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Changes in the composition of endosome membranes during endocytosis can be imaged in live cells 

with the NR12S membrane probe. 
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Abstract 

During maturation of endosomes, in addition to the decrease in their internal pH and the 

modifications of their proteins, changes are thought to occur at the level of their lipid 

membranes. In the present work, we used the recently developed environment-sensitive 

membrane probe NR12S to monitor in living cells the lipid order changes that accompany the 

maturation of endosomes. Internalization studies in HeLa cells using two-photon fluorescence 

microscopy in the presence of endocytosis markers and inhibitors show that the probe is 

endocytosed through different energy-dependent pathways. While marginal changes in the 

probe colour occur during the initial steps of endocytosis, dramatic changes in colour are 

observed in the membranes of late endosomes and lysosomes. This remarkable colour change, 

which takes place 2 h after initial binding of NR12S to cell plasma membranes, suggests a 

loss of lipid ordered phase during endosome maturation. This change of lipid phase likely 

results from the decrease in the cholesterol content and the hydrolysis of sphingomyelin 

occurring in the membranes of late endosomes and lysosomes. In comparison to the common 

endocytosis marker FM4-64, NR12S is many-fold brighter, it can monitor in situ changes in 

the lipid organization of endosome membranes and its fluorescence at the plasma membrane 

can be selectively switched off by sodium dithionite. The present work proposes thus a new 

powerful tool for endocytosis research that enables monitoring changes in the lipid 

composition of endosome membranes. 
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1 Introduction 

Cell plasma membranes allow the transport of material from the outside to the inside of the 

cells through endocytosis.
1, 2

 This mechanism is essential for cell life and is also central in 

internalization of drugs and nanoscale delivery vehicles.
3, 4

 Many events occur during the 

endocytosis process,
5, 6

 starting by the formation of vesicles called early endosomes, which 

can be recycled to the cell plasma membrane,
7-9

 or maturate into late endosomes,
10

 and then 

transform into lysosomes, characterized by low pH and reductive environment.
4, 11

 It is well-

established that endosomes in their different stages differ by their content in Rab proteins,
2, 12

 

which participate in the maturation process.
13

 Lysosomes exhibit a perinuclear localization 

and an acidic pH, resulting from their high content in hydrolases.
14

 In contrast, much less is 

known about the lipid composition and its changes during the maturation of endosomes. 

Previous reports showed that early endosomes have almost the same composition as the 

plasma membrane, while after maturation,  late endosomes exhibit lower cholesterol content
15

 

due to its extraction by NPC1 and NPC2 proteins.
7, 16

 Remarkably, mutant forms of these 

proteins cause Niemann-Pick disease, a lysosomal storage disorder in which cholesterol 

accumulates in late endosomes and lysosomes.
17-19

 Cholesterol extraction from late 

endosomes is also associated with sphingomyelin (SM) hydrolysis into ceramide.
20

 

Cholesterol and SM are known to interact together in the plasma membrane to form packed 

domains of liquid ordered (Lo) phase, also called rafts,
21, 22

 that are thought to play important 

biological functions, including cholesterol distribution and transport.
23

 Therefore, decrease in 

the cholesterol and SM contents may drastically affect the lipid order of endosomal 

membranes. Moreover, it was suggested that further conversion of endosomes into lysosomes 

results in an almost complete loss of cholesterol.
24

  

However, it remains a challenge to monitor in situ the membrane changes during endosome 

maturation, because the well-established methods in this field are based on suborganellar 

fractionation
15

 or require cellular fixation for subsequent electron microscopy or 

immunofluorescence analysis. To overcome these limitations, a potential approach is to 

monitor endosomal membranes using membrane probes, as they could directly label plasma 

membranes and then be internalized through endocytosis. Though typical membrane probes, 

such as FM4-64, can be used as endosomal markers,
25, 26

 they do not allow monitoring the 

lipid composition of the endosomes. This goal could be reached by applying a recently 

developed membrane probe based on Nile Red, NR12S (Scheme 1), which binds specifically 
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cell plasma membranes and is highly sensitive to lipid composition.
27, 28

