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Nucleolus-Targeted Photodynamic Anticancer Therapy
Using Renal-Clearable Carbon Dots

Wen Pang, Pengfei Jiang, Shihui Ding, Zhouzhou Bao, Ningtao Wang, Hongxia Wang,
Junle Qu, Dan Wang,* Bobo Gu,* and Xunbin Wei*

Photodynamic therapy (PDT), which utilizes light excited photosensitizers
(PSs) to generate reactive oxygen species (ROS) and consequently ablate
cancer cells or diseased tissue, has attracted a great deal of attention in the
last decades due to its unique advantages. In order to further enhance PDT
effect, PSs are functionalized to target specific sub-cellular organelles, but
most PSs cannot target nucleolus, which is demonstrated as a more efficient
and ideal site for cancer treatment. Here, an effective carbon dots (C-dots)
photosensitizer with intrinsic nucleolus-targeting capability, for the first time,
is synthesized, characterized, and employed for in vitro and in vivo
image-guided photodynamic anticancer therapy with enhanced treatment
performance at a low dose of PS and light irradiation. The C-dots possess high
ROS generation efficiency and fluorescence quantum yield, excellent in vitro
and in vivo biocompatibility, and rapid renal clearance, endowing it with a
great potential for future translational research.
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Photodynamic therapy (PDT) can ablate
the targeted diseased cells or tissue us-
ing photosensitizer (PS) generated reac-
tive oxygen species (ROS) once PS is ex-
cited by the light with specific wavelength,[1]

while the PS remains benign in the ab-
sence of light excitation. As compared
with traditional cancer treatments such as
chemotherapy and radiotherapy, PDT is
featured with remarkable advantages, in-
cluding minimal invasiveness, low side ef-
fects, etc. Therefore, PDT is recognized as
a promising treatment strategy.[2,3] In re-
cent years, various PSs have been designed
and synthesized for cancer therapy,[4,5]

e.g., organic semiconducting nanoparticles
(NPs) based PDT could achieve good an-
ticancer performance.[6–8] Porphyrin and
its derivatives are still the most widely

used PSs,[9,10] particularly in the clinical oncology treatment
including breast cancer, lung cancer, etc.[1–3] However, the
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treatment efficiency of PDT using porphyrin and porphyrin-
based PSs is limited since these PSs possess hydrophobic
and rigid planar structures and consequently suffer from
aggregation-caused quenching (ACQ) issue in aqueous media.[11]

Fluorogens with aggregation-induced emission characteristics
(AIEgens) can emit bright fluorescence in the aggregated
state,[11,12] making AIEgens excellent candidates to overcome
ACQ issue. By tuning the singlet-triplet energy gap, AIEgens
could generate ROS efficiently for PDT applications.[13–17] An-
other solution to overcome ACQ issue is utilization of inorganic
nanomaterials,[4] including graphene quantum dots (QDs),[18]

black phosphorus,[19] metal–organic framework nanodots,[20]

semiconducting nanoparticles (NPs),[21] etc., which could serve
as PSs directly, and the ROS quantum yield of graphene QDs
even could reach ≈1.3,[18] which is much higher than that of their
organic counterparts.

It is well known that the intracellular location of PSs
can affect the final PDT performance.[22] Various organelles-
targeted PSs, including mitochondria,[23] lysosomes,[24] endo-
plasmic reticulum,[25] etc., have been synthesized and studied.
Recently, the nucleus-targeted PSs were designed and synthe-
sized to further improve PDT,[26–28] e.g., the obtained photocy-
totoxicity of Chlorin e6 (Ce6), which is conjugated with nuclear
localization signals to facilitate the nucleus penetration, could
even be enhanced over 2000-fold.[28] The latest advances
show that nucleolus plays an important role in resisting
cell death, activating invasion and metastasis of cancer cells,
making nucleolus a more efficient and ideal site for can-
cer treatment,[29] e.g., the nucleolus-targeted chemotherapy
using UNBS1450 (currently in Phase I clinical trials) could ob-
tain ≈100-fold enhanced treatment effects as compared with
DNA-interacted chemotherapy by oxaliplatin, irinotecan, and
etoposide.[30,31] Thus, it can be deduced that nucleolus-targeted
PDT should achieve enhanced therapeutic effects for can-
cer as compared with other organelles targeted PDT. Despite
the significant role of nucleolus in cancer therapy, nucleolus-
targeted PSs are still very rare. PSs were conjugated with
some inorganic NPs with intrinsic nucleolus-targeting fea-
ture, e.g. nucleolus-targeted CD-PpIX (CD: carbon dots, PpIX:
protoporphyrin IX) nanocomposite achieved remarkably en-
hanced PDT treatment as compared with free PpIX located in
cytosol.[32] However, the size of formed PDT agents is much
larger than 5 nm, making it difficult to be rapidly cleared.[33,34]

Moreover, conjugation process is complicated and time con-
suming and also would significantly lower the nucleolus-
targeting capability and subsequently PDT efficiency. Thus,
it is meaningful and urgent to design and synthesize novel
PDT agents with high nucleolus-targeting capability and rapid
clearance to achieve enhanced treatment performance and
biosafety.

