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applied fluorescent probes are required 
to be highly fluorescent, photostable, bio-
compatible, specific, and stable to the 
biophysical environmental conditions.[5] 
Additionally, optical interferences (e.g., 
autofluorescence) should be minimized as 
it may cause high background signals and 
hence limit the detection sensitivity.[6] Flu-
orescent nanoparticles (FNPs) based on 
inorganic compounds,[7] semiconductor 
quantum dots (Qdots),[8] semiconducting 
polymer dots (Pdots),[9] organic dyes,[10] 
and carbon dots (CDs)[11] have been gen-
erated and extensively investigated. How-
ever, it has been shown that most of the 
inorganic fluorescent materials have cer-
tain inherent limitations including high 
biological toxicity, non-degradability, poor 
biocompatibility, or high cost.[12] Alter-
natively, with the advantages of various 
unique photophysical properties, as well 
as low toxicity and accessible surface 
functionalities, organic-based FNPs are 
becoming new essential tools for bio-
imaging/-sensing, diagnostic and thera-

peutic purposes.[13] Recently, aggregation-induced emission 
luminogens (AIEgens)-based FNPs have attracted extensive 
attention due to characteristics of higher brightness, a larger 
Stokes shift, and stronger photobleaching resistance compared 
to conventional organic fluorophores that often have intrinsic 
quenching effects at high concentrations or in aggregates.[14] 
Also, AIEgens-based FNPs provide large accessible surfaces 
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1. Introduction

Biomedical fluorescence imaging[1,2] has received a great deal 
of attention due to its features such as high spatial resolution, 
fast response, noninvasiveness, and real-time visualization.[3,4] 
To enable the optimum in situ imaging and monitoring of 
biological events in complex and dynamic environments, the 
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that enable sizeable loading capacity and flexible functional 
conjugations. With clever and innovative engineering, it is 
always possible to achieve ingenious optical nanosystems with 
all the required features for biomedical purposes.[15]

For synthetic FNPs, safe and swift entry into cells is an 
important aspect to achieve high-quality bioimaging. The cell 
membrane is considered as the outer barrier that protects cells 
from surrounding environments, ensures the homeostasis of 
the intracellular environment, and enables various biochemical 
reactions to run in an orderly manner.[16] Therefore, efficient, 
quick, and controlled entry/trafficking of FNPs into cells, still 
remains a major challenge, as it requires hydrophilic compo-
nents to cross the hydrophobic barrier without altering its 
properties nor causing collateral damage to health systems in 
the process. Additionally, some larger species including FNPs 
are often captured in endosomes without being released into 
the cytosol.[17] Over the years, various strategies have been 
developed, including increasing the cellular incubation time 
with NPs ranging from 6 to 24 h,[18,19] changing their phys-
ical attributes (e.g., size, surface charge, shape, mechanical 
strength), and grafting different types of appendages on the 
NP surface.[16] Particularly, a broad variety of arginine-rich cell-
penetrating peptides (CPPs) and CPP mimics have been intro-
duced for this purpose.[20] However, CPPs can be cytotoxic and 
are often trapped in the endosomal pathway thus failing to 
deliver to the desired intracellular compartment.[21,22] Another 
promising strategy frequently used is to conjugate NPs to 
antibodies, which allow them to bind specifically to the target 
cell.[23,24] Although this method has successfully achieved in 
vitro sensing,[25] its application has proved more challenging 
because of potential immunogenicity as well as cost, limited 
shelf life, and regulatory hurdles.[26,27] Recently, dynamic cova-
lent disulfide-exchange chemistry on cell surfaces has been 
emerging as a conceptually innovative approach to address this 
tantalizing issue.[28] The exposed thiols and disulfide exchange 
reactions[22] on the cell surface are cleverly exploited to improve 
the cell penetration of the cargo.[29,30] It has been demonstrated 
that the cell-penetrating poly(disulfide)s (CPPDs)-conjugated 
probes, liposomes, peptides, and proteins can engage in 
disulfide exchange reactions at the cell surface, facilitating cel-
lular association, and internalization.[31–33] Subsequent sponta-
neous glutathione (GSH)-catalyzed disulfide cleavage in cells, 
leads to the successful release of the “native” cargo, providing 
an ingenious solution to the membrane penetration issue men-
tioned above.[34,35] The successful thiol-mediated cellular uptake 
of varied cargos hints that CPPDs-conjugation is a promising 
solution to address the cell penetration of hydrophilic FNPs, 
although it is currently poorly investigated.