 Its fluorescence 

emission is sensitive to the lipid order, with a shift toward shorter wavelengths when 

SM/cholesterol-rich Lo phase is compared to a liquid disordered (Ld) phase composed of 

unsaturated lipids. Moreover, due to its zwitterionic group and long alkyl chain, this probe 

stains selectively the outer leaflet of model and cell plasma membranes with very slow flip-

flop kinetics even at 37 °C.
27

 In the present work, internalization of NR12S probe into live 

cells was monitored by two-photon and confocal fluorescence microscopy. As the probe 

should remain at the leaflet it was initially bound, the probe is expected to be entrapped at the 

inner leaflet of the endosomes. This internal location of the probe should ensure its long 

residence time in the vesicles. Our data show that NR12S can be used not only as an 

endocytosis marker but also to monitor long-term changes in the lipid order of endosomal 

membranes. Indeed, late endosomes and lysosomes were found to be characterized by much 

lower lipid order, compared to plasma membranes, validating the previously proposed 

decrease in cholesterol content and SM hydrolysis in these compartments. 

 

Scheme 1. Probe NR12S (in red) and its hypothetic localization with respect to lipids (in 

black) in membranes. 

2 Materials and methods 

All chemicals and solvents for synthesis were from Sigma-Aldrich. NR12S was synthesized 

as described elsewhere.
27

 

Page 4 of 19RSC Advances

R
S

C
 A

d
va

n
ce

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



4 

 

2.1 Cell lines, culture conditions and treatment 

HeLa cells were cultured in Dulbecco's modified Eagle medium (D-MEM, high glucose, 

Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS, Lonza), 1% antibiotic 

solution (penicillin-streptomycin, Invitrogen) in a humidified incubator with 5% CO2 /95% air 

atmosphere at 37°C.  

Alexa Fluor 488 conjugate of transferrin from human serum, Lysotracker Green DND-26, 

ER- Tracker Green (BODIPY FL glibenclamide) and FM4-64 probe were from Invitrogen. 

Chlorpromazine and methyl-ß-cyclodextrin were from Sigma-Aldrich. To follow NR12S 

uptake, HeLa cells were stained with 0.2 µM NR12S in Opti-MEM for 5, 15, 30 min, 2 h and 

4 h at 37 °C, then were visualized under two-photon microscope with or without sodium 

dithionite. Cells were also incubated with the same concentration of NR12S in Opti-MEM at 

4 °C for 2 h and 4 h. Inhibition of NR12S internalization was performed by pre-incubation of 

cells for 30 min with chlorpromazine (10 µg/mL), then NR12S was added in the presence of 

this inhibitor for 30 min at 37 °C. Alternatively, cells were pre-treated with methyl-β-

cyclodextrin (5 mM) for 2 h and then stained with NR12S for 30 min at 37 °C. 

For colocalization with transferrin, cells were stained with NR12S for 5 min and then the 

Alexa Fluor 488 conjugate of transferrin (20 µg/mL) was added for 5, 30 and 60 min at 37 °C, 

before the measurements. For colocalization with Lysotracker or ER-tracker, cells were 

stained with each marker (50 nM for Lysotracker and 0.75 µM for ER-tracker) for 30 min at 

37 °C and then with NR12S for 5 min. For 30 min incubation time with NR12S, cells were 

stained with NR12S together with each marker for 30 min. For longer incubation times, cells 

were stained with NR12S, then 30 min before observation with the microscope, Lysotracker 

or ER-tracker was added. To compare the uptake of NR12S to FM4-64, cells were incubated 

with 1 µM of either NR12S or FM4-64 for 5 min, 30 min and 60 min at 37 °C. After staining, 

cells were washed gently twice with HBSS (Hank's Buffered Salt Solution) before 

visualization on the microscope. 

