 ± 0.0159 after 6 and 12 h of LPS induction 
(Figure 5E), which verified that LDs uncoupled from 
mitochondria with LPS induction. When cells starve, 
LDs degrade triglycerides into fatty acids and provide 
them to the mitochondria, which then produce ATP 
through oxidative phosphorylation (OXPHOS) [51]. It 
has been reported that cellular innate immune 
stimulation increases aerobic glycolysis and reduces 
OXPHOS [51]. Therefore, we speculate that 
LPS-induced uncoupling of LDs and mitochondria 
may contribute to the reduction of OXPHOS and play 
an anti-inflammatory role. This result promotes the 
importance of morphological studies of interactions 
between intracellular organelles during inflammation 
and provides a theoretical basis for the development 
of anti-inflammatory drugs. 

Conclusion 
Physical contact between LDs and other 

organelles, especially mitochondria, plays a key role 
in the intracellular transport of metabolites. 
Monitoring interactions between organelles in living 
cells by fluorescence microscopy is an effective 
approach to functionally evaluating these 
physiological processes. However, owing to the 
diffraction limit of light, accurate target acquisition is 
usually limited. Furthermore, LDs and mitochondria 
are highly dynamic subcellular organelles that show 
significant subcellular movement. It is highly 
desirable to image these organelles and their 
interactions with increased resolution and higher 
speed. Therefore, a LD-targeted biosensor, C-Py, with 
excellent photostability, low cytotoxicity, high cellular 
permeability, and good photostability was developed 
for imaging the cellular dynamics of LDs and their 
interactions with multiple organelles by SIM. C-Py 
was successfully used to observe the contact sites 
established between LDs and mitochondria at the 
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nanoscale in living cells, and revealed that the number 
of contact sites is decreased under LPS-induced 
inflammation. Our probe also revealed LDs located 
the nucleus area and LDs interact with mitochondria 
in living cells under SIM, instead of traditional 
electron microscopy. Thus, C-Py not only provides 
strategies for the design of ultra-highly selective 
biosensors but may also become a powerful approach 
for investigating LD biology. 

Abbreviations 
LDs: lipid droplets; STED: stimulated emission 

depletion; STORM: stochastic optical reconstruction 
microscopy; PALM: photo-activated localization 
microscopy; SIM: structured illumination microscopy; 
LMC: LDs and the mitochondria contact site; DMEM: 
Dulbecco’s modified Eagle’s medium; SBR: signal-to- 
background ratios; LPS: Lipopolysaccharide; MTDR: 
MitoTracker Deep Red; DAPI: 4',6-Diamidino-2- 
Phenylindole, Dihydrochloride; DiL: 1,1'-Dioctadecyl- 

 
Figure 5. LPS decreases the number of LD–mitochondria contact sites. (A) Schematic diagram illustrating the predicted changes to the mitochondrial contact sites of LDs during 
inflammatory processes. (B) SIM image of contact sites established between LDs (C-Py) and mitochondria (MTDR) after induction by LPS. (C) Enlarged images of the indicated 
regions in B, and quantitative analysis of the fluorescence intensity profiles along the solid white lines. (D) Contact distances between LDs and mitochondria in living cells without 
LPS stimulation or with LPS stimulation for 6 or 12 h. Data are represented as mean ± SEM (n = 51 from 10 images). Statistical differences between two groups were examined 
using Mann-Whitney tests (****P < 0.0001). (E) Quantitative analysis of the colocalization between LDs and mitochondria in cells untreated or treated with LPS for 6 or 12 h. 
Data are represented as mean ± SEM (n = 31 from 31 images) and three independent experiments were analyzed. Statistical differences between two groups were examined using 
Mann-Whitney tests (****P < 0.0001). (F) Schematic diagram illustrating the relationship between LDs and mitochondria following LPS treatment. 
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3,3,3',3'-Tetramethylindocarbocyanine Perchlorate; 
CCK-8: Cell Counting Kit-8; ICT: intramolecular 
charge transfer; SBR: signal-to-background ratio; 
TEM: traditional transmission microscope; FWHM: 
full width at half-maximum; OXPHOS: oxidative 
phosphorylation. 
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http://www.thno.org/v11p7767s1.pdf  

Acknowledgements 
This work was supported by the Project of 

Shandong Province Higher Educational Science and 
Technology Program (No. J17KB086), Shandong 
Provincial Enterprise Project for Talents Development 
to P. X. L., Key Research, Development Plan of 
Shandong Province (2019JZZY010520, 2019GSF 
108225, 2019GSF107040), Jinan Innovation Team 
Project of Colleges and Universities (2019GXRC038), 
China Postdoctoral Science Foundation 
(2019M662968, 2020TQ0253, 2020M682927) and 
Guangdong Basic and Applied Basic Research 
Foundation (2019A1515110356). Q.C. was supported 
by academic promotion program of Shandong First 
Medical University (2019LJ003). We thank 
Translational Medicine Core Facility of Shandong 
University for consultation and instrument support. 
We also thank Dr. Xin Tong for providing OM-SIM 
technical support (Leica Microsystems, Guangzhou, 
China). 