Herein, we present a straightforward strategy to synthesize 
FNPs that include AIEgens as the fluorescent core, PEGylated 
biocompatible silica as shell, cell-penetrating cyclic disulfides 
(CPCDs) as a cell-penetration facilitator, and varied specific 
chemical groups as targeting localizers. Specifically, a red-emit-
ting AIE molecule, DTPA (4,4′-([1,2,5]thiadiazolo[3,4-c]pyridine-
4,7-diyl)bis(N,N-diphenylaniline)), is utilized to obtain a high 
signal-to-noise (S/N) ratio and high photobleaching resistance.[36] 
Triphenylphosphonium (TPP)[33] and morpholinyl (MP)[37] are 
employed as targeting groups, endowing FNPs with precise 
mitochondria and lysosome targeting abilities, respectively. 
CPCDs are conjugated on the surface to expedite cellular uptake. 

The confirmatory cellular imaging studies demonstrate that the 
present versatile nanoplatform is characterized by rapid cellular 
uptake (less than 30 min) and specific subcellular targeting capa-
bilities. Finally, tailored FNPs are successfully conducted to track 
the autophagy process. We are convinced that the findings pro-
vide a new powerful nanoplatform for biomedical imaging, diag-
nosis, and/or therapy at different levels.[38]

2. Results and Discussion

2.1. Screening of the AIEgen DTPA

As stated above, AIEgens-based FNPs possess numerous 
favorable advantages for biomedical imaging.[36,39] Herein, 
a novel red-emitting AIEgen, DTPA, is introduced (outlined 
in Figure 1a).[40] Three features are considered to judiciously 
choose DTPA as the encapsulated AIEgen core of the proposed 
FNPs. First, DTPA shows pronounced strong red emission 
with high quantum yields (e.g., 0.92 in hexane) (Figures S1 and 
S2, Supporting Information).[40] Second, DTPA has AIE char-
acteristics. As shown in Figure 1b, fluorescence in a mixture of 
tetrahydrofuran (THF) and water varies with the water fraction 
(fw). The decreased fluorescence intensity as the fw increased 
from 0% to 30% may be ascribed to the solvent polarity effect 
and twisted intramolecular charge transfer (TICT) state.[36] 
With further increase in fw, the intramolecular rotation is lim-
ited by the formation of nanoaggregates (Figure S3, Supporting 
Information), leading to the fluorescence intensity being signif-
icantly restored and enhanced, demonstrating the typical AIE 
characteristics of DTPA. Third, a red-emitting AIE will have the 
benefit of a high S/N ratio. Hence, these fabulous properties of 
DTPA render it an effectively fluorescent component of the pro-
posed nanoplatform for the intended imaging purposes.

