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a b s t r a c t 

Membrane permeability and intracellular diffusion of fluorescent probes determine staining selectivity 

of intracellular substructures. However, the relationship between the molecular structure of fluorescent 

probes and their membrane permeability and intracellular distribution is poorly understood. In this paper, 

we reported a series of 1,8-naphthalimide dyes and carried out cell imaging experiments, and found that 

the presence of amino hydrogen in these dyes played a crucial role in their cell membrane permeabil- 

ity and intracellular distribution. The secondary amino group containing compounds 1 –4 show excellent 

membrane permeability and strong fluorescence in living cells. While the tertiary amine containing dyes 

5 and 6 can hardly permeate the cell membrane though they show extremely similar structure with com- 

pounds 2 –4 . Compound 1 can selectively image lipid droplets by selecting the wavelength of excitation 

light. With the specificity for lysosomes, 2 and 4 have been used in long-term time-lapses imaging of 

lysosomal dynamics and tracking the process of lysosome–lysosome interaction, fusion and movement. 

The effect of hydrogen-containing amino substituent on the cell membrane permeability of fluorescent 

molecules is promising for the development of better biocompatible probes. 

© 2023 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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The demand for visualization of physiological and pathologi- 

al mechanisms in life sciences has driven the rapid development 

f fluorescent probes from their birth to the present [ 1 , 2 ]. This

receptor-linker-fluorophore" probe relies on the environmental 

ensitivity of fluorescent dyes to light the target [ 3 , 4 ]. The work-

ng principle has been used since the realization of calcium ion 

ecognition and imaging in living cells [ 5 , 6 ]. In recent years, super-

esolution fluorescence imaging, which relies on the time resolu- 

ion of fluorescence to break through the diffraction limit, has in- 

ected new vitality into the research of dye chemistry [7–10] . In or- 

er to meet the requirements of single-molecule imaging in terms 

f spatiotemporal resolution, fluorescence brightness and stabil- 

ty [11] , after the rise of antibody fluorescent labeling [12] and 

n vivo imaging such as fluorescence-guided surgery [13] , a new 

ave of research on traditional dyes such as rhodamine and cya- 

ine has been launched [14–17] . The new focus is on developing 

ew synthetic methods [ 18 , 19 ], discovering new fluorophores [20–

2] , studying the molecular mechanism of photobleaching [ 23 , 24 ], 
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egulating the target recognition selectivity of fluorescent probes 

hrough reversible covalent bonding reactions [25–27] , etc . As ex- 

genous molecules, fluorescent probes must have good cell mem- 

rane penetration, directional transport in cells, rapid identification 

nd labeling after finding the target [ 28 , 29 ]. These are important

actors that affect the quality of biological imaging. As fluorescence 

maging enters the level of single-molecule, how to make fluores- 

ent probes have good membrane permeability and how to guide 

heir transport in cells has become an urgent problem to be solved. 

There are mainly two empirical methods for endowing fluo- 

escent probes with intracellular targeting capabilities. The most 

idely used method is to introduce molecular recognition groups 

n fluorescent dyes to achieve binding to target molecules [30–

3] , such as relying on the interaction of antibodies and antigens, 

enetically encoded tags that catalyze coupling between enzyme- 

ubstrates, bioorthogonal reaction pairs, or small molecules capa- 

le of non-covalently active binding to biomacromolecules. With 

his approach, the imaging of different organelles and the detec- 

ion of active species within the organelles became possible. Cur- 

ently widely recognized localization dyes include, cationic dyes 

hat selectively stain the mitochondrial inner membrane through 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Table 1 

Optical properties of compounds 1 –6 in various solvents. 

Dye Solvent λabs (nm) λem (nm) ε (L mol−1 cm−1 ) �λ (nm) ϕ

1 CHCl3 428 502 14,049 74 0.832 

ACN 431 518 14,839 87 0.629 

EtOH 443 529 16,202 86 0.652 

DMSO 444 526 14,856 82 0.805 

H2 O 450 554 11,936 104 0.099 

2 CHCl3 430 500 17,186 70 0.762 

ACN 430 520 17,595 90 0.018 

EtOH 437 519 17,575 82 0.029 

DMSO 444 531 17,135 87 0.013 

H2 O 433 531 16,440 98 0.387 

3 CHCl3 400 509 10,378 109 0.142 

ACN 403 512 9381 109 0.012 

EtOH 400 507 9203 107 0.027 

DMSO 405 517 10,561 112 0.063 

H2 O 392 533 9819 141 0.180 

4 CHCl3 405 496 9804 91 0.551 

ACN 412 506 10,188 94 0.257 

EtOH 408 513 9808 105 0.114 

DMSO 419 520 9296 101 0.078 

H2 O 401 534 9372 133 0.029 

5 CHCl3 412 500 11,849 88 0.026 

ACN 418 509 11,369 91 0.020 

EtOH 414 511 11,210 97 0.006 

DMSO 428 516 11,285 88 0.003 

H2 O 403 534 10,583 131 0.013 

6 CHCl3 399 504 11,087 105 0.076 

ACN 400 515 10,481 115 0.005 

EtOH 398 521 10,331 123 0.012 

DMSO 407 516 9849 109 0.020 

H2 O 390 528 9797 138 0.492 
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lectrostatic attraction [ 34 , 35 ], and dyes that are linked to sub-