2.2 Fluorescence microscopy 

Two-photon microscopy. Ratiometric fluorescence imaging of NR12S was performed by 

using a home-built two-photon laser scanning set-up based on an Olympus IX70 inverted 

microscope equipped to detect both NR12S emission colours simultaneously.
29

 Two-photon 
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excitation was provided by a titanium-sapphire laser (Tsunami, Spectra Physics) and photons 

were detected with two Avalanche Photodiodes (APD SPCM-AQR-14-FC, Perkin Elmer) 

connected to a counter/timer PCI board (PCI6602, National Instrument). Imaging was carried 

out using two fast galvo mirrors in the descanned fluorescence collection mode. Typical 

acquisition time was 5 s with an excitation power around 30 mW (λ = 830 nm) at the laser 

output level. Images corresponding to the blue and red channels were recorded 

simultaneously using a dichroic mirror (Beamsplitter 585 DCXR), and two APDs. The 

ratiometric images were processed with a home-made program under LabView. This program 

was used to calculate for each pixel the ratio of the integral intensity of the green region 

(below 585 nm) to the integral intensity of the red region (above 585 nm) and code it in a 

pseudo-color scale. The pixel intensity in the final ratiometric image was defined by the 

integral intensity recorded for both channels at a given pixel. To avoid artifacts, the 

Green/Red ratio at a given pixel was only calculated when the integral intensity of both 

regions exceeded a threshold value.  

Confocal microscopy. Confocal microscopy was used for all other imaging experiments and 

notably, for colocalization experiments where different laser sources were needed. Cells were 

observed using a confocal laser scanning microscope Leica SPE II. Excitation wavelengths of 

488 and 561 nm were used for Alexa Fluor 488 and NR12S, respectively. Images were 

acquired with a HXC PL APO 63x/1.40 OIL CS objective and processed with Fiji program. 

3 Results  

HeLa cells were stained with the Nile Red derivative dye, NR12S for 5 min, 15 min, 30 min, 

2 h and 4 h at 37° C. A probe concentration of 50 to 200 nM was chosen based on our 

previous works.
27, 28

 At short incubation times, the fluorescence of the probe was mainly 

located at the plasma membrane (Fig 1A, B, C). After longer incubation times (≥ 30 min), 

intracellular fluorescence of NR12S became clearly visible (Fig 1D, E). After 2 h of 

incubation, this internalization was accompanied by a change in the colour (Fig 1D), which 

represents the ratio of the green to the red parts of NR12S emission spectrum split at 585 nm 

27, 28
. Based on previous work with model vesicles and live cells,

27
 this colour change can be 

interpreted as a decrease in the fraction of the liquid ordered (Lo) phase in the labelled 

intracellular compartments. An important property of NR12S probe is its ability to be 

bleached by sodium dithionite (Na2S2O4). As this salt is not efficiently internalized in cells, it 
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could be used to bleach exclusively the fluorescence of NR12S in the outer leaflet of the 

plasma membrane, while preserving the fluorescence in the intracellular compartments. 

Indeed, it can be seen that after addition of 20 mM sodium dithionite, the fluorescence of 

NR12S totally disappears at the plasma membrane, so that only fluorescent dots inside the 

cells could be observed, probably corresponding to endosomes stained with NR12S (Fig 1F, 

G, H, I, J). The use of dithionite improved thus the visualization of the probe internalization 

and allowed us confirming that the change in the emission colour of the probe is related to the 

intracellular compartments. 

 

Figure 1. Fluorescence imaging of NR12S internalization in HeLa cells using two-photon 

microscopy. Internalization of NR12S after 5 min (A, F), 15 min (B, G), 30 min (C, H), 2 h 

(D, I) and 4 h (E, J) at 37° C without (A-E) and with 20 mM of sodium dithionite (F-J). The 

pseudo-colour scale corresponds to the ratio of Green/Red regions. The green colour coding 

for a high ratio (0.7) and the pink coding for a low ratio (0.4) correspond to Lo and Ld phases, 

respectively.
27

 NR12S concentration was 0.2 µM. Two-photon excitation (830 nm) was used.  

 

To determine whether NR12S enters into cells through endocytosis, cells were incubated with 

NR12S at 4° C, in order to inhibit the active endocytosis-based transport of molecules 
30, 31

. 