Statistics and reproducibility 
Each experiment was repeated three times 

independently with similar results. All images shown 
are representative results from biological replicates. 

Date availability 
All data are available from the corresponding 

author on reasonable request. 

Author Contributions 
C.Z. collected all 3D-SIM super-resolution 

microscopy data. C.Z and H.S. analyzed and 
processed the SIM data. C.Z. and X.G. cultured cell. 
C.Z., K.W and J.Z. synthesized and characterized 
C-Py. Z.S., X.W and K.W. performed confocal laser 
scanning microscopy. C.Z. and H.S. performed 
Electron microscopy. F.L., K.W., P.L., L.T., and Q.C. 
conceived the project, designed the experiments, and 
wrote the manuscript with the help of all authors. 

ORCID 
• Fei Liu: 0000-0001-5731-4017. 
• Peixue Ling: 0000-0002-2783-7463. 

• Longguang Tang: 0000-0002-9517-1325. 
• Kang-Nan Wang: 0000-0002-0835-8803. 
• Qixin Chen: 0000-0002-2998-5582. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Thiam AR, Farese RV, Jr., Walther TC. The biophysics and cell biology of lipid 

droplets. Nat Rev Mol Cell Biol. 2013; 14: 775-86. 
2. Brasaemle DL, Wolins NE. Packaging of fat: an evolving model of lipid droplet 

assembly and expansion. J Biol Chem. 2012; 287: 2273-9. 
3. Wu X, Geng F, Cheng X, Guo Q, Zhong Y, Cloughesy TF, et al. Lipid Droplets 

Maintain Energy Homeostasis and Glioblastoma Growth via Autophagic 
Release of Stored Fatty Acids. iScience. 2020; 23: 101569. 

4. Zheng P, Xie Z, Yuan Y, Sui W, Wang C, Gao X, et al. Plin5 alleviates 
myocardial ischaemia/reperfusion injury by reducing oxidative stress 
through inhibiting the lipolysis of lipid droplets. Sci Rep. 2017; 7: 42574. 

5. Boren J, Brindle KM. Apoptosis-induced mitochondrial dysfunction causes 
cytoplasmic lipid droplet formation. Cell Death Differ. 2012; 19: 1561-70. 

6. Henne WM, Reese ML, Goodman JM. The assembly of lipid droplets and their 
roles in challenged cells. EMBO J. 2018; 37: e98947. 

7. Dai Y, Zhao X, Ji H, Zhang D, Zhang P, Xue K, et al. Multifunctional 
aggregation-induced emission nanoparticle for high-fidelity imaging of lipid 
droplets in living cells and its application in photodynamic therapy. Chem 
Eng J. 2020; 410: 128186. 

8. Wang J, Fang N, Xiong J, Du Y, Cao Y, Ji WK. An ESCRT-dependent step in 
fatty acid transfer from lipid droplets to mitochondria through 
VPS13D-TSG101 interactions. Nat Commun. 2021; 12: 1252. 

9. Cui L, Mirza AH, Zhang S, Liang B, Liu P. Lipid droplets and mitochondria 
are anchored during brown adipocyte differentiation. Protein Cell. 2019; 10: 
921-6. 

10. Bosch M, Sanchez-Alvarez M, Fajardo A, Kapetanovic R, Steiner B, Dutra F, et 
al. Mammalian lipid droplets are innate immune hubs integrating cell 
metabolism and host defense. Science. 2020; 370: eaay8085. 

11. Chen Q, Shao X, Hao M, Fang H, Guan R, Tian Z, et al. Quantitative analysis of 
interactive behavior of mitochondria and lysosomes using structured 
illumination microscopy. Biomaterials. 2020; 250: 120059. 

12. Guo L, Tian M, Feng R, Zhang G, Zhang R, Li X, et al. Interface-Targeting 
Strategy Enables Two-Photon Fluorescent Lipid Droplet Probes for 
High-Fidelity Imaging of Turbid Tissues and Detecting Fatty Liver. ACS Appl 
Mater Interfaces. 2018; 10: 10706-17. 

13. Huang H, Yang L, Zhang P, Qiu K, Huang J, Chen Y, et al. Real-time tracking 
mitochondrial dynamic remodeling with two-photon phosphorescent iridium 
(III) complexes. Biomaterials. 2016; 83: 321-31. 

