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Background: Carbon dots (CDs) have attracted extensive attention in recent years because
of their high biocompatibility and unique optical property. But they could not be well applied
in the drug delivery system to enable distribution in tumor sites with their low pH sensitivity.
They are barriers for drug delivery. CDs as an imaging proper were conjugated with
doxorubicin (DOX) lipid-coated calcium phosphate (LCP) nanoparticle, for a pH-sensitive
nanocarrier and delivery of the antitumor drugs.

Materials and Methods: CDs were prepared by one-step hydrothermal treatment of citric
acid and ethylenediamine. The nanoparticles were simply prepared by using microemulsion
technology to form calcium phosphate (CaP) core and further coated with cationic lipids.
Results: The structure was characterized by FTIR, XRD and TEM. In vitro release study
revealed that DOX-CDs@LCP was pH dependent. The cytotoxicity assay demonstrated that it
exhibited enhanced efficiency compared to the control group (DOX-CDs), but weaker than free
DOX. The cellular uptake revealed that these pH-sensitive nanoparticles could be taken up
effectively and deliver DOX into the cytoplasm to reach antitumor effect. The fluorescence
imaging indicated that DOX-CDs@LCP mostly distributed in the tumor region due to the
enhanced permeability and retention effect (EPR) to reduce its systematical toxicity.
Importantly, an antitumor activity study demonstrated that the DOX-CDs@LCP nanoparticles
had higher antitumor activity than any other groups and lower toxicity. The results showed that
LCP could significantly promote the release in tumor microenvironment due to pH-response. The
DOX-CDs could enhance load capacity and reduce drug premature releasing; real-time tracking
of efficacy as confocal imaging contrast agent. Thus, DOX-CDs@LCP had antitumor capacity
and lower systematic toxicity in tumor therapy.

Conclusion: DOX-CDs@LCP were proven as a promising tumor pH-sensitive and ima-
ging-guided drug delivery system for liver cancer chemotherapy.

Keywords: carbon dots, calcium phosphate photodynamic therapy, pH-sensitive,
bioimaging, tumor targeting, therapy

Introduction

In the past decades, hepatic cancer is a major malignant tumor with high morbidity
and fatality rate in the world." Although several approaches are being applied in
clinical therapy, cancer is still a great damage to human life. There are some
problems that should be noticed. 1) Many patients would already have reached
the middle or terminal stages of cancer when diagnosed for the first time. Because
the cancer was not diagnosed at the right time, they lose the best chance of surgery.’
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2) Chemotherapy still plays an important role in the treat-
ment of cancer.*> However, the effect of drugs on each
patientvaries despite using the same chemotherapeutic
drugs, thus requiring a real-time tracking of efficacy and
timely adjustment of the dose to achieve the most effective
therapy.® 3) Severe side effects and systematic toxicity
always limit the application of many antitumor drugs
clinically.” However, it has been reported that the extra-
cellular pH of solid tumors is more acidic than normal
tissues.™’ Choosing a pH-sensitive drug delivery system is
one of the ideal options for adding specific tissue distribu-
tion undergoing chemotherapy, as it could increase the
effects.
to find
a multifunction carrier for efficient drug delivery to the

therapeutical efficacy and reduce adverse

Therefore, it is necessary for researchers
tumor regions.

Optical imaging techniques have shown significant pro-
gress because of their great potential for applications in intel-
ligent drug delivery systems.'®"*? Carbon dots (CDs), as novel
fluorescent materials,”” are also becoming promising drug
carriers for disease treatment.'*'® Therefore, a suitable drug
delivery system should be designed in whichthe dose of
adverse effects can be controlled.