Our fluorescence images using two-photon microscopy show that NR12S remains at the 

plasma membrane even after 2 and 4 hours of incubation at 4 °C (Figure 2). This observation 

suggests that NR12S cannot diffuse directly through the cell plasma membrane, so that at 37 

°C it is mainly internalized via an energy-dependent pathway.       
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Figure 2. Fluorescence ratiometric images of HeLa cells incubated with NR12S at 4 °C for 2 

hours (A) and 4 hours (B). NR12S concentration was 0.2 µM. Two-photon excitation at 830 

nm was used. 

We further applied different endocytosis inhibitors, i.e. chlorpromazine, and methyl-ß-

cyclodextrin, in order to identify the pathway of the endocytotic uptake of NR12S (Figure 3). 

Chlorpromazine is an inhibitor of clathrin-mediated endocytosis, 
32, 33

 while methyl-ß-

cyclodextrin extracts cholesterol from plasma membranes and thus, mainly inhibits caveolin-

associated endocytosis.
34, 35

 In our experiments, NR12S was incubated with the cells for 30 

min at 37 °C with and without the corresponding inhibitor. Fluorescence imaging showed that 

the accumulation of the internalized probe next to nucleus, which can be assigned to 

lysosomes and/or late endosomes (Fig 3A, arrow), disappears after chlorpromazine treatment 

(Fig 3B). Thus, the internalization of NR12S is probably slowed down by chlorpromazine but 

is not totally inhibited as intracellular fluorescence of the probe can be still observed. Cells 

treated with methyl-ß-cyclodextrin also showed some internalization of NR12S, after 30 min 

of incubation (Fig 3C) but much less than in the case of non-treated cells, since patches of 

internalized probe were also absent. The visible effects of chlorpromazine and methyl-ß-

cyclodextrin indicate that NR12S is internalized both through clathrin- and caveolin-

dependent endocytosis. This result was expected, since this probe binds rather 

homogeneously to the outer leaflet of the cell plasma membrane, and should thus be present 

in the different types of endosomes.   
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Figure 3. Inhibition of NR12S internalization. Confocal microscopy images of NR12S alone 

for 30 min in non-treated  cells (A), in presence of 10 µg/mL chlorpromazine for 30 min (B), 

or 5 mM methyl-ß-cyclodextrin for 2 h (C). NR12S concentration was 0.05 µM. Arrow shows 

a patch of internalized NR12S molecules in non-treated cells. 

 

To further characterize the mechanism of NR12S entry in cells, we analysed its colocalization 

with known endosomal markers. Primarily, we used fluorescently labelled transferrin, which 

is a marker for clathrin-mediated endocytosis due to receptor-specific binding.
36-38

 The 

endocytosis process of NR12S was directly compared with that of transferrin by 

colocalization experiments in HeLa cells using confocal microscopy. To this end, NR12S and 

Alexa 488-labeled transferrin were added simultaneously to the cells and imaged after 5, 30 

and 60 min incubation. The colocalization between NR12S and transferrin was not easily seen 

after 5 min, but clearly appeared after 30 min and 60 min (Fig. 4H and 4I), confirming that 

NR12S is partly internalized through clathrin-dependent endocytosis. Noticeably, the limited 

colocalization observed at 5 min is likely related to the much stronger fluorescence of NR12S 

in cell plasma membranes as compared to early endosomes, so that the fluorescence of this 

probe is barely detectable in the latter at this early time (Fig. 4D). 
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Figure 4. Colocalization of NR12S (0.05 µM) with transferrin (20 µg/mL) after 5 min (A, D, 

G), 30 min (B, E, H), or 60 min (C, F, I). Confocal microscopy images corresponding to 

staining with Alexafluor-488 transferrin (upper panels), NR12S (middle panels) and their 

merge (bottom panels) are shown. In the merge figures, NR12S is in red, transferrin is in 

green, and their colocalization is in yellow. 