2.2. Fabrication of FNPs

Polymers that are transparent to visible light have been consid-
ered as an excellent matrix for fluorescent nanomaterial prepa-
rations because of highly cross-linked interior structures, good 
bio-compatibility/-degradability, and no inherent toxicity.[41] 
Herein, Pluronic F127, an amphiphilic tri-block copolymer that 
is composed of poly(ethylene oxide) (PEO) and poly(propylene 
oxide) (PPO), is applied. In an aqueous solution, F127 forms 
micelles with a hydrophobic core that serves as a cavity for 
the encapsulation of hydrophobic AIEgen DTPA, and a hydro-
philic shell that provides aqueous stability and bio-compatibility 
(Figure  1a).[42] The cross-linking of organosilicon precursor 
tetraethoxysilane (TEOS) is subsequently applied to fixate the 
F127 micelle, providing stability against harsh environments 
outside of the micelles and preventing leakage of the encapsu-
lated DTPA.[43] Further salinization by (3-aminopropyl)triethox-
ysilane (APTES) to provide the appended amines for functional 
conjugations. To endow FNPs with mitochondrial and lyso-
somal specificities, well-studied targeting chemo agents of TPP 
and MP are respectively conjugated on the surface of particles. 
The resulting FNPs of DTPA-TPP, DTPA-MP, and DTPA-
NPs (as a control) are ready for further studies (Figure 1a and 
Scheme S1, Supporting Information).
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As shown in Figure  1c, well-shaped and monodispersed 
spherical DTPA-NPs were observed with an average size of ca. 
50 nm. Upon the conjugation of TPP or MP on the surface of 
DTPA-NPs, the average hydrodynamic diameter of the FNPs 
slightly increased from 44 (for DTPA-NPs) to 49 (for DTPA-
MP) and 55  nm (for DTPA-TPP), as determined by dynamic 
light scattering (DLS) (Figure S4, Supporting Information). 
Zeta potential experiments were then employed to confirm 
the modification of the nano-surface. Charge conversions of 
the negatively charged DTPA-NPs (−10 mV) upon the conjuga-
tion of TPP (+10  mV) and MP (+3  mV) to the FNPs surface 
are observed (Figure  1d). These results demonstrate that the 
designed surface conjugations occur properly on the outer-
most layer of the FNPs. It also reveals an excellent water-dis-
persibility of the formulated FNPs due to the highly hydrophilic 
PEGylated shell of the particles. Additionally, the formulated 
FNPs have good colloidal stability as no precipitation from the 
stock solutions over months of storage at 4 °C.

The photophysical properties of DTPA-NPs were then investi-
gated. The maximum absorption is located at 510 nm and inten-
sive emission is centered at 650 nm with a tail extending to over 
800  nm (Figure  1e). The large Stokes shift of ca. 140  nm is in 
line with the characteristics of a high-quality fluorescent probe, 
which may enhance the signal fidelity. Negligible differences in 
emission wavelength are detected for DTPA-TPP, DTPA-MP, 
and DTPA-NPs, implying that the FNPs properties are mainly 
determined by the nature of the encapsulated DTPA core and 
not affected by the surface conjugations (Figure S5, Supporting 
Information). Overall, the highly efficient red emission and large 
Stokes shift of the constructed DTPA-based FNPs render them 

with great potential for bioimaging applications with an excellent 
S/N ratio and minimal auto-fluorescence interference.

2.3. Subcellular Specificity

Potential environmental interferences including pH, metal 
ions, reactive oxygen species (ROS), and other biomolecules 
were tested to elucidate the utility of DTPA-based FNPs 
for bioimaging use. Negligible spectroscopic changes were 
detected (Figure 2a,b), which implies that the FNPs are 
highly stable in complex biological systems. In addition, the 
stability of DTPA-NPs in the Dulbecco’s Modified Eagle’s 
Medium (DMEM) containing 10% FBS and 1% antibiotics 
were investigated. The size distribution of the DTPA-NPs 
remains constant within 24 h, indicating that the micellar 
geometry and size do not alter in the presence of proteins 
(Figure S6, Supporting Information). Next, in vitro cyto-
toxicity of FNPs against HeLa cells was evaluated by MTT 
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide) assay. The cells displayed more than 90% via-
bility after incubation with various FNPs at concentrations 
ranging from 0.2 to 2.0  mg mL−1 (Figure  2c), indicating 
the low cytotoxicity to living cells. The cytotoxic effect of 
FNPs towards mitochondria was further investigated by co-
staining DTPA-TPP and JC-1, a marker used to measure the 
mitochondria membrane potentials. We observed that cells 
pre-treated with DTPA-TPP and then stained with JC-1 only 
displayed red fluorescence (Figure S7, Supporting Informa-
tion), suggesting that the mitochondria were in a healthy 

Figure 1. a) Schematic illustration of DTPA-based FNPs preparation. b) Normalized UV–vis absorption spectra of DTPA (10 µm) in THF (dashed line) 
and fluorescence intensity in THF/water mixtures. The insert depicts the changes in fluorescence intensity with different fw values. c) The particle size 
distribution of DTPA-NPs (1.0 mg mL−1) in water by DLS. Insert: SEM image of DTPA-NPs (1.0 mg mL−1), scale bar: 100 nm. d) Zeta potentials of 
DTPA-based FNPs (1.0 mg mL−1) in aqueous solutions. e) Normalized UV–vis absorption (dashed line) and fluorescence emission spectra of DTPA-
NPs (1.0 mg mL−1). The error bars are the standard deviation around the mean. Student’s t-test; ***p < 0.001.
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state.[44] For positive control, strong green fluorescence was 
detected when cells treated with carbonyl cyanide-p-trifluo-
romethoxyphenylhydrazone (FCCP), a membrane potential 
uncoupler that can decrease mitochondrial potential.[45] Col-
lectively, the high chemical stability and minimal cell cyto-
toxicity have laid a good foundation for further biological 
research and applications.