Doxorubicin (DOX), a model chemotherapeutic drug, is
one of the most effective and highly regarded anticancer
agents in cancer therapy due to its broad spectrum.
However, despite being a chemotherapeutic drug, DOX is
toxic to normal organs or cells as well, especially myocardial
cells.'” " These characters limit its clinical application.
Therefore, CDs could combine with DOX'® and can non-
invasively monitor the progression of drug and therapy in
real-time adjustment. However, there is a contradictory limit
in drugs delivered into tumors. When administered intrave-
nously, the agents will tend to circulate for a long time if their
size is not so small so that they could be excreted by the
kidney, or if their size is large they could be rapidly recog-
nized and trapped via the reticuloendothelial system (RES).'*
In addition, it was reported that the pH of tumor tissues (6.-
0-5.0) is lower than that of normal tissues and in blood
(7.0-7.2).2°*" In order to decrease degradation in the lyso-
some and release drug in the cytoplasm, the calcium phos-
phate (CaP) was identified as a preferable drug carrier. The
nanomaterials (CaP) that are approved for human use by
FDA* are extensively explored for drug/gene/vaccine

19,23,24

delivery as well as for adequate biodegradation, excel-

lent biocompatibility and high drug-loading efficacy.*>*
One of the advantages of CaP nanomaterials is the suitable

size of particles to improve the distribution by EPR, because

of good tumor penetration or retention depening on small or
large particle size, respectively.”’ *° Another is the pH-
sensitive release in the tumor microenvironment, which can
increase the local concentration of chemotherapeutic drugs to
enhance therapy in the acidic tumor microenvironment.”
Therefore, we hypothesized that DOX-loaded CD lipo-
somes-Ca/P (DOX-CDs@LCP) would improve the drug-

31

loading efficiency,”” concentrate the distribution of drugs

32,33

for minimal toxic side effects and monitor the response

of chemotherapy laying a foundation for precise control. >

In this work, we synthesize a new agent of lipid-coated
calcium phosphate nanoparticles (LCP NPs). It is made up
of the inner CaP core and the outer cationic lipid shell. The
LCP nanoparticles provide a nonfouling functionalizable
matrix for drug loading, while CDs serve dual functions as
both matrix for drug loading and imaging agent.
Therefore, a drug delivery system (DOX-CDs@LCP
NPs) was constructed. The LCP could be resolved in an
acidic environment, and then release drug to the cyto-
plasm. As is shown in Scheme 1, DOX-CDs@LCP NPs
could concentrate the tumor via EPR effect and resolve at
lower pH. Then, DOX-CDs could release the drugs from
nanoparticles rapidly and reach the cytoplasm, and then
accumulate in microtubules to exert their antitumor
effects. DOX-CDs were monitored to adjust the treatment
by loading capability and pH-response release. The parti-
cle size distribution of DOX-CDs@LCP NPs was exam-
ined by Malvern Zetasizer, and the in vitro drug release,
cell cytotoxicity and cellular uptake were measured.
Finally, the in vivo antitumor activities were also investi-
gated in the tumor-bearing mice. These nanoparticles exhi-
bit superior abilities in bioimaging and intracellular drug
delivery.

Experimental

Chemicals and Reagents

Citric acid, PEG-2000, mPEG2000-DSPE, DOPA (1,2-dio-
leoyl-sn-glycerol-3-phosphate) and DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Doxorubicin
hydrochloride (Igepal® CO-520) was obtained from Sigma-
Aldrich Chemical Co (St. Louis, MO, USA). Cholesterol was
purchased from Shanghai Advanced Vehicle Technology Ltd
Co (Shanghai). Dichloromethane (DCM) and dimethyl sulf-
oxide (DMSO) were supplied by Yuwang Chemical Reagent
Factory (Shandong, China). Ethylenediamine anhydrous was
purchased from Damao Chemical Reagent Factory (Tianjin,
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Scheme | The DOX-CDs@LCP accumulated at the tumor site by the EPR effect (B) and CDs-DOX released at the low pH sites (A).

China). 3-(4,5-dimethylthialzol-2-yl) —2,5-diphenyltetrazo-
lium bromide (MTT), Dulbecco’s modified Eagle’s medium
(DMEM), phosphate-buffered saline (PBS), fetal bovine
serum (FBS) and 4', 6-diamidino-2-phenylindole (DAPI)
were supplied by Sigma-Aldrich.