The fate of NR12S inside the cytoplasm was further monitored by colocalization experiments 

with LysoTracker® Green DND-26, a marker of lysosomes. Fluorescence confocal images 

revealed that NR12S does not colocalize with the lysosome tracker below 30 min of 

incubation (Fig. 5A, F and K), while their colocalization improves drastically for longer 

incubation times, so that after 2 h both probes are concentrated close to the nucleus (Fig. 5N 
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and O), where the lysosomes are mainly localised. These data show that it takes about 2 h for 

the dye to go from the plasma membrane up to the lysosome. This time fits well with the 

described time frame of the endocytosis process, starting from formation of the endosomal 

vesicle up to its conversion into late endosomes and lysosomes.
24

  

Moreover, these results shed light on our two-color imaging data (Fig. 1), where NR12S 

probe showed changes in its emission ratio also after 2 h of incubation. We can thus suggest 

that the probe evidenced changes in the lipid composition and order in late endosomes and 

lysosomes. We could easily exclude an effect of pH, as in control experiments, the 

fluorescence of NR12S does not change in the pH range between 3.5 and 8.4 (Fig. S1 in ESI). 

Thus, the NR12S probe data suggest that late endosomes and especially lysosomes present a 

lower fraction of Lo phase as compared to plasma membranes and early endosomes. This 

observation supports the hypothesis that the contents of cholesterol and sphingomyelin in 

endosomal compartments decreased during maturation.
17, 20, 24

  

 

Figure 5. Colocalization of NR12S probe with lysotracker (50 nM) after 5 min (A, F and K), 

30 min (B, G and L), 1 h (C, H and M), 2 h (D, I and N), and 4 h (E, J and O) of incubation 

with NR12S (0.05 µM). Confocal microscopy images correspond to staining with Alexa488-

lysotracker (upper panels), NR12S (middle panels) and their merge (bottom panels). In the 

merge figures, NR12S is in red, lysotracker is in green, and their colocalization is in yellow.  

Page 11 of 19 RSC Advances

R
S

C
 A

d
va

n
ce

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



11 

 

 

 

However, it cannot be excluded that after 2 h, some part of the internalized dye is localized in 

the ER or other cell compartments, where the content of cholesterol and SM is also rather 

low,
24

 thus explaining the observed decrease in the lipid order. To address this point, 

colocalization of NR12S with ER marker was further tested. After 5 min (Fig. 6A), the 

plasma membrane stained by NR12S probe appears in red, while the ER appears separately as 

green cytoplasmic filaments. After 2h and 4h, NR12S fluorescence is mainly observed either 

at the membranes or inside the cells in form of dots, which is again clearly different from the 

staining profile by the ER marker (Fig. 6B and 6C). Thus, after 2 and 4h of incubation, the 

major part of the probe likely remains in the late endosomes and lysosomes with no 

significant localization within the ER. This could be explained by the fact that the NR12S 

probe stains selectively the outer leaflet of the plasma membrane with nearly no flip-flop 
27

. 

Therefore, it gets into the inner leaflet of the endosomes and predominantly remains there for 

the whole endosome lifetime (Fig. 7), until it converts into lysosome and/or fuses with other 

intracellular compartments. Taken together, our data strongly suggest that the changes in 

NR12S emission which accompany endosome maturation, are related to lipid order changes 

resulting from the loss of cholesterol and SM in endosomal and lysosomal compartments, as it 

was previously proposed.
15, 20
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Figure 6. Colocalization of NR12S (0.05 µM) with ER-tracker (0.75 µM) after 5 min (A, D 

and G), 2 h (B, E and H), and 4 h (C, F and I).  Confocal microscopy images correspond to 

staining with Alexa-488 ER-tracker (upper panels), NR12S (middle panels) and their merge 

(bottom panels). In the merge figures, NR12S is in red, Alexa-488 ER-tracker is in green, and 

their colocalization is in yellow. 
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Figure 7. Proposed scheme for the probe colour response during endocytosis. After, binding 

to the external leaflet of plasma membranes, the probe localizes at the inner leaflet of the 

endosomes. Change in the colour from green to red represents the probe response to the loss 

of cholesterol and SM in late endosomes and lysosomes. Yellow parts represent liquid 

ordered phase formed by SM and cholesterol.  