trate molecules are covalently linked to SNAP-tag and Halo-tag to 

abel fusion organelle structural proteins [ 36 , 37 ], thereby realizing 

abeling of different organelles, etc . However, this method of intro- 

ucing empirical localization groups often faces the problem that 

he designed fluorescent probes do not have a predetermined in- 

racellular localization or membrane permeability, which is proba- 

ly due to the specific intracellular localization of the dye itself or 

he binding of non-target molecules. 

Another approach is to build a diversity-oriented fluorescent 

ye library to screen out probes with specific functions [38] . This 

ethod does not require the modification of cells by genetic cod- 

ng, ensuring the originality of cells, but it requires the synthe- 

is of a large number of dye molecules. How to ensure the diver- 

ity of dye structures and systematically analyze the environmen- 

al sensitivity of dyes with different structures is the key to dis- 

overing dyes with specific targeting in cells. When understand- 

ng the intracellular targeting of fluorescent probes screened by 

iversity-oriented methods, more attention is paid to dyes’ size, 

hree-dimensional configuration and lipophilicity. Although the key 

ole of specific structural components of drugs has been demon- 

trated in medicinal chemistry, for the development of fluorescent 

robes with membrane permeability and intracellular localization, 

he discovery and reporting of key structural components that de- 

ermine these properties are still very lacking [39] . Structural com- 

onents in dyes have been focused more on their effects on fluo- 

escent properties than on the fate of dyes in cells. 

In this paper, we reported that the secondary amino substitute 

onnected to 1,8-naphthalimide dyes has a critical impact on their 

embrane permeability and intracellular localization ( Scheme 1 ). 

ompound 1 is a typical 1,8-naphthalimide dye conjugated with a 

econdary amino group to ensure high fluorescence brightness. For 

ompounds 2 –6 , a second amino group attached to the fluorophore 

hrough the ethylene group will quench the fluorescence through 

he photo-induced electron transfer (PET) process, thus becoming 

cid-sensitive probes. In compounds 3 –6 , the tertiary amine con- 

ugated with the chromophore also has the twisted intramolecular 

harge transfer (TICT) effect to synergistically quench the fluores- 

ence intensity. It is found that dyes where amine groups contain- 

ng hydrogen atoms were membrane-permeable, while dyes where 

mine groups without hydrogen atoms were difficult to perme- 

te the cell membrane. Then, only compounds 2 –4 could selec- 

ively stain lysosomes and track the lysosomal dynamics including 

ysosome-lysosome contact and fusion with fluorescent imaging. 

The absorption and fluorescence spectra of the six naphthal- 

mide dyes in different solvents were firstly examined (Fig. S1 in 

upporting information and Table 1 ). As expected, compound 1 

howed an obvious red shift from 502 nm in CHCl to 554 nm in 
3 

Scheme 1. Structures of compounds 1 –6 and their cellular permeability. 
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ater, showing high sensitivity to solvent polarity (Fig. S1). Fur- 

hermore, the quantum yield ( ϕ) of compound 1 in organic sol- 

ents were all above 0.6 ( Table 1 ). Compounds 2 –6 showed less 

ensitivity to solvent polarity, and their emission wavelengths in 

ater were all around 530 nm which exhibited significant blue 

hift compared with compound 1 . This blue shift in emission was 

scribed to the protonation of remote N atom and the associ- 

ted intramolecular hydrogen bond decreased the electron donat- 

ng capability of the conjugated N atom in the 4-position of 1,8- 

aphthalimide. Their quantum yields in water were much higher 

han those in polar solvents due to the inhibition of PET by proto- 

ation, especially for compounds 2 , 3 and 6 . However, due to the 

trong TICT effect, the quantum yields of compounds 4 and 5 in 

ater were below 0.03. In compounds 3 and 6 , it was also be- 

ieved that there was a TICT effect to quench the fluorescence, but 

heir quantum yields in water were 0.18 and 0.49, respectively. This 

as most likely due to the protonation and formed intramolecular 

ydrogen bond enhanced the rigidity of piperazine and simulta- 

eously suppressed TICT. It was also worth noting that compounds 

 –4 , where amine groups containing hydrogen atoms, showed con- 

iderable quantum yields in CHCl3 compared with compounds 5 

nd 6 where amine groups containing no hydrogen atoms. It can 

e seen from the above data that the presence of amino hydro- 

en has a significant effect on the fluorescence intensity and wave- 

ength of these dyes in different environments. The presence of 

mino hydrogen also affects the cell permeability and intracellu- 

ar staining properties of these dyes. 