Synthesis of DOX-CDs

CDs were prepared by the hydrothermal method."® First,
citric acid (2.5 g) was dissolved in demonized water
(20 mL), and ethylenediamine (5 mL) was injected at
room temperature. And then, the solution was transferred
into a stainless steel autoclave and heated at 160°C for 8 hrs.
Further, the crude product was purified by a dialysis bag
(Mw =3500) for 24 hrs. The final solution was lyophilized
and dry CDs were obtained. The fluorescence quantum yield
of the CDs was calculated as given in the previous report.

Preparation of DOX@LCP and

DOX-CDs@LCP

DOPA-coated DOX-CDs NPs (DOX-CDs@DOPA NPs)
were prepared by microreactor method.”® Briefly, 150 pL of
CaCl, (500mM) with CDs (10 mg/mL) and 100 pL of DOX
(5mg/mL) were dispersed in the cyclohexane oil phase
(8 mL) (cyclohexane:Igepal CO-520=79:21,v/v) to form
a well-dispersed water-in-oil microemulsion. Then, the
phosphate microemulsion was dispersed by 150 uL of Na,

HPO,4 (50 mmol/L) in a separate oil phase. And 100 uL of
DOPA (20 mM) in chloroform was added in the phosphate
solution. After mixing both the microemulsions for half
an hour, the two microemulsions were combined, then the
microemulsion was stirred for an additional 0.5 hrs to yield
DOX-CDs@DOPA NPs. Then, 16 mL of absolute ethanol
was added in the microemulsion, and the mixtures were
centrifuged at 12,000 g for 0.25 hrs to collect DOX-CDs
@DOPA NPs. The resultant DOX-CDs@DOPA NPs were
washed two times with ethanol and once with ethanol to
remove excess DOPA, then it was dried with nitrogen atmo-
sphere. The DOX-CDs@DOPA NPs were dissolved in
chloroform and stored in a glass vial at —20°C for use.

To prepare the final DOX-CDs@LCP NPs, some materi-
als were compounded previously. In brief, DOPC, choles-
terol, DSPE-PEG-2000 and DSPE-PEG-biotin (weight ratio
of 10:10:3:3) were mixed in 500 pL of DOX-CDs@DOPA
NPs. After evaporating the chloroform, the residual lipid was
hydrated to form LCP NPs in 2.0 mL of H,O.

In addition, DOX@LCP NPs were also prepared using
the same method without CDs used.

Characterization

The particle sizes and zeta potential of the nanoparticles were
measured by Malvern Zetasizer Nano ZS90 (Malvern, UK)
of different

formulations. The morphology of the
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nanoparticles was characterized by TEM (JEM-1400, JEOL
Ltd, Tokyo, Japan). And the DOX-CDs@LCP NPs were
stained with a little of 2% phosphotungstic acid for 15
mins. Fourier transform infrared spectroscopy (FTIR)
(VERTEX-70, Bruker, Germany) analysis was performed
to identify the typical vibration properties of nanoparticles.
The crystal structure was investigated by X-ray power dif-
(PXRD) (Bruker, D2 Phaser,
Transmission electron micrograph (TEM) was observed by
a microscope operated at 200 kV (Tecnai G2 F30, FEI).
A UV/vis spectrophotometer (UV-1700, SHIMADZU) was
employed to obtain the UV/vis spectra. The fluorescence

fraction Germany).

spectra were recorded on a multimode reader
(VarioskanFlash 3001, Thermo Fisher Scientific Inc.,
Waltham, MA, US).