Herein, we report newly engineered carbon dots (C-dots)
photosensitizer with intrinsic ROS generation and nucleolus-
targeting capability. The C-dots show high ROS generation effi-
ciency and fluorescence quantum yield, outstanding in vitro and
in vivo anticancer performance at a low dose of C-dots and light
irradiation due to the nucleolus-targeting induced photocytotoxi-
city enhancement. Meanwhile, the excellent biocompatibility and
rapid renal clearance of C-dots guarantee their potential for clin-
ical anticancer therapy applications.

The C-dots have been designed and synthesized as either
bioimaging or PDT agents.[35–37] Here, we proposed and demon-
strated, for the first time, the C-dots with both nucleolus-
targeting and ROS generation capability for nucleolus-targeted
photodynamic anticancer therapy. As shown in Figure 1A, the
C-dots could penetrate nucleolus and generate ROS within nu-
cleolus under light irradiation, enabling enhanced image-guided
photodynamic anticancer therapy. The C-dots were prepared via
reaction of citric acid (CA) and ethylenediamine (EDA) by reflux-
ing the reaction mixture.[38] In the typical procedure, the amounts
of reactants were 2 g of CA and 3 mL of EDA. The mole mass ra-
tio of CA/EDA was ≈1:4.5. Then the condensation was carried
out with an excess of EDA, which was removed by volatiliza-
tion during the reaction process. Then pure C-dots were obtained
once the product was air-cooled down to room temperature, with-
out any further purification. The synthesized C-dots were stud-
ied by dynamic light scattering measurement and transmission
electron microscope (Figure S1, Supporting Information). The
measured average size of 2 nm enables rapid renal clearance of
C-dots. The synthesized C-dots show a broad absorption range
(350–700 nm) with a main absorption peak at 350 nm and a
shoulder peak at 450 nm as shown in Figure 1B. The C-dots
have excitation-dependent emission as show in Figure 1C. The
quantum yield of the synthesized C-dots measured at 350 nm
was 42.7%, such high quantum yield enables image-guided PDT
during treatment. The photostability of C-dots was also studied
by measuring the absorption spectra (Figure S2, Supporting In-
formation). After 30 min continuous irradiation (400–700 nm,
100 mW cm−2), the absorption of C-dots was decreased slightly.
Thus, it can be deduced that C-dots have good photostability for
biomedical applications.

The ROS generation efficiency of C-dots (25 µg mL−1) in
aqueous media was subsequently investigated under the light
irradiation (400–700 nm, 70 mW cm−2) using 9,10-anthracene-
diyl-bis(methylene)dimalonic acid (ABDA) (50 × 10−6 m) as the
ROS indicator. As shown in Figure 1D, ABDA was almost de-
composed after 10 min illumination, indicating the ROS gen-
eration capability of C-dots. In order to quantitatively study the
ROS quantum yield (Φ) of C-dots, a commercial PS, i.e., Ce6
(ΦCe6 = 0.66 in aqueous media[39]) was selected as the reference
for measurement. The obtained ROS quantum yield of C-dots is
0.048 (Figure S3, Supporting Information), which is lower than
organic semiconducting materials,[40] but much higher than that
of one US Food and Drug Administration (FDA) approved ap-
proved PS, i.e., indocyanine green (ICG, ΦICG = 0.002).[41]

To explore the intracellular localization, C-dots (200 µg mL−1)
were incubated with 4T1 cells for different time. As shown in
Figure 2A, after 30 min incubation, the fluorescent signals of
C-dots were observed in some round areas, i.e., nucleoli, but
no any lysosomal/endosomal entrapment could be observed, in-
dicating that the C-dots penetrated the nucleolus via a direct
and fast movement.[42] Meanwhile, with increment of incuba-
tion time, the fluorescence intensity of C-dots located in nucle-
olus was further enhanced, improving the signal-to-noise ratio.
Furthermore, the C-dots were still located at nucleoli even after
staining for 5 h. These results suggest that the C-dots inher-
ently possess the nucleolus-targeting capability. To assess the
nucleolus-targeting universality, C-dots were also incubated with
other cancerous cells including HeLa and H520. As shown in
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Figure 1. A) Schematics of synthetic procedure of C-dots and corresponding nucleolus-targeted photodynamic anticancer therapy. B) The UV–vis
absorption spectrum of C-dots. C) The fluorescence emission spectra of C-dots under different excitation wavelengths. D) UV–vis spectra of ABDA
and C-dots under light irradiation for different time (400–700 nm, ≈70 mW cm−2). [ABDA] = 50 × 10−6 m, [C-dots] = 25 µg mL−1.

Figure S4 in the Supporting Information, all nucleoli in these
treated cells were specifically stained by C-dots (200 µg mL−1)
with green fluorescence, which was also enhanced with incre-
ment of incubation time, demonstrating that the C-dots pos-
sess highly universal and specific nucleolus-targeting capabil-
ity. To identify the localization of C-dots, the SYTO RNAS-
elect (one commercial probe for nucleolus imaging) was se-
lected to costain 4T1 cells with C-dots. As shown in Figure 2B,
the fluorescence of C-dots was totally overlapped with that of
the SYTO RNASelect. It means that the C-dots could specif-
ically stain the nucleolus, indicating the nucleolus-targeting
capability of C-dots. The colocalization experiment was per-
formed in HeLa cells as shown in Figure S5 in the Sup-
porting Information, the results also showed the nucleolus-
targeting capability of C-dots. It is well known that most RNAs
and some DNAs accumulate in the nucleolus. In order to
further study the nucleolus-targeting capability of C-dots, the
cellular imaging performances of C-dots and one commercially
available nucleus-targeting dyes, i.e., Hoechst 33342 were com-
pared. As shown in Figure 2C, Hoechst 33342 could stain the
whole nucleus and part of nucleoli in unfixed 4T1 cells (liv-
ing cells) and the whole nucleus except nucleoli in fixed 4T1
cells, while C-dots could light-up only nucleoli specifically, which
could be confirmed with bright field and merged images, in both
unfixed and fixed cells. Similar results were also observed in
HeLa cells as shown in Figure S6 in the Supporting Information,

Hoechst 33342 could stain the whole nucleus in unfixed and fixed
4T1 cells, while C-dots could specifically light-up the nucleoli in
both unfixed and fixed cells. These results indicate the highly spe-
cific nucleolus-targeting capability of C-dots.

In order to study the nucleolus-targeting mechanism of C-
dots, ribonuclease RNase and DNase were selected to hydrolyze
RNA and DNA of 4T1 cells respectively, followed by the tar-
geting capability comparison of C-dots and Hoechst 33342. As
shown in Figure 2C, when the cells were digested by DNase, the
whole nucleoli and part of nucleoli were still stained by C-dots
and Hoechst 33342, respectively. Once the cells were digested by
RNase, both C-dots and Hoechst 33342 would stain the whole
nucleus. The nucleus and nucleolus region could be confirmed
from the bright field images. The digest experiments were also
performed on HeLa cells as shown in Figure S6 in the Sup-
porting Information. Once HeLa cells were digested by RNase,
C-dots and Hoechst 33342 would also stain the whole nucleus. It
can be deduced that C-dots could selectively target RNA instead
of DNA.

2’,7’-Dchlorofluorescin-diacetate (DCFH-DA) was selected as
the ROS indicator to study the intracellular ROS generation ca-
pability of C-dots. After incubating either with both C-dots and
DCFH-DA, or with DCFH-DA alone, the 4T1 cells were irradi-
ated and imaged with confocal laser scanning microscopy. As
shown in Figure 2D and Figure S7 in the Supporting Informa-
tion, strong fluorescent signal of dichlorofluorescein (DCF) was
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Figure 2. A) Time-sequenced fluorescence images of C-dots (0.2 mg mL−1) stained 4T1 cells (0.5, 1, 2, 3, 4, 5 h). Ex: 488 nm, Em: 500–550 nm. Scale
bar: 50 µm. B) Fluorescence images of 4T1 cells stained with both RNASelect and C-dots, and bright field and merged images. RNASelect channel (Ex:
488 nm, Em: 510–540 nm), C-dots channel (Ex: 552 nm, Em: 560–590 nm). [RNASelect] = 10 × 10−6 m, [C-dots] = 200 µg mL−1. Scale bar: 10 µm.
C) Fluorescence images of unfixed, fixed, DNase digested, and RNase digested 4T1 cells treated with C-dots and Hoechst 33342, and bright field and
merged images. Hoechst 33342 channel (Ex: 405 nm, Em: 415–485 nm), C-dots channel (Ex: 488 nm, Em: 500–610 nm). [C-dots]= 200 µg mL−1, [Hoechst
33342] = 5 µg mL−1, [DNase] = 25 µg mL−1, [RNase] = 25 µg mL−1. Scale bar: 10 µm, red arrows indicate nucleolus. D) Study of the intracellular ROS
generation capability of C-dots (200 µg mL−1) under light irradiation (488 nm laser, ≈0.1 mW). DCF (Ex: 488 nm; Em: 500–550 nm). [DCFH-DA] = 5 ×
10−6 m. Scale bar: 50 µm. E) Viability of HeLa cells treated with/without C-dots followed by light irradiation for 30 min (400–700 nm; 150 mW cm−2) or
only treated with C-dots. Calcein-AM (Ex: 488 nm; Em: 505–525 nm) and propidium iodide (PI) (Ex: 552 nm; Em: 605–625 nm), [C-dots] = 500 µg mL−1,
[Calcein-AM] = 2 × 10−6 m, [PI] = 2 × 10−6 m. Scale bar: 200 µm.

observed from the cells incubated with both C-dots and DCFH-
DA. Since DCF could permeate nucleus, the whole cell would
be stained once ROS oxidized DCFH-DA to DCF. In the ini-
tial scans, the fluorescent intensity of DCF increased quickly
and reached a plateau when the scan times reached 60 s and
then even suffered from slight photobleaching when further
irradiation was performed, demonstrating effective and rapid
intracellular ROS generation of C-dots. In contrast, there was
no any fluorescent signal in the absence of C-dots, eliminating

the possibility of any laser induced interference to the obtained
results.

Before conducting in vitro and in vivo photodynamic anti-
cancer therapy, the biocompatibility of C-dots was evaluated.
4T1 cells were incubated with C-dots of various concentra-
tions for different incubation time, and then standard MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as-
say was used to assess the cell viability. As shown in Figure
S8 in the Supporting Information, there was no significant
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Figure 3. A) Body weight for different groups of mice (n = 4). B) Tumor volume for different groups of mice. Error bar indicates SEM (SEM: standard
error of mean, ***, P < 0.001, n = 4). The insets show the representative photographs of mice from PDT and Control groups on day 14 post-treatment,
respectively. C) The image of excised tumors on day 14 post-treatment. D) Quantitative analysis of tumor weight on day 14 post-treatment (n = 4). E)
Histologic studies on tumor and major organs of mice from different groups. Scale bar: 50 µm.

difference between the control cells and the cells treated with C-
dots in the concentration range of 50–300 µg mL−1 for 24 and
48 h, indicating excellent biocompatibility.

To analyze the in vitro cancer cells ablation efficiency of C-dots,
HeLa cells were incubated with/without C-dots (500 µg mL−1)

for 24 h. After light irradiation (400–700 nm, 150 mW cm−2,
30 min), the cells were stained with calcein-acetoxymethyl ester
(calcein-AM) and propidium iodide (PI) for viability analysis us-
ing confocal laser scanning microscopy. As shown in Figure 2E,
all cells treated with both C-dots and light irradiation, i.e., PDT
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group were PI-positive, since PI is a fluorescent nucleic acid stain
that can permeate only the damaged membranes, it can be de-
duced that membranes of nucleus were damaged by PDT effect,
demonstrating the good anticancer activity. Meanwhile, the cells
treated with only C-dots or light irradiation, i.e., PS group and
Light group showed the calcein-AM fluorescence, indicating that
C-dots or light irradiation alone did not induce any cellular pho-
totoxicity.

The synthesized C-dots have shown good nucleolus-targeting
capability, high intracellular ROS generation efficiency and bio-
compatibility, and efficient in vitro PDT effect, making C-dots a
promising in vivo PDT agent. The tumor-bearing mouse model
was established by subcutaneously inoculating 4T1 breast can-
cer cells. In PDT group, mice were intratumorally injected with
C-dots (10 mg kg−1) and immediately irradiated with light (400–
700 nm; 100 mW cm−2; 20 min). While the control groups were
composed of mice without any treatment (Control group), mice
administered with C-dots but not light irradiation (PS group)
and mice subjected to light irradiation (Light group). Moreover,
the temperature during treatment was monitored by an IR ther-
mal camera. As shown in Figure S9 in the Supporting Infor-
mation, with increment of treatment time, the temperature at
tumor site rose slowly. After 20 min irradiation, the tempera-
ture reached 40.7 °C, which was lower than the temperature re-
quired for photothermal therapy (PTT).[43] Thus, PTT induced
interference could be efficiently eliminated from this treatment.
After treatment, the mice weight and tumor size were measured

every 2 d. There was no any significant body weight loss for
all groups within 2 weeks as shown in Figure 3A. It was ob-
served that the tumor size of PDT treated mice was obviously
decreased, while that of other groups (including Control, PS and
Light groups) kept increasing quickly as shown in Figure 3B and
Figure S10 in the Supporting Information. All mice were sacri-
ficed on day 14, the practical morphology and tumor weight were
shown in Figure 3C,D. The tumors of PDT group were signifi-
cantly reduced, even completely disappeared, confirming the ef-
fectiveness of C-dots based PDT. Previously, PDT could only sup-
press tumor growth instead of reducing the tumor size. The sig-
nificantly reduced tumor size by nucleolus-targeted PDT using
C-dots proved their improvement in cancer treatment. To observe
histological changes, tumors were also harvested for hematoxylin
and eosin staining. As shown in Figure 3E and Figure S11 in the
Supporting Information, there were no any significant changes
in the Control, PS and Light groups, and the nucleus and nucle-
olus were almost intact. In PDT group, dissociation of nucleus
and nucleus and formation of apoptotic bodies were observed,
which was consistent with previous studies.[44] Moreover, major
organs including heart, kidneys, liver, lung, and spleen were also
collected for analysis. There were no any signs of organ lesions
in mice of all groups. These results indicate that C-dots have no
obvious in vivo toxicity.

In addition, pharmacokinetics is another key factor to evalu-
ate PSs. As shown in Figure 4A, 10 min after intratumorally in-
jection of C-dots (10 mg kg−1), strong fluorescent signals were

Figure 4. A) Time-dependent in vivo fluorescence images of tumor-bearing mice before and after intratumorally injection of C-dots (10 mg kg−1). B) Ex
vivo fluorescence image of major organs and tumors from mice at 6 and 12 h post intravenously injection of C-dots (4 mg mL−1, 50 µL, 10 mg kg−1).
C) The fluorescence image and quantitative fluorescence analysis of urine samples postinjection of C-dots (10 mg kg−1). Ex: 488 nm, Em: 500–550 nm.
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captured at the tumor site and then the fluorescence intensity
decreased quickly. There was even no fluorescent signal 1 h af-
ter injection. In order to study the in vivo biodistribution of C-
dots, the ex vivo fluorescence images of major organs and tu-
mors excised from control and treated mice at 6 and 12 h post
intravenously injection of C-dots (4 mg mL−1, 50 µL, 10 mg kg−1)
were captured. As shown in Figure 4B, neither major organs nor
tumor tissue showed any fluorescent signal of C-dots. The same
results were also achieved when the C-dots were intratumorally
injected as shown in Figure S12 in the Supporting Information.
It means that C-dots could be cleared out of the body. Consid-
ering the ultrasmall size (2 nm), C-dots could be cleared out via
the renal route into urine. Then the urine of the C-dots treated
mice was collected every one hour after injections and then im-
aged. As shown in Figure 4D, only the urine collected in the first
1 h showed strong fluorescent signal of C-dots, while the fluores-
cence intensity of other urine samples is almost same as that of
control samples. These results indicated that C-dots were cleared
out via the renal route into urine with high clearance rate, which
is comparable with that of cyclodexrin molecules and much bet-
ter than that of gold nanoclusters and Cornel dots.[45] Excellent
in vivo biocompatibility and rapid renal clearance endow C-dots
with good biosafety and potential for clinical applications.

In summary, we designed and synthesized novel C-dots with
both intrinsic nucleolus-targeting and ROS generation capability
for the first time. Considering that the C-dots generated ROS is
located within nucleolus and nucleolus is a more efficient tumor
treatment site, an enhanced in vitro and in vivo photodynamic
anticancer therapy performance was achieved at a low dose of C-
dots and light irradiation. Moreover, the developed C-dots pho-
tosensitizer possesses unique advantages including high ROS
generation efficiency and fluorescence quantum yield, excellent
in vitro and in vivo biocompatibility, rapid renal clearance, mak-
ing C-dots promising in practical PDT applications. This study
highlights the great potential of C-dots photosensitizers for fu-
ture translational research.

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