Colocalization imaging experiments were conducted to eval-
uate the specific targeting abilities of DTPA-TPP and DTPA-MP. 

Upon careful optimization of the incubation time (Figure S8, 
Supporting Information), we choose to incubate the formulated 
FNPs in HeLa cells for 24 h, the cells were then treated with 
MitoTracker Green (MTG) or LysoTracker Green (LTG) for 10 
min to stain mitochondria or lysosomes, respectively, before 
live-cell imaging. As shown in Figure 2d, the observed red fluo-
rescence emission from DTPA-TPP perfectly overlaps with the 
green fluorescence from MTG with a remarkably high Pear-
son’s colocalization coefficient (Rr = 0.92). Also, the changes in 

Figure 2. a) Fluorescence intensity of DTPA-NPs (1.0 mg mL−1), DTPA-TPP (1.0 mg mL−1), and DTPA-MP (1.0 mg mL−1) in various pH solutions (3–10). 
b) Fluorescence intensity of DTPA-NPs (1.0 mg mL−1), DTPA-TPP (1.0 mg mL−1), and DTPA-MP (1.0 mg mL−1) in the presence of different analytes: 
blank (1), metal ions (Na+, K+, Ba2+, Ca2+, Mg2+, Cu2+, Cr3+, and Fe3+) (2–9), reactive oxygen species (HClO and H2O2) (10 and 11), and biomolecules 
(GSH, Cys, and Hcy) (12–14). c) Cell viability assay of HeLa cells after being incubated with DTPA-NPs, DTPA-TPP, and DTPA-MP at various concentra-
tions. d) Colocalization imaging of HeLa cells stained with DTPA-NPs (1.0 mg mL−1), DTPA-TPP (1.0 mg mL−1), and DTPA-MP (1.0 mg mL−1) with LTG 
(1.0 µm) and MTG (0.5 µm). Red channel: Ex, 488 nm, Em, 630–660 nm; MTG channel: Ex, 488 nm, Em, 500–520 nm; LTG channel: Ex, 488 nm, Em, 
500–520 nm, scale bar: 10 µm. e) Fluorescence intensity profiles of regions of interest (along red lines in the images).
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the fluorescence intensity profile of regions of interest across 
HeLa cells tend toward synchronization, indicating the mito-
chondria-specific imaging potential (Figure 2e). DTPA-MP also 
showed a strong lysosome-specific localization, resulting in an 
even higher Rr value of 0.95. On the contrary, DTPA-NPs were 
found randomly distributed in the cell cytoplasm, showing 
poor correlation coefficients with the commercial probes 
(Figure  2d,e). As mentioned earlier, a large Stokes shift will 
benefit a higher S/N ratio, which is confirmed by comparing 
the S/N ratio of DTPA-based FNPs with the commercial probes 
(MTG and LTG) (Figure S9, Supporting Information). Addition-
ally, the fluorescence signal of DTPA-NPs remained constant 
for 60 min of continuous illumination in an aqueous solu-
tion, whereas MTG or LTG fade to 87% and 71%, respectively, 

of its initial values during the same process (Figure S10, Sup-
porting Information). Altogether, these results demonstrate 
the high feasibility of the proposed strategy for mitochondria 
and lysosome targeting. However, such a time scale (up to 24 h  
incubation) is unacceptable which will restrict the efficient 
applications in real cellular imaging, especially for tracking the 
cellular responses at the subcellular level.[46]

2.4. CDs-Mediated Internalization

Several strategies have been applied to efficiently bring hydrophilic 
compounds across the hydrophobic biomembrane. However, we 
aim to induce the efficient internalization of the FNPs without 