Drug Loading and Encapsulation Efficiency
To determine the drug-loading capacity of DOX, 1 mg of
DOX-CDs@LCP NPs and DOX@LCP NPs was stirred in
1 mL of 1 N HCI solution for 0.5 hrs to dissolve the shell
of CaP. Subsequently, the solution was centrifuged at
12,000 rpm for about 10 mins. The concentration of
DOX in nanoparticles of supernatant was used to estimate
by UV-Vis spectrometer at 480 nm. A calibration curve of
DOX was prepared following the same previous condition
to calculate the amount of DOX encapsulated in the DOX-
CDs@LCP NPs. The drug-loading capacity (DLC) was
defined as the following equation:

weight of DOX

DLC(%) =
(%) total weight of complexes

In vitro pH-Sensitive Drug Release

The pH-dependent release of DOX from DOX-CDs@LCP
NPs and DOX@LCP NPs was studied by a dialysis method
in a different buffer (pH 7.4 and 5.5) at 37°C, respectively. In
brief, DOX-CDs@LCP NPs (5 mg) and DOX@LCP NPs
(5 mg) were dispersed in PBS (5 mL) for the solutions (1 mg/
mL) and then were sealed in a dialysis bag. Subsequently, the
dialysis bag (the trapped molecular weight is 3.5 kDa) was
immersed in 50 mL of PBS at 37°C with continuous shaking.
The flask was placed in a shaking incubator (stirring speed:
100 rpm) at 37°C. At specific time intervals (0, 1,2, 4, 8, 12,
24, 36 hrs), the solution (5 mL) outside the dialysis bag was
taken and replaced with the same volume of fresh PBS. The
concentration of released DOX in the release medium was
quantified and analyzed using a UV-vis spectrophotometer at
480 nm.

Cytotoxicity Assay

Cell Culture

The human hepatocellular carcinoma cell line (HepG2 cells)
was donated by the Wu’s Pharmacology Laboratory of
Shenyang Pharmaceutical University (Shengyang, China)
and grown in RPMI-1640 medium (Gibco, Grand Island,
NY, USA) supplemented with 10% FBS (Gibco), 100
IU mL™" penicillin and 100mg/mL streptomycin at 37°C in
a humidified incubator with 5% CO, atmosphere. Cells in the
exponential phase of growth were used in the experiments.

Cellular Uptake Studies of DOX-CDs@LCP NPs
The cytotoxicity of DOX-CDs@LCP NPs against HepG2
cells was determined by MTT assay. In brief, HepG2 cells
were seeded in a 96-well plate at a density of 1x10* cells
per well and incubated overnight at 37°C and 5% CO,.
Then, the fresh medium containing free DOX or DOX-
CDs@LCP NPs was added to each well after the culture
medium was removed. After 24 and 48 hrs, 20 uL of MTT
solution (5 mg/mL) was added in each well and further
incubated for 4 hrs. Afterward, the solution was measured
at 570 nm by a SpectraMax® M3 microplate reader
(Molecular Devices Corporation, CA, USA) by MTT
method. Cell viability was calculated using the following
formula:

A u
Cell viability(%):% % 100
control group

In vitro Intracellular Uptake

The cellular uptake of free DOX and DOX-CDs@LCP
NPs was determined by flow cytometry. A549 cells were
grown overnight at a density of 3x10° cells per well in
a 6-well plate. Subsequently, cells were exposed to free
DOX or DOX-CDs@LCP NP complexes for different
times (1, 2 and 4 hrs); after that, the cells were washed
twice with phosphate-buffered saline and centrifuged at
1000 rpm for 5 mins to collect cells. Finally, cells were
resuspended in PBS for three times, and the uptake of
DOX was analyzed using a FACS Calibur flow cytometer
(BD Biosciences, CA, USA).

Confocal Microscopy

HepG-2 cells were seeded in a 6-well plate at a cell
density of 1x10° cell/well and cultured for 24 hrs. After
incubation, the medium was replaced by the medium con-
taining DOX, DOX-CDs and DOX-CDs@LCP (equal
amount of DOX, 5 pg/mL) for 4 hrs, respectively. The
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cells were washed three times with PBS and fixed with 4%
paraformaldehyde at 25°C for 15 mins. To stain and
visualize nuclei, DAPI was added afterward. Last, the
cells were washed three times with cold PBS and sealed
on the glass slide, which were observed with a confocal
laser scanning microscopy (CLSM, Model C2" Nikon
Ltd., Tokyo, Japan).

In vivo Biodistribution Assay

In the biodistribution assay, drugs can be chosen as the
fluorescence probe to image the site of cancer and inves-
tigate the cancer-targeting efficacy of mice. The tumor-
bearing mice were prepared by the subcutaneous injection
of H22 cells to Kunming mice, and the subcutaneous H22
tumor-bearing mice were intravenously injected with
DOX, DOX-CDs and DOX-CDs@LCP nanoparticle solu-
tion (200uL, 0.2 mg/mL). After 1, 2, 4, 8, 12 and 24 hrs,
the mice were bioimaged using a luminescent image ana-
lyzer (Bruker, CA) to investigate their body distribution.

Animal and Tumor Model

The animals named Kunming (KM) mice (male, 6 weeks)
were obtained from Shenyang Pharmaceutical University
Experimental Animal Center (Shenyang, China). All the
animal studies were carried on in agreement with the
guidelines of the Experimental Animal Administrative
Center and ratified by the Animal Ethical Committee of
Shenyang Pharmaceutical University. The antitumor activ-
ity in vivo was assessed in KM mice implanted sarcoma
using H22 cells. The H22 cells (2x10” cells/mL, sus-
pended in 200 pL. PBS) were injected subcutaneously
into the right anterior armpit of KM mice. When the
tumor reached ~100 mm?>, they were divided randomly
into several groups (control, free DOX, DOX-CDs, DOX-
CDs@LCP nanoparticles, n=10) and marked the number
using picric acid.

In vivo Antitumor Evaluation

The in vivo antitumor effect of nanoparticles was investi-
gated using an H22 tumor xenograft model on Kunming
mice. In brief, H22 cells were obtained and diluted to 1x10”
cells/mL with normal saline. Then, H22 cells (0.2 mL) were
carefully injected subcutaneously into the right limb armpit
of the mice. When tumors were ~100 mm®> in size, the
tumor-bearing mice were randomly separated into four
groups (10 mice each group) and were injected intrave-
nously via the tail vein with normal saline, free DOX, DOX-
CDs and DOX-CDs @LCP nanoparticles, respectively. The

concentration of drugs is an equal dose of DOX 5 mg/kg
body weight. Tumor volume was calculated using the fol-
lowing equation:

Tumor volume =

where L means the tumor length and W means the tumor
width.

Tumor volume and body weight of each mice were mea-
sured every 2 days for 19 days. The tumor size was deter-
mined with a caliper in two dimensions. On the 19th day,
mice were sacrificed and the tumor tissues were harvested to
measure the tumor weight. The antitumor activity was eval-
uated in terms of tumor weight (g). The tumor growth inhibi-

tion rate (IR) was calculated using the following equation:
W,

W —
IR(%) = IT
1

x 100

where W, represents the tumor weight of the control group
with saline and W, represents the treatment group with drug.

Statistical Analysis

All results were indicated as mean + SD and tested at least
three times. The data were analyzed by the analysis of
variance (ANOVA) among at least three groups and
a Student’s r-test between two groups by using SPSS
13.0 software (SPSS Inc., Chicago, IL, USA). Student’s
t-test P-values 0.05, 0.01 were considered statistically sig-
nificant differences.

Results and Discussion

Synthesis and Characterization of
DOX-CDs@LCP and DOX-CDs

In this study, we constructed a multifunctional pH-sensitive
and imageable drug delivery system for the chemotherapeu-
tic agent DOX. First, CDs with high quantum yield were
synthesized following a published method.'? The synthetic
routes of CDs are shown in Scheme 1. The average particle
diameters of CDs and DOX-CDs@LCP NPs were 4.02 and
97.3 nm by dynamic light scattering (DLS) measurement,
respectively (Figure 1A). The polydispersity indexes (PDI)
of CDs and DOX-CDs@LCP NPs were 0.075 and 0.212,
respectively, indicating uniform particle size and narrow
distribution of these nanoparticles.

The FTIR was used to investigate the chemical groups
on the surface of the materials and analyze the interaction
among drugs, CDs and LCP. The FTIR patterns of DOX-
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Figure | TEM image of CDs and DOX-CDs@LCP (A), and the spectra (B) and X-ray diffractograms (C) of CDs, DOX, DOX-CDs@CaP and DOX-CDs@LCP.

CDs@LCP and materials were coincident, which indicated
that the drugs and LCP did not interact with each other.
The FTIR spectra of CDs, DOX-CDs@LCP, DOPA, CaP
and CDs are shown in Figure 1B. The broad band at 3415 cm !
was assigned to the stretching vibrations of NH, and OH
groups. The CH stretching band is indicated by the peaks at
2926 cm ', Compared to CDs, the band at 1631 cm ™" arises
from the —N-H deformation mode of —N-H bending. The
! is attributed to the —OH
bending of carboxylic acid, whereas the band at 1385 cm ™'

appearance of band at 1571 cm™

corresponds to —C-N bond stretching of primary amine. The —
C-O stretching of the carboxylic group is attributed by the peak
at 1178 cm . The characteristic absorption peak at 1571 cm !
of DOX-CDs@LCP was attributed to the backbone vibration
of aromatic rings of DOX. The multiple absorption peaks
between 1598 cm ' and 1571 cm ' of the complexes were
the features of benzene ring of DOX, and FTIR (Figure 1B)
confirmed the successful preparation of DOX-CDs@LCP
complexes.

The PXRD patterns were measured to confirm the change
in drug crystallinity. The PXRD patterns of DOX, CDs,

DOX-CDs@CaP and DOX-CDs@LCP are shown in
Figure 1C. The DOX displayed many diffraction peaks,
suggesting the strong crystallized structure of DOX.
However, compared with the PXRD spectrum of DOX, the
crystalline diffraction pattern was markedly weakened in
DOX-CDs@CaP and DOX-CDs@LCP compared to pure
DOX, suggesting the lowest degree of crystallinity.

In vitro Drug Release

The effect of drug release behavior from nanoparticles was
measured in different pH buffer conditions by a dialysis
bag. As is shown in Figure 2A, the nanoparticles in pH 5.5
showed a burst release pattern of DOX and maintain
a sustained release for 36 hrs. However, in pH 7.4, the
release rate of DOX from nanoparticles was significantly
lower than the other. At pH 7.4, as shown in Figure 2B, the
release of DOX was notably inhibited, and about 40% of
DOX was released.>® Then, it could be attributed to the
impact of CaP in the outer shell of the nanoparticles,
which might act as a diffusion barrier at pH 7.4. However,
at a lower pH, the release pattern of DOX was higher. Then,
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it indicates that most of the CaP on the outer shell are
dissolved into an acidic environment and therefore no
longer act as a diffusion barrier. Therefore, the release of
DOX from DOX-CDs@LCP nanoparticles
at lower pH, so pH-dependent agents of CaP greatly
affected the release behavior of DOX in different pH.

increased

Cytotoxicity Assay

To explore the cell inhibitory effect and the pH-sensitivity of
DOX-CDs@LCP, the cytotoxicity of the DOX, DOX-CDs
@LCP and CDs@LCP against HepG-2 cells was tested using
the MTT assay (Figure 3). CDs@LCP as the free nanoparti-
clescould remove the impact of free nanoparticles. Then, the
cytotoxicity of the DOX-CDs@LCP group was lower than
the group of DOX at low concentrations (0.01-0.1) pg/mL,
which may be attributed to the slow release of DOX from the
complexes. Additionally, cell viability was inhibited appar-
ently at high concentrations of DOX-CDs@LCP and DOX
(0.5-10 pg/mL), which may be due to the increasing accu-
mulation of DOX. Notably, DOX-CDs@LCP exhibited much
lower tumor cytotoxicity than DOX, which could be ascribed
to the different cellular uptake mechanism of DOX-CDs
@LCP and DOX. Free DOX enters the cell by passive diffu-
sion, inducing high drug concentrations and causing cytotoxi-
city. Then tumor cells can be rapidly inhibited. By contrast,
after the nanoparticles were internalized by tumor cells,
DOX-CDs@LCPs enter the cells through endocytosis,
which were released rather slowly, thus lowering its tumor
cytotoxicity.

Intracellular Uptake

Flow cytometry was used for the quantification of intracel-
lular uptake of control, DOX and DOX-CDs@LCP nano-
particles. It is shown in Figure 4 that the cellular uptake of
nanoparticles increased with extension of incubation time;

A 100

DOX Released (%)
» (<23 -]
o o o

N
o

(=]

40

Time (h)

nevertheless, the uptake of DOX was slightly higher than
DOX-CDs@LCP nanoparticles when HepG-2 cells were
incubated for 2 hrs. The slight increase could be described
that DOX was easier than DOX-CDs@LCP when the cells
were incubated first 2 hrs. On the contrary, the uptake of
DOX-CDs@LCP nanoparticles was higher than DOX when
HepG-2 cells were incubated for 4 hrs, which was more
significantly increased than before. Maybe it was fully
absorbed by the cells, leading to the gradual binding of the
nanoparticles with the fluorescence intensity of free DOX,
which was in accordance with reported literature.*! It is
reported that the uptake of CDs was higher than DOX
since the intracellular uptake of DOX was through passive
diffusion and CDs should be transported into cells through
both endocytosis and passive diffusion. The difference may
be ascribed to the fact that the CaP on the surface of CDs
lowered their cellular uptake.>> However, it was still gratify-
ing that the cellular uptake of the complexes reached at
a high level when the cells were incubated for 4 hrs.
Finally, this result indicated that DOX-CDs@LCP nanopar-
ticles could be effectively absorbed by HepG2 cells.

The intracellular uptake of DOX and DOX-CDs@LCP
was visualized by confocal laser scanning microscopy and
flow cytometry. The fluorescence of the DOX and the com-
plexes in the HepG-2 cells is shown in Figure 5. HepG-2 cells
were incubated with DOX (control group), DOX-CDs and
LCP, respectively, for 4 hrs. DAPI was employed for nuclear
staining to localize where the drug distributed in the cell. As it
was shown, the free DOX was distributed in the nucleus, the
CDs-DOX was mainly distributed in the cytoplasm and the
DOX-CDs@LCP was observed in the cytoplasm and nucleus.
This may be ascribed to the fact that DOX-CDs@LCP
released far more than CDs-DOX, then the released DOX
penetrated into the nucleus, which was also consistent with
in vitro release results. Whereas, this phenomenon would

B

[22]
o
1

- DOX@LCP

H
o
1

-# Dox-CDs@LCP

DOX Released (%)
N
o

0 10 20 30 40
Time (h)

Figure 2 (A) In vitro release profile of DOX from DOX-CDs@LCP nanoparticles at pH 7.4 and 5.5, n=3, respectively. (B) In vitro release profile of DOX from DOX-CDs

@LCP nanoparticles and DOX@LCP nanoparticles at pH 7.4, respectively, n=3.
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Figure 3 Cell viability of free DOX, DOX-CDs and CDs@LCP nanoparticles
against HepG2 cells at different concentrations for 48 hrs.

assure effective intracellular delivery and lead to an advanced
DOX concentration in the tumor site; it resulted in a higher
level of cytotoxicity of the guided cells. Then, the enhanced
amount of DOX release from nanoparticles might improve the

therapeutic capacity in tumor cells.

In vivo Real-Time Imaging of
Biodistribution

The in vivo biodistribution of nanoparticles in H22 tumor-
bearing mice was investigated using a non-invasive near-
infrared optical imaging technique. The tumor-bearing mice
were injected with DOX, DOX-CDs and DOX-CDs@LCP
nanoparticles. Figure 6 displays the real-time images of the
tumor-bearing mice. During the living imaging test, most of
the nanoparticles were visualized little in tumor at 4 hrs.
However, preferential accumulation of fluorescence was

\___DOX-CDs@LCP NPs 2h

Control
T

FL1-H

obvious in the tumor site other than other normal tissues at
24 hrs after injection, which provided decisive evidence that
the designed DOX-CDs@LCP were available for tumor-
specific drug delivery with others. The tumor target of nanopar-
ticles might be due to a combination of an enhanced perme-
ability and retention (EPR) effect and receptor-mediated
uptake of nanoparticles. Overall, these results indicate that
DOX-CDs@LCP nanoparticles can be expected to be
a highly efficient drug delivery vehicle to achieve targeted
intracellular delivery of anticancer drugs.

In vivo Antitumor Activities

The in vitro results indicated DOX-CDs@LCP were satis-
fied and effective in antitumor study. Then, we started to
perform a therapeutic efficacy study to assess the potential of
different preparations for inhibiting tumor growth in vivo.
The antitumor effect of nanoparticles is shown in Figure 7;
compared with Con group, CDs DOX, CDs-DOX and DOX-
CDs@LCP group showed significant (p < 0.01) in vivo
antitumor activity, and the inhibition rates were 26.4%,
46.1% and 53.6%, respectively; however, the tumor growth
of CDs group was higher than Con, demonstrating that this
could not inhibit the tumor growth by the appropriate way of
chemotherapy therapy and that the CDs nanoparticles may
increase tumor growth.

The record of average tumor volumes and changes in
body weight could illustrate the antitumor efficiency and
toxicity during the experiment, respectively. As shown in
Figure 7A, all groups except for DOX-CDs@LCP exhib-
ited no significant difference in tumor volume in the first 5
days, while treatment groups inhibited the tumor growth to
different degrees after 5 days. As expected, the control
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T T

T T T
1 2
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Figure 4 FCM results of cellular uptake in HepG2 cells after incubation with free DOX, DOX-CDs@LCP nanoparticles incubated for 2 and 4 hrs.
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Figure 5 Confocal microscope images of HepG2 cells incubated with DOX, DOX-CDs, DOX-CDs@LCP for 4 hrs. Cell nuclei were stained with DAPI and the co-
localization was confirmed by the intensity of cells by overlaying the fluorescent signals. Scale bar: 20 pm.

group showed a rapid increase of tumor size during the
experiment, and it is interesting that the tumor size of CDs
DOX, DOX-CDs and DOX-CDs
@LCP greatly inhibited the tumor growth.

Figure 7B describes the change of body weight of all

increases, whereas,

mice. The Con and CD group showed a slight decrease
during treatment and others showed a high level than Con;
the significant weight loss was observed in CDs and Con
groups compared to another. The free DOX displayed a slight
reduction in the first 9 days, but a rapid loss after 9 days; it

was likely to show systematic toxicity of DOX in whole-

body biodistribution behavior in therapy. In contrast, the
controlled release of DOX from DOX-CDs@LCP showed
less systemic toxicity as shown by the evidence by little loss
of body weight among other drug-treated groups, indicating
that DOX-CDs@LCP was safe. All of mice were sacrificed
and tumors were taken out after 19 days of treatment.
Furthermore, Figure 7C shows the tumor weight of every
group on the 19th day. We can know that the tumor size of

Con and CD group was bigger than others, and the smallest
was DOX-CDs@LCP group, followed by DOX-CD group
and DOX group.

High

Figure 6 Real-time fluorescence imaging of tumor-bearing mice (H22) after injection of DOX, DOX-CDs and DOX-CDs@LCP by tail vein.
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Figure 7 The mean tumor volume (A), body weight (B) and tumor weight (C) of Kunming mice bearing H22 cells, on intravenous administration of the different

formulation (n=10). **P<0.01, and ***P<0.001.

All these results suggest that DOX-CDs@LCP can accu-
mulate in the tumor and stably release