To further examine the effect of protonation on emission, their 

uorescence responses to different pH ranging from 2.0 to 12.0 

ere next investigated ( Fig. 1 and Fig. S2 in Supporting informa- 

ion). With the increase of pH value, the fluorescence intensity of 

ompounds 2 –6 all increased significantly and showed a negative 

orrelation with pH value (Fig. S2). This was because the pH sen- 

itive moiety showed high PET efficient in alkaline environment 

ue to the electron transfer from amine to 1,8-naphthalimide flu- 



Z. Li, Q. Qiao, N. Xu et al. Chinese Chemical Letters 35 (2024) 108824

Fig. 1. Normalized intensity of compounds 1–6 as a function of pH in aqueous solution. (a) 1 ; (b) 2 ; (c) 3 ; (d) 4 ; (e) 5 ; (f) 6 . 

Fig. 2. (a–f) Confocal images of living HeLa cells using different concentrations of compounds 1 –6 and co-localized with imaging with commercial available organelle 

indicators. LTR is the abbreviation of Lyso-Tracker Red. (g–k) Confocal images of HeLa cells using different concentrations of compounds 2 –6 . Scale bar = 10 μm. 
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rophore, resulting in non-fluorescence state. Once the remote N 

tom was protonated, PET would be inhibited to recover the fluo- 

escence. The absorption spectra of compounds 2 –6 exhibited ob- 

ious blue shift with the decrease of pH value, also confirming that 

he associated intramolecular hydrogen bond after protonation de- 

reased the electron donating capability of the conjugated N atom 

n the 4-position of 1,8-naphthalimide. 

The fluorescence intensities of compounds 2 –6 at pH 2 were 

nhanced 15.1, 63.4, 4.8, 4.7, 123.3 folds compared with that at 

H 12, respectively (Fig. S3 in Supporting information). For com- 

ounds 3 and 6 , more than 60-fold fluorescence enhancement af- 

er protonation was not only due to the inhibition of PET, but 

lso due to the inhibition of TICT (Table S1 in Supporting infor- 

ation). The thorough protonation of piperazine derivatives sup- 

ressed TICT and enabled the quantum yield of dyes 3 and 6 to 

each 0.51 and 0.74 at pH 2. However, because of the formation of 

igid piperazine salt, the p Ka of compounds 3 and 6 were only 7.38 

nd 7.03 ( Fig. 1 ), respectively, which were much lower than that of 

ther three dyes. The p Ka values of 2 , 4 and 5 were 8.64, 9.94 and

.12, respectively. Although compounds 4 and 5 were highly sensi- 

ive to pH, the strong TICT effect made their quantum yields less 

han 0.024 at pH 2. Remarkably, the N–H containing dye 4 showed 

igher quantum yield than dye 5 which had no N–H. The same re- 

ults were found between compounds 3 and 6 . These results indi- 

ated that the secondary amine had lower PET efficiency than the 

ertiary amine. 

The performances in live-cell fluorescence imaging were next 

erformed through directly incubating HeLa cells with these dyes 

 Fig. 2 ). The N–H containing dyes 1 –4 could permeate cell mem-

rane and display high fluorescence at specific cellular loca- 

ions. Whereas the cells incubated with dyes 5 and 6 without 

–H group showed negligible cellular fluorescence, indicating that 

hese two dyes were difficult to enter the cell. It was observed 
3

hat compound 1 could stain multiple organelles. Based on the 

o-localization imaging with commercial available organelle dyes 

ncluding Mito-Tracker Orange, Lyso-Tracker Red and LD-Tracker 

eep Red, dye 1 was found to simultaneously stain mitochon- 

ria, lysosomes and lipid droplets ( Fig. 2 a and Fig. S5 in Support-

ng information). When changing the 488 nm excitation light to a 

05 nm laser, only lipid droplets can be fluorescently imaged (Fig. 

5c). Compounds 2 and 4 located in lysosomes with high speci- 

city, showing co-localization with Lyso-Tracker Red. The intensity 

rofiles of the linear regions across HeLa cells in Fig. S6 (Support- 

ng information) were in close synchrony, further confirming their 

igh location accuracy to lysosomes. We attributed the lysosome 

pecificity to their lysosomal pH sensitive fluorogenicity. Although 

ompounds 5 and 6 had similar pH sensitive ranges to compounds 

 –4 , and even compound 5 has 0.50 quantum yield at lysosomal 

H, they could not enter living cells and light up lysosomes. We 

herefore speculated that the amino hydrogen in these six 1,8- 

aphthalimide dyes might serve as a trigger to modulate their per- 

eability to living cells and cellular localization. 

To examine their permeability in detail, we incubated live HeLa 

ells at 37 °C using different concentration of these dyes ( Fig. 2 ).

ompounds 2 –4 could clearly image lysosomes at 500 nmol/L and 

aintain high specificity for lysosomes below 2.0 μmol/L. The cells 

lso showed enhanced lysosomal fluorescence with increasing dye 

oncentrations ( Figs. 2 g –i). Once the incubation concentration of 

yes exceeded 5.0 μmol/L, excess dyes would locate in nucleus due 

o the weaker affinity to DNA. The cells incubated with compounds 

 and 6 remained dark throughout despite the dye concentrations 

ere as high as 10.0 μmol/L ( Figs. 2 j and k). These results further

onfirmed that the N–H in 1,8-naphthalimide dyes indeed could 

nable them to permeate the cell membranes. 

Due to the excellent specificity for lysosomes and high quantum 

ield at lysosomal pH, the dynamic of lysosomes was tracked with 
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Fig. 3. (a, b, d, e) Confocal imaging of lysosomes in living HeLa cells which were incubated with 1 μmol/L compound 2 for 30 min. Excited with 488 nm laser, collected: 

50 0–60 0 nm. (b, d, e) Imaging of the lysosomal dynamics in live HeLa cells. (c) Curves of fluorescence intensity changes with time in (a). The imaging interval was 15 s. 

t1/2 = 66 s. (a, b) Scale bar: 10 μm. (d, e) Scale bar: 1.0 μm. 
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ompound 2 ( Fig. 3 ). Intracellular alkalization was first performed 

y adding 10 mmol/L NH4 Cl to living cells in order to simulate al- 

alosis ( Figs. 3 a and b). A nearly 46% decrease in lysosomal fluo- 

escence intensity was observed after the addition of NH4 Cl after 

80 s ( Fig. 3 c). And the whole alkalization of lysosomes was a pro-

onged process lasting more than 7 min, and compound 2 displayed 

 quick response speed with a t1/2 of 66 s. In addition, compound 4 

as also able to monitor lysosomal pH, although it showed slower 

esponse speed compared to compound 2 (Figs. S7a –c in Sup- 

orting information). Through the long-term time-lapse imaging, 

e also monitored diverse lysosomal dynamic including lysosome- 

ysosome fusion and short contact. As shown in Fig. 3 d, a rapid 

ysosome fusion was observed. The lysosome marked by blue ar- 

ow in Fig. 3 d showed highly dynamic and moved towards the 

otionless lysosome labelled by yellow arrow. At 105 s, the two 

solated lysosomes fused to form a new lysosome which contin- 

ously changed morphology during 105 –165 s. Furthermore, the 

apid contact between two isolated lysosomes was observed at 

50 s and 180 s in Fig. 3 e. More lysosome –lysosome contacts were

lso imaged using compound 4 , indicating that the hydrogen in the 

mine groups could certainly endow the 1,8-naphthalimide dyes 

igh permeability and excellent lysosome selectivity. 

In summary, we synthesized a series of amino-substituted 1,8- 

aphthalimide dyes and revealed that the amino-hydrogen (N–H) 

erved as a trigger to modulate their permeability to living cells. 

he N–H containing dyes 2 –4 showed high membrane permeabil- 

ty, while compounds 5 and 6 with no N–H were almost imper- 

eable to cell membrane. Furthermore, the PET and TICT mecha- 

isms could synergistically regulate the emission of these dyes and 

ndow them with environmental sensitivity to pH and excellent 

pecificity to lysosomes and lipid droplets. Compound 1 can selec- 

ively image lipid droplets, and compounds 2 and 4 could rapidly 

ermeate cell membrane and stain lysosomes, allowing long-term 

ime-lapses imaging to record lysosomal dynamics including fu- 

ion, contact and motion. As the cells were alkalized, we could 

lso monitor pH changes through a decrease in lysosomal fluores- 

ence intensity. It is worth noting that rational introduction of ac- 

ive amino hydrogen into organic fluorophores can not only reg- 

late fluorescence properties, but also affect the fate of dyes in 

ells, thus prompting us to develop diverse fluorescence probes 

ith better biocompatibility. 
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