Figure 3. a) Synthesis routine of DTPA-MP/TPP-CDs and proposed mechanism for thiol-mediated uptake of DTPA-MP/TPP-CDs. b) Average size 
distributions of DTPA-MP (1.0 mg mL−1), DTPA-MP-CDs (1.0 mg mL−1), DTPA-TPP (1.0 mg mL−1), and DTPA-TPP-CDs (1.0 mg mL−1). c) Zeta poten-
tials of DTPA-NPs (1.0 mg mL−1), DTPA-MP-CDs (1.0 mg mL−1), and DTPA-TPP-CDs (1.0 mg mL−1). d) Cell viability assay of HeLa cells after being 
incubated with DTPA-CDs, DTPA-MP-CDs, and DTPA-TPP-CDs at various concentrations. e) Cellular uptake of DTPA-TPP (1.0 mg mL−1), DTPA-TPP-
CDs (1.0 mg mL−1), DTPA-MP (1.0 mg mL−1), and DTPA-MP-CDs (1.0 mg mL−1) into HeLa cells after 30 min of incubation. Red channel: Ex, 488 nm, 
Em, 630–660 nm, scale bar: 20 µm. f) Relative fluorescence intensity of panel (e). The error bars are the standard deviation around the mean (n = 3). 
Student’s t-test; **p < 0.01, ***p < 0.001.
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sacrifice subcellular specificity. PDs decoration has shown huge 
potential to enhance cellular association and internalization.[33] 
Following, Lipoamido-dPEG8-acid containing CPCDs was applied 
to decorate the subcellular-specific DTPA-NPs of DTPA-MP  
and DTPA-TPP to give DTPA-MP-CDs and DTPA-TPP-CDs, 
respectively (Figure 3a). The bound CDs could lead to ring-
opening disulfide exchange with endogenous thiols at the mem-
brane surface, afterward, FNPs will be transported across the 
cell membrane via its unique thiol-mediated pathways without 
being trapped by endocytic vesicles. Once inside the cytosol, fast 
disulfide cleavage catalyzed by GSH would release the FNPs in 
their functionally form tailed with TPP or MP, and further trans-
located to the intended subcellular organelles (Figure 3a).[35]

After the conjugation of CDs, a slight increase in the size of 
FNPs was observed (51 nm for DTPA-MP-CDs and 60 nm for 
DTPA-TPP-CDs) (Figure  3b) but there is not much change of 
zeta potential values (Figure 3c) or cytotoxicity (Figure 3d). In 
addition, Zeta potential experiments were conducted to inves-
tigate the GSH sensitivity of disulfides on the surface of FNPs, 
which play a key role in the process of the thiols-mediated inter-
relation of FNPs.[33] As shown in Figure S11, Supporting Infor-
mation, DTPA-TPP-CDs and DTPA-MP-CDs showed dramati-
cally increased potential values upon addition of GSH (5 mm) 
treatment. Positive changes of Zeta potentials can be ascribed to 
GSH-induced cleavage of disulfide by thiol-disulfide exchange 
reaction.[22] This could be explained by the large ionization 
constant value of the cysteine residue of GSH (pKa = 8.7) that 
determines the positive charges of exchanged GSHs at neutral 
pH.[47] In contrast, the control sample of DTPA-NPs (no deco-
ration of CDs) did not change much before and after. To gain 
insight into the uptake efficiency of CDs equipped DTPA-NPs,  

DTPA-MP-CDs, and DTPA-TPP-CDs were incubated with HeLa 
cells. It was seen that after 30 min of incubation, CDs-decorated 
DTPA-NPs show much more efficient cellular uptake compared 
with non-CDs decorated DTPA-NPs, presenting much more 
intensive fluorescence (Figure 3e,f). As such, the unique thiol-
mediated covalent translocation of CDs-decorated FNPs is con-
sidered to account for this profound difference.