14. Tan J, Zhao M, Wang J, Li Z, Liang L, Zhang L, et al. Regulation of Protein 
Activity and Cellular Functions Mediated by Molecularly Evolved Nucleic 
Acids. Angew Chem Int Ed Engl. 2019; 58: 1621-5. 

15. Zeng L, Gupta P, Chen Y, Wang E, Ji L, Chao H, et al. The development of 
anticancer ruthenium(ii) complexes: from single molecule compounds to 
nanomaterials. Chem Soc Rev. 2017; 46: 5771-804. 

16. Zhang J, Bao X, Zhou J, Peng F, Ren H, Dong X, et al. A mitochondria-targeted 
turn-on fluorescent probe for the detection of glutathione in living cells. 
Biosens Bioelectron. 2016; 85: 164-70. 

17. Liu LY, Fang H, Chen Q, Chan MH, Ng M, Wang KN, et al. Multiple-Color 
Platinum Complex with Super-Large Stokes Shift for Super-Resolution 
Imaging of Autolysosome Escape. Angew Chem Int Ed Engl. 2020; 59: 
19229-36. 

18. Chen Q, Shao X, Tian Z, Chen Y, Mondal P, Liu F, et al. Nanoscale monitoring 
of mitochondria and lysosome interactions for drug screening and discovery. 
Nano Res. 2019; 12: 1009-15. 

19. Chen Q, Fang H, Shao X, Tian Z, Geng S, Zhang Y, et al. A dual-labeling probe 
to track functional mitochondria-lysosome interactions in live cells. Nat 
Commun. 2020; 11: 6290. 

20. Huang X, Fan J, Li L, Liu H, Wu R, Wu Y, et al. Fast, long-term, 
super-resolution imaging with Hessian structured illumination microscopy. 
Nat Biotechnol. 2018; 36: 451-9. 

21. Adhikari S, Moscatelli J, Smith EM, Banerjee C, Puchner EM. Single-molecule 
localization microscopy and tracking with red-shifted states of conventional 
BODIPY conjugates in living cells. Nat Commun. 2019; 10: 3400. 

22. Collot M, Fam TK, Ashokkumar P, Faklaris O, Galli T, Danglot L, et al. 
Ultrabright and Fluorogenic Probes for Multicolor Imaging and Tracking of 
Lipid Droplets in Cells and Tissues. J Am Chem Soc. 2018; 140: 5401-11. 

23. Wang Z, Gui C, Zhao E, Wang J, Li X, Qin A, et al. Specific Fluorescence 
Probes for Lipid Droplets Based on Simple AIEgens. ACS Appl Mater 
Interfaces. 2016; 8: 10193-200. 



Theranostics 2021, Vol. 11, Issue 16 
 

 
http://www.thno.org 

7778 

24. Zhu H, Zhang Z, Long S, Du J, Fan J, Peng X. Synthesis of an ultrasensitive 
BODIPY-derived fluorescent probe for detecting HOCl in live cells. Nat 
Protoc. 2018; 13: 2348-61. 

25. Wong YC, Ysselstein D, Krainc D. Mitochondria-lysosome contacts regulate 
mitochondrial fission via RAB7 GTP hydrolysis. Nature. 2018; 554: 382-6. 

26. Hrdlovic P, Donovalova J, Stankovicova H, Gaplovsky A. Influence of polarity 
of solvents on the spectral properties of bichromophoric coumarins. 
Molecules. 2010; 15: 8915-32. 

27. Chen Q, Jin C, Shao X, Guan R, Tian Z, Wang C, et al. Super-resolution 
tracking of mitochondrial dynamics with a third-row transition metal complex 
dye. Small. 2018; 14: e1802166. 

28. Margar SN, Sekar N. Red and near-infrared emitting bis-coumarin analogues 
based on curcumin framework-synthesis and photophysical studies. J 
Photochem Photobiol A Chem. 2016; 327: 58-70. 

29. Gu Y, Zhao Z, Su H, Zhang P, Liu J, Niu G, et al. Exploration of biocompatible 
AIEgens from natural resources. Chem Sci. 2018; 9: 6497-502. 

30. Tian X, Zhang Q, Zhang M, Uvdal K, Wang Q, Chen J, et al. Probe for 
simultaneous membrane and nucleus labeling in living cells and in vivo 
bioimaging using a two-photon absorption water-soluble Zn(ii) terpyridine 
complex with a reduced pi-conjugation system. Chem Sci. 2017; 8: 142-9. 

31. Guido CA, Mennucci B, Jacquemin D, Adamo C. Planar vs. twisted 
intramolecular charge transfer mechanism in Nile Red: new hints from theory. 
Phys Chem Chem Phys. 2010; 12: 8016-23. 

32. Martins AS, Martins IC, Santos NC. Methods for Lipid Droplet Biophysical 
Characterization in Flaviviridae Infections. Front Microbiol. 2018; 9: 1951. 