Since NR12S appears as a “smart” marker of endocytic compartments, which could report on 

the change in their lipid composition with time, we compared it with FM4-64, one of the most 

common fluorescent membrane probe used for endocytosis studies. Confocal fluorescence 

imaging shows that NR12S is much brighter than FM4-64 (Fig. 8). Therefore, NR12S could 

be easily used at a concentration as low as 10 nM for fluorescence imaging 
28

, while the 

concentration needed for FM4-64 is 100-fold higher. The second remarkable difference is that 

FM4-64 internalizes much faster than NR12S. Indeed, while a large fraction of FM4-64 is 

already internalized after 5 min, showing even some clusters in the perinuclear region (Fig. 

8D, arrow), NR12S is mainly observed  at the cell plasma membrane for the same incubation 

time (Fig. 8A). For better comparison of the internalization of both probes, we compared the 
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number of cells with probe clusters inside the cytoplasm (Fig 8D, arrow). FM4-64 was 

significantly more internalized after 5 min than NR12S, since 86% of cells show an 

accumulation of FM4-64 in form of patches in the perinuclear region (42 cells were analysed 

for each probe) versus only 19% in the case of NR12S. At longer incubation times, FM4-64 

shows almost exclusive intracellular fluorescence (Fig. 8E and F), while NR12S shows both 

plasma membrane and intracellular staining (Fig. 8B and C). This significant difference 

between the two membrane probes could be related to the differences in their chemical 

structure. One reason could be the positive charge of FM4-64, which favours faster 

internalization of the dye as compared to the neutral zwitterionic NR12S probe. Indeed, the 

positive charge of FM4-64 may favour its binding to lipids and proteins involved in 

endocytosis, while the neutral NR12S probe may be distributed more homogeneously within 

the plasma membrane. In addition, the undetermined flip-flop kinetics of FM4-64 may be 

much faster than the slow flip-flop kinetics evidenced for NR12S 
27

, so that FM4-64 could 

rapidly accumulate at the external leaflet of early endosomes, making it available for labelling 

endosomes in close proximity. In contrast, the possibility that NR12S may inhibit endocytosis 

could be ruled out, since we observed by fluorescence microscopy that NR12S marginally 

affects the internalization of labelled transferrin (Fig. S2 in ESI). Thus, comparison with 

FM4-64 shows that NR12S is much brighter and its internalization kinetics is slower. These 

features make it attractive both as a plasma membrane probe and as an endosomal tracker. 

Moreover, NR12S presents the unique feature of detecting changes in the lipid composition of 

the membrane, which allows monitoring the loss of lipid order in late endosomes and 

lysosomes. Finally, we should mention that in all our short and long term experiments, we did 

not observe any NR12S-related cytotoxicity. However, it should be kept in mind that NR12S 

can lead to some photo-toxicity, but only at rather high probe concentrations.
28
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Figure 8. Fluorescence confocal images of cells incubated with NR12S (A-C) and FM4-64 

(D-F) for 5 min (A, D), 30 min (B, E), and 1 h (C, F) at 37°C. Arrow in Fig D shows a patch 

of FM4-64 already visible after 5 min in contrast to NR12S. Concentration of probes was 1 

µM. 

4 Conclusions  

The internalization of a recently developed membrane probe NR12S, which is sensitive to 

lipid composition and does not undergo fast flip-flop, was studied in HeLa cells. The probe 

was found to be internalized through energy-dependent endocytosis pathways and constitute 

thus, a general marker of endocytosis. Importantly, at long internalization times (≥2 h), the 

probe localized in late endosomes and lysosomes shows a dramatic change in its emission 

colour, which could be assigned to a decrease in the membrane lipid order likely connected 

with cholesterol depletion and sphingomyelin hydrolysis. NR12S constitutes thus, an 

improved and powerful tool for monitoring endocytosis. Indeed, the probe is simple to use, 

very bright, compatible with both confocal and two-photon excitation microscopy and can 

work at concentrations as low as 10 nM. Moreover, its extracellular fluorescence can be 
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turned off, and it allows monitoring changes of lipid composition during endosome 

maturation. 
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