Another key to the successful fabrication is that the CDs 
conjugation should not disable the subcellular specificities 
of FNPs endowed by MP and TPP. Hence, the colocalization 
experiments were performed, where DTPA-CDs (without MP 
or TPP on the surface) was used as control (Figure 4). Well-
overlapped images were obtained for DTPA-MP-CDs with 
LTG and DTPA-TPP-CDs with MTG as evidenced by the clear 
yellow signals. Instead, DTPA-CDs were randomly distributed 
inside the cells without specific localization. To further con-
firm the reliability of the results, other cell lines were applied 
to test the specific localization of the two FNPs. The imaging 
results are consistent with the results of the HeLa cells 
(Figure  S12, Supporting Information). These findings indi-
cated that the multivalent attachments on the surface endow 
the nanoplatform with highly subcellular specificity and 
membrane penetration properties. According to the reported 
literatures that substances with high hydrophilicity show 
reduced diffusion out of the cell membrane, contributing to 
high intracellular retention.[48] To further evaluate the cell-
retainability of our proposed FNPs, HeLa cells were cultured 
with DTPA-TPP-CDs, DTPA-MP-CDs, MTG, and LTG, respec-
tively (Figure 4c). It was found that the commercial molecular 
probes, MTG, and LTG, fade away severely after continuously 
culturing for 24 h. In contrast, the two FNPs persistently 

Figure 4. a) Colocalization imaging of HeLa cells stained with DTPA-CDs (1.0 mg mL−1), DTPA-TPP-CDs (1.0 mg mL−1), and DTPA-MP-CDs (1.0 mg mL−1) 
with LTG (1.0 µm) and MTG (0.5 µm). b) Fluorescence intensity profiles of regions of interest (along red line in the images). c) Long-term cellular stability 
of DTPA-TPP-CDs (1.0 mg mL−1), DTPA-MP-CDs (1.0 mg mL−1), MTG (0.5 µm), and LTG (1.0 µm) in HeLa cells for 24 h. Red channel: Ex, 488 nm, Em, 
630–660 nm; MTG channel: Ex, 488 nm, Em, 500–520 nm; LTG channel: Ex, 488 nm, Em, 500–520 nm, scale bar: 10 µm.
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stayed in cells displaying intense and stable fluorescence, 
which will benefit long-term monitoring of diverse organelle-
associated bioprocesses.

2.5. Dual-Color Tracking of Autophagy

With the advantageous features demonstrated above, the devel-
oped nanoplatform should be able to deserve the potential  
biomedical trials. To evaluate the customizability of the FNPs for 
specific subcellular imaging, we attempted to tailor mitochon-
dria-specific nanoprobe with a fluorescence-distinguish-
able feature and then use it together with DTPA-MP-CDs  
to track the correlated events during the autophagy. As 
designed, a commercial AIEgen, 1,2-bis(4-methoxyphenyl)-1,2-
diphenyl ethene (TPE), was screened to generate TPE-TPP-CDs  
(Figure S13, Supporting Information) that exhibits cyan emis-
sion centered at 480 nm, far from that of DTPA-MP-CDs  
(Figure 5a), therefore ensuring the dual-color imaging 
strategy.[49] To achieve the proposed tracking, starvation was 
used to induce autophagy.[50] HeLa cells were stained with 

DTPA-MP-CDs and TPE-TPP-CDs for 30 min then incu-
bated in a serum-free medium for 0, 2, and 6 h, respectively. 
As shown in Figure 5b, red signals from the lysosome hardly 
overlapped with the green signals from the mitochondria at 
the beginning. However, the merged images exhibit a more 
noticeable color change (more yellow in color) with the elonga-
tion of incubation time. The Rr values between DTPA-MP-CDs 
and TPE-TPP-CDs underwent a simultaneous vast increase 
(Figure S14, Supporting Information). On the contrary, the Rr 
values from the controls with a nutrient-rich medium keep 
nearly constant with no emergence of yellow color (Figure 5b). 
An autophagy inhibition assay was further performed using 
chloroquine (CQ), an autophagy inhibitor that neutralize 
the lysosomal pH and prvents the fusion of lysosomes with 
autophagosomes.[51] The CQ-treated cells showed fewer over-
lapped fluorescence signals from the red and green channels 
(Figure  5c). Thus, the distinguishable yellow fluorescence 
arising in starved cells accounts for some fusions of mito-
chondria stained by TPE-TPP-CDs with lysosomes stained by  
DTPA-MP-CDs. These demonstrate that the proposed FNPs 
deserve further studies of organelle-related biological processes.