33. Qin J. PC216 Gold Nanorods As a Theranostic Platform for In vitro and In vivo 
Imaging and Photothermal Therapy of Inflammatory Macrophages. J Vasc 
Surg. 2017; 65: 197S. 

34. Fang H, Yao S, Chen Q, Liu C, Cai Y, Geng S, et al. De Novo-Designed 
Near-Infrared Nanoaggregates for Super-Resolution Monitoring of Lysosomes 
in Cells, in Whole Organoids, and in vivo. ACS Nano. 2019; 13: 14426-36. 

35. Wang BJ, Liu RJ, Fang J, Wang YW, Peng Y. A water-soluble dual-site 
fluorescent probe for the rapid detection of cysteine with high sensitivity and 
specificity. Chem Commun (Camb). 2019; 55: 11762-5. 

36. Ye Z, Wei L, Zeng X, Weng R, Shi X, Wang N, et al. Background-Free Imaging 
of a Viral Capsid Proteins Coated Anisotropic Nanoparticle on a Living Cell 
Membrane with Dark-Field Optical Microscopy. Anal Chem. 2018; 90: 1177-85. 

37. Tian H, Sedgwick AC, Han H-H, Sen S, Chen G-R, Zang Y, et al. Fluorescent 
probes for the imaging of lipid droplets in live cells. Coord Chem Rev. 2021; 
427: 213577. 

38. Zehmer JK, Huang Y, Peng G, Pu J, Anderson RG, Liu P. A role for lipid 
droplets in inter-membrane lipid traffic. Proteomics. 2009; 9: 914-21. 

39. Sally Martin, Parton RG. Lipid droplets a unified view of a dynamic organelle. 
Nat Rev Mol Cell Biol. 2006; 7: 373-8. 

40. Xu Y, Du X, Turner N, Brown AJ, Yang H. Enhanced acyl-CoA:cholesterol 
acyltransferase activity increases cholesterol levels on the lipid droplet surface 
and impairs adipocyte function. J Biol Chem. 2019; 294: 19306-21. 

41. Dong D, Huang X, Li L, Mao H, Mo Y, Zhang G, et al. Super-resolution 
fluorescence-assisted diffraction computational tomography reveals the 
three-dimensional landscape of the cellular organelle interactome. Light Sci 
Appl. 2020; 9: 11. 

42. Pribasnig M, Kien B, Pusch L, Haemmerle G, Zimmermann R, Wolinski H. 
Extended-resolution imaging of the interaction of lipid droplets and 
mitochondria. Biochim Biophys Acta Mol Cell Biol Lipids. 2018; 1863: 1285-96. 

43. Soltysik K, Ohsaki Y, Tatematsu T, Cheng J, Fujimoto T. Nuclear lipid droplets 
derive from a lipoprotein precursor and regulate phosphatidylcholine 
synthesis. Nat Commun. 2019; 10: 473. 

44. Walther TC, Farese RV, Jr. Lipid droplets and cellular lipid metabolism. Annu 
Rev Biochem. 2012; 81: 687-714. 

45. Herms A, Bosch M, Reddy BJ, Schieber NL, Fajardo A, Ruperez C, et al. AMPK 
activation promotes lipid droplet dispersion on detyrosinated microtubules to 
increase mitochondrial fatty acid oxidation. Nat Commun. 2015; 6: 7176. 

46. Abel ED. A new twist in the function of the cardiac lipid droplet. Nat Med. 
2011; 17: 1045-6. 

47. Cui L, Liu P. Two Types of Contact Between Lipid Droplets and Mitochondria. 
Front Cell Dev Biol. 2020; 8: 618322. 

48. Ilke Vermeulen, Mark Baird, Juma Al-Dulayymi, Muriel Smet, Jan Verschoor, 
Grooten aJ. Mycolates of Mycobacterium tuberculosis modulate the flow of 
cholesterol for bacillary proliferation in murine macrophages. J Lipid Res. 
2017; 58: (4):709-18. 

49. AnnadoraJ. Bruce-Keller, James G. Begley, weiming Fu, D.Allan Butterfield, 
Dale E. Bredesen, JamesB. Hutchins, et al. Bcl-2 protects isolated plasma and 
mitochondrial membranes against lipid peroxidation induced by hydrogen 
peroxide and amyloid beta-peptide. J Neurochem. 1998; 70: 31-9. 

50. Bozza PT, Viola JP. Lipid droplets in inflammation and cancer. Prostaglandins 
Leukot Essent Fatty Acids. 2010; 82: 243-50. 

51. Mills EL, Kelly B, O'Neill LAJ. Mitochondria are the powerhouses of 
immunity. Nat Immunol. 2017; 18: 488-98. 


