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a b s t r a c t

Lysosomal polarity is considered a key indicator of lysosomal function due to its significant impact on

membrane fluidity and enzymatic reactions in lysosomes. Monitoring lysosomal polarity can gain insight

into the related physiological and pathological processes and develop new diagnostic methods. How-

ever, current fluorescent probes with lysosomal polarity response suffer from narrow linear range, photo-

bleaching and complicated preparation. Herein, a ratiometric fluorescent probe (r-bCDs) for intracellular

lysosomal polarity imaging is designed and constructed by amide bond assembly of polarity-sensitive

red fluorescent carbon dots (rCDs) and referenced blue fluorescent carbon dots (bCDs). r-bCDs show a

much wider linear range of polarity response (orientation polarizability �f from 0.020 to 0.315) than

other probes, and the interference of uneven distribution and instrument factors can be effectively elimi-

nated by ratiometric fluorescent sensing. Imaging of intracellular lysosomal polarity with r-bCDs is imple-

mented to observe the polarity variation caused by the change of cell state and the difference between

cancer cells and normal cells. This work provides a promising tool for studying the related physiological

and pathological processes and developing new diagnostic methods.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As an important parameter, polarity significantly impacts on a

number of organic and inorganic processes [1]. In biological sys-

tems, polarity affects the interaction of extensive proteins and en-

zymes and the stability of lipid membrane [2,3]. The change of po-

larity reflects the variation of cell state, and is closely related to

a series of diseases [4-6]. Moreover, due to the significant polar-

ity difference of cellular organelles [7], it is necessary to test the

polarity of specific organelle. As the main digestive organelles in

cells, lysosomes receive macromolecules from various membrane-

trafficking pathways through membrane fusion, and degrade them

by a series of acid hydrolases, which is critical for maintaining cell

homeostasis and effectively protecting cells from infection, starva-

tion and stress [8,9]. Lysosomal polarity significantly affects mem-

brane fluidity and enzymatic reactions in lysosomes [10], and is

considered a key indicator of lysosomal function. The change of

lysosomal polarity can reflect the variation of cell states caused by

related physiological and pathological processes. For example, can-

cer, inflammation and fatty liver reduce lysosomal polarity [10,11],

and lysosomal polarity increases with cell aging [12]. Cancer de-
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tection tools also have been developed based on the difference

of lysosomal polarity [13]. Monitoring lysosomal polarity can gain

insight into the related physiological and pathological processes

and develop new diagnostic methods. However, polarity is a com-

plex factor and covers a series of noncovalent interactions includ-

ing dipole/depolarization and hydrogen bonding [14], so real time

monitoring lysosomal polarity remains a challenge. Hence, it is an

important and urgent task to develop new tools to detect lysoso-

mal polarity in living cells.

Recent years, the fluorescent probes with polarity response

have achieved great development. Their response mechanisms can

be divided into three categories, including intramolecular charge

transfer (ICT) [11], photoinduced electron transfer (PET) [4] and

excited state intramolecular proton transfer (ESIPT) [15]. Among

them, a series of lysosome-specific probes have been success-

fully applied to lysosomal polarity imaging [4,10-13,16]. Since most

fluorescent probes with lysosomal polarity response are small

molecules based on the fluorescence intensity change at single

emission-wavelength, they have the problem of photobleaching

and complex synthesis, and are interfered by uneven distribution

and instrument factors. In addition, narrow linear range also limits

their applications. Carbon dots (CDs), as a new class of nanomateri-

als, have the advantages of robust photostability, favorable biocom-
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Fig. 1. (A) TEM image, HRTEM (inset) image and particle size distribution (inset) of r-bCDs. (B) Full-scan XPS of bCDs, rCDs and r-bCDs. (C) Absorption spectra and (D)

emission spectra of r-bCDs in different solvents. (E) Emission spectra of r-bCDs in the mixture of H2O and 1,4-dioxane. (F) Relationship between I575/I450 and orientation

polarizability �f.

patibility and simple synthesis [17-22]. Recently, it is noted that

CDs possess the solvent dependent fluorescence, especially CDs

with phenylenediamine as precursor [23-26]. Based on this feature,

several CDs have been used as fluorescent probes with polarity re-

sponse [16,26,27]. Among them, Sun et al. developed CDs as a fluo-

rescent probe for lysosomal polarity [16]. However, they also suffer

from single wavelength signal and a narrow linear range. There-

fore, it is necessary to develop a ratiometric fluorescence probe

based on CDs with a wide linear range.

Herein, a ratiometric fluorescent probe (r-bCDs) with lysoso-

mal polarity response was prepared by amide bond assembly of

polarity-sensitive red fluorescent carbon dots (rCDs) and refer-

enced blue fluorescent carbon dots (bCDs). With the increase of

polarity, the red emission of r-bCDs decreases and the blue emis-

sion remains unchanged. The ratio of the fluorescence intensities

at 575 and 450 nm (I575/I450) has linearly relationship to the ori-

entation polarizability �f within a wide range from 0.020 to 0.315,

which is much wider than other fluorescent probes with polarity

response. In addition, the ratiometric fluorescent signal can effec-

tively reduce the error caused by uneven distribution of probes

and instrument factors, which is valuable for bioimaging. Due to

internalization by endocytosis and abundance of amino groups, r-

bCDs show excellent lysosomal specificity. Observation of lysoso-

mal polarity variation in different cell states and distinguishing

cancer cells and normal cells were achieved by ratiometric fluo-

rescent imaging with r-bCDs. Therefore, r-bCDs provide a promis-

ing tool for studying the related physiological and pathological pro-

cesses and developing new diagnostic methods. rCDs were synthe-

sized by one-step solvothermal method with o-phenylenediamine

and dopamine hydrochloride as precursors [19]. bCDs were syn-

thesized by solvothermal method with l-cysteine and citric acid as

precursors [28]. After activation of carboxyl groups on the surface

of bCDs by DMAP and EDC HCl, r-bCDs were produced by amida-

tion reaction of rCDs and bCDs at room temperature. The synthesis

process is shown in Scheme S1 (Supporting information). The mor-

phology of rCDs, bCDs and r-bCDs was characterized by transmis-

sion electron microscopy (TEM). rCDs, bCDs and r-bCDs all show

favorable monodisperse and spherical morphologies with average

diameters of 2.75, 7.25 and 8.67 nm, respectively (Fig. 1A and Fig.

S1 in Supporting information). The particle size of r-bCDs is larger

than rCDs and bCDs, because r-bCDs are from the combination of

rCDs and bCDs. The high-resolution TEM (HRTEM) images show

that rCDs (Fig. S1C) and r-bCDs (Fig. 1A) have lattice fringes with

the spacing of 0.20 and 0.23 nm, respectively, which are similar

to the (100) lattice distance of the graphitic carbon, but bCDs (Fig.

S1D) are amorphous.

To further investigate the chemical composition of rCDs, bCDs

and r-bCDs, fourier transform-infrared (FT-IR) and X-ray photoelec-

tron spectroscopy (XPS) spectra were determined (Figs. S2-S5 and

Table S1 in Supporting information, Fig. 1B). FT-IR spectrum of

bCDs shows the absorption peak of N-H and O-H stretching vi-

bration within 3500-3200 cm−1 and the absorption peak of C=O

vibration at 1602 cm−1, indicating that there are a large number

of -COOH on the surface of bCDs. FT-IR spectrum of rCDs shows

the stretching vibration peaks of N-H at 3382 and 3367 cm−1,

C=O/C=N at 1622 cm−1 and C-N at 1477 cm−1, indicating the pres-

ence of polyaniline structure and -NH2. r-bCDs have the charac-

teristic absorption bands of amide at 1641cm−1 and 1572 cm−1,

indicating that bCDs and rCDs were successfully connected by co-

valent bond. The abundant -NH2 in rCDs and -COOH in bCDs can

be clearly observed from XPS spectra. Compared with rCDs, r-bCDs

have more C-N and pyrrolic N and less amino N. r-bCDs and bCDs

are consistent in S 2p high resolution spectrum, while rCDs with-

out S element. These results indicate that r-bCDs are derived from

the assembly of rCDs and bCDs by amide bond.

UV-vis absorption and fluorescence spectra were used to study

the optical properties of rCDs, bCDs and r-bCDs. The absorption

peak of bCDs is located at 345 nm, which could be attributed to
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Fig. 2. Confocal fluorescence images of lysosome colocalization assays of r-bCDs with commercial organelle dye Lyso-Tracker Green.

the n-π ∗ transition of C=O (Fig. S6B in Supporting information).

The characteristic absorption peak of rCDs is located at 536 nm

and 568 nm (Fig. S6A in Supporting information), and r-bCDs have

a similar absorption peak at 523 nm (Fig. S6C in Supporting in-

formation), which could be attributed to the surface state derived

from rCDs. bCDs have typical excitation-dependent emission char-

acteristic. At the optimal excitation wavelength of 345 nm, the

emission peak of bCDs is located at 423 nm (Fig. S6B). rCDs ex-

hibit an excitation independent emission at 595 nm (Fig. S6A). As

an assembly of rCDs and bCDs, at the excitation wavelength of 390

nm, r-bCDs have two emission peaks at 439 nm and 588 nm, re-

spectively (Fig. S6C).

In order to investigate the effect of polarity on spectroscopic

properties, UV-vis absorption spectra and fluorescence spectra of

rCDs, bCDs and r-bCDs in a variety of solvents covering a large

range of polarity were measured. Ignorable changes were observed

in the absorption maxima of bCDs in all of solvents (Fig. S7A in

Supporting information). In contrast, the absorption bands of rCDs

(Fig. S7C in Supporting information) and r-bCDs (Fig. 1C) show ob-

viously red shift with the increase of solvent polarity. The emis-

sion intensity of bCDs increases with polarity, while the peak loca-

tion remains unchanged (Fig. S7B in Supporting information). By

contrast, the emission of rCDs (Fig. S7D in Supporting informa-

tion) and the red emission of r-bCDs (Fig. 1D) display notable red

shift, and their intensities decrease with increasing solvent polar-

ity. The substructures of oxygen and nitrogen on the surface of

rCDs increase the density of charge carriers, resulting in the elec-

tron transfer to the edge, and the stable excited state of rCDs is

strongly affected by the dipole moment of the solvent [23]. In-

terestingly, the blue emission intensity of r-bCDs is basically un-

affected by polarity. It is speculated that the polarity sensitivity of

bCDs is derived from the special interaction between the surface -

COOH and the solvent molecules, but the connection reaction gen-

erating r-bCDs consumes the -COOH of bCDs.

For further studying the quantitative relationship between fluo-

rescence of r-bCDs and polarity, 30 μg/mL r-bCDs were dissolved

in a H2O/1,4-dioxane system. The solvent polarity of the testing

system can be tuned by the volume ratio of H2O to 1,4-dioxane

(Table S2 in Supporting information). As the polarity increases, the

fluorescence intensity of red emission decreases, and blue emis-

sion remains constant (Fig. 1E). The ratio of the fluorescence in-

tensities at 575 and 450 nm (I575/I450) is linearly related to �f

within the range of 0.020-0.315 (y = –5.383 x + 1.960, R2 = 0.993)

(Fig. 1F). The linear range of r-bCDs is much wider than other

fluorescent probes with polarity response (Table S3 in Support-

ing information), making r-bCDs possess more potential in appli-

cation. When �f increases from 0.020 to 0.320, the fluorescence

ratio increases from 0.145 to 1.862, providing a 13-fold contrast

window.

In order to evaluate the applicability as a fluorescent probe with

polarity response, the stability and selectivity of r-bCDs were ex-

plored. It is found that only a slight variation of I575/I450 was ob-

served over a wide range of pH (3-11), and negligible compared

with the effect of polarity (Fig. S8A in Supporting information). The

effect of ionic strength was evaluated through dissolving r-bCDs in

ethanol/water 1:1 mixture containing different concentrations of

NaCl (Fig. S8C in Supporting information). The fluorescence ratio

is not affected at NaCl concentration up to 1 mol/L. Additionally,

light stability of r-bCDs was also studied. After continuous irradia-

tion of r-bCDs in ethanol solution for 1 h, the fluorescence inten-

sities at both 450 nm and 575 nm are almost no change (Fig. S8D

in Supporting information), demonstrating the favorable light sta-

bility of r-bCDs. Finally, the selectivity of r-bCDs was investigated

by testing the fluorescence response of r-bCDs to common anions,

cations, amino acids and intracellular active substances (Fig. S8B in

Supporting information). All of the tested species did not signifi-

cantly alter the fluorescence signal, indicating the excellent selec-

tivity of r-bCDs. Thus, r-bCDs have potential as a probe for polarity

imaging in complicated biological environments.

MTT assays were conducted to evaluate the cytotoxicity of r-

bCDs. After treatment with r-bCDs for 24 h, even if r-bCDs concen-

tration was up to 100 mg/mL, cell viability was more than 90% (Fig.

S9 in Supporting information). This concentration is much higher

than that used in imaging, showing that r-bCDs have favorable bio-

compatibility. For later imaging experiments, the incubation time

was optimized (Figs. S10 and S11 in Supporting information). The

fluorescence intensity of cells would reach saturation in ca. 8 h.

Compared with control group, the fluorescence of cells in the 4

°C group (inhibiting the energy supply) significantly declined (Fig.

S12 in Supporting information), indicating that the cellular uptake

of r-bCDs is energy-dependent. The endocytic pathways of r-bCDs

were studied by inhibitors. Commonly, there are four types of en-

docytosis including macropinocytosis, clathrin-mediated endocyto-

sis, caveolae-mediated endocytosis and lipid raft-mediated endo-

cytosis, inhibited by amiloride (AMI), chlorpromazine (CPZ), genis-

tein (GEN) and methyl-β-cyclodextrin (MβCD) respectively [25].

Cellular internalization of r-bCDs is mainly mediated by clathrin-

mediated endocytosis, (Fig. S12). Moreover, cells can also achieve

the uptake of r-bCDs by caveolae-mediated endocytosis.

To further study the intracellular distribution of r-bCDs, colocal-

ization experiment was implemented. After treating LoVo, HepG2

and L02 cells by r-bCDs and commercial lysosome indicator Lyso-
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Fig. 3. Confocal fluorescence images of LoVo cells stained with r-bCDs and stimulated with sucrose, chloroquine, DTT and DMSO.

Traker Green, overlapped red and blue fluorescence from r-bCDs

and green fluorescence from Lyso-Traker Green were clearly ob-

served. Pearson’s colocalization coefficients of green and red chan-

nel in LoVo, HepG2 and L02 cells are calculated to be 0.89, 0.92

and 0.93, respectively (Fig. 2). The fine merged image and high

colocalization coefficient clearly show that r-bCDs could be specif-

ically distributed in lysosomes. In order to explore the source

of the lysosomal specificity of r-bCDs, co-location experiments of

bCDs and rCDs were conducted. bCDs hardly have lysosomal speci-

ficity, while rCDs can specifically target the lysosomes (Figs. S13

and S14 in Supporting information). Therefore, it is speculated

that the lysosomal specificity of r-bCDs is from rCDs. rCDs have

abundant -NH2 on the surface, and the -NH2 is largely reserved in

r-bCDs (Fig. S2). Once entering lysosome, -NH2 will be protonated

due to the acidic environment of lysosome, making rCDs and r-

bCDs become positively charged and trapped inside lysosome [29].

In addition, the lysosomal specificity of r-bCDs is also related to

the endocytosis pathways. r-bCDs enter cells by clathrin-mediated

endocytosis, which would make r-bCDs transported to lysosome

through endosome and trapped inside due to -NH2 [30].

The utility of r-bCDs for visualizing the polarity variation of

lysosomes in living cells was further tested. Lysosomal storage dis-

orders induced by high concentration sucrose will cause lysoso-

mal polarity increase, and chloroquine can induce lysosomal po-

larity decrease by lysosome membrane permeabilization [4]. Up-

take of DMSO by the cells decreases the polarity of lysosomes in

living cells [13]. Furthermore, it is also reported that dithiothreitol

(DTT) can increase lysosomal polarity [16]. LoVo cells stained by

r-bCDs were incubated in 1640 medium containing 80 mmol/L su-

crose, 100 μmol/L chloroquine, 1% DMSO and 50 mmol/L DTT for

20 min, respectively. It is observed that the fluorescence ratio of

the LoVo cells treated by sucrose and DTT is lower than control

group (Fig. 3), illustrating that lysosomal storage disorders and DTT

lead to lysosomal polarity increase. By contrast, LoVo cells treated

by chloroquine and DMSO show higher fluorescence ratio, illustrat-

ing lower lysosomal polarity caused by DMSO and lysosome mem-

brane permeabilization. The above results prove that r-bCDs can be

used to sense the change of lysosomal polarity in living cells.

The polarity difference between normal cells and cancer cells

has attracted attention in recent years [6,11,13]. r-bCDs were used

to stain cancer cells (LoVo cells and HepG2 cells) and normal cells

(L02 cells), respectively. The fluorescence ratio of cancer cells was

Fig. 4. Confocal fluorescence images of LoVo cells, HepG2 cells and L02 cells

stained with r-bCDs.

significantly higher than that of normal cells (Fig. 4). This phe-

nomenon indicates lower lysosomal polarity of cancer cells, which

was consistent with reports in previous literatures. These results

suggest that r-bCDs can serve as a probe with lysosomal polarity

response for research on the related physiological and pathological

processes and medical diagnosis.

In conclusion, a ratiometric fluorescent probe r-bCDs with po-

larity response was constructed though assembling two CDs. r-

bCDs have favorable selectivity, stability and low toxicity. The flu-

orescence ratio of r-bCDs is linearly related to �f within a wide

range from 0.020 to 0.315. In addition, r-bCDs are targeted to lyso-

somes with high specificity. By ratiometric fluorescent imaging, r-

bCDs can reflect the changes of lysosomal polarity in living cells

and distinguish normal cells and cancer cells without the influ-

ence of concentration, and the excellent characteristics of r-bCDs

provide the advantages for long-term monitoring. It is helpful to

further study the physiological and pathological processes related

to lysosome, and to develop new medical diagnostic tools based on

lysosomal polarity. Up to now, there is little report on the assembly

of various CDs. This work provides a new way for achieving more

functions or better performance by combining different CDs.
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