Figure 5. a) Normalized fluorescence intensity of TPE-TPP-CDs (1.0 mg mL−1) and DTPA-MP-CDs (1.0 mg mL−1) in aqueous solution. Insert: pho-
tographs of TPE-TPP-CDs and DTPA-MP-CDs taken under 365 nm UV irradiation. b) Schematic procedures and fluorescence images of autophagy 
in HeLa cells stained with TPE-TPP-CDs (1.0 mg mL−1) and DTPA-MP-CDs (1.0 mg mL−1) in HBSS or rich-nutrient medium at different time nodes. 
c) Fluorescence images of HeLa cells stained with TPE-TPP-CDs (1.0 mg mL−1) and DTPA-MP-CDs (1.0 mg mL−1) in HBSS containing 50 µm CQ. 
d) Schematic procedures and fluorescence images of mitophagy in YFP-Parkin HeLa cells with DTPA-MP-CDs (1.0 mg mL−1) in the presence/absence 
of FCCP (10 µm). e) Autophagy-related protein expression and statistical analysis of LC3-II under various stimuli. Red channel: Ex, 488  nm, Em, 
630–660 nm; YFP-Park channel: Ex, 488 nm, Em, 510–540 nm; TPE-TPP-CDs channel: Ex, 405 nm, Em, 460–500 nm, scale bar: 10 µm.
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As we know, mitophagy is a selective form of autophagy in 
which damaged mitochondria are cleared via the autophagy-
lysosome pathway.[51] During mitophagy, damaged or excess 
mitochondria are first enclosed in autophagosomes, followed 
by fusing with lysosomes to form autolysosomes. Tracking the 
liaison between two correlated organelles during mitophagy 
is meaningful for monitoring the mitophagy process and for 
understanding the mitophagy mechanism. Principally, the 
dual-color imaging strategy can be used for this visualization. 
To specifically evaluate the capability of the FNPs on tracking 
mitophagy, we combined the use of lysosomal-specific DTPA-
MP-CDs and a fluorescent protein marker YFP-Parkin. YFP-
Parkin predominantly localizes in the cytosol of the control 
unstressed cells, whereas it is readily recruited to impaired 
mitochondria when mitophagy is initiated.[52] In this study, 
YFP-Parkin-HeLa cells were first stained with DTPA-MP-CDs, 
and followed by FCCP treatment. Fluorescence images were 
subsequently collected in red and green (for YFP) channels, 
respectively. As shown in Figure 5d, the redistribution of YFP-
Parkin to the mitochondria can be clearly observed, and the 
fluorescence of YFP-Parkin overlaps well with that of DTPA-
MP-CDs (Rr value of 0.61) (Figure  S14, Supporting Informa-
tion), which indicates that the mitochondria fused with lys-
osomes, representing the undergoing mitophagy process. In 
contrast, in the control, YFP-Parkin is distributed in the cytosol, 
showing poor overlapping with DTPA-MP-CDs (Figure 5d). In 
addition, Western blot experiments were performed to confirm 
the occurrence of autophagy. As presented in Figure  5e, the 
expression of LC3-II was significantly increased under starva-
tion and FCCP treatment, which result in an increased ratio of 
LC3-II/LC3-I compared with the control group, indicating the 
activation of autophagy. Overall, the results verify that the given 
FNPs can be used for real-time imaging of the autophagy pro-
cess within live cells.

3. Conclusion

In summary, we have successfully strategized a simple and 
effective approach to achieve a tailorable membrane-pene-
trating nanoplatform for specific subcellular targeting and 
bioimaging applications. In this work, the synthesis strategies 
and surface engineering approaches were systematically dem-
onstrated by using red-emitting AIEgen-loaded FNPs as the 
example model. MP and TPP moieties were thereafter coupled 
to realize the specific lysosome or mitochondria targeting, fol-
lowed by the conjugation of CDs to promote cell membrane 
penetration. Fluorescence imaging experiments revealed that 
the decoration with CDs can expedite cellular association and 
internalization without sacrificing the subcellular specificity of 
FNPs endowed by MP or TPP. Equipped together with other 
intrinsic characteristics of FNPs including small size, excel-
lent photo- and chemo-stability, low cytotoxicity, and high cell-
retainability, the tailored FNPs were used to successfully track 
dynamic changes of mitochondria and correlated lysosomes 
during autophagy. This study opens a new avenue for FNPs-
based bioimaging, and biomedical therapy directed towards 
subcellular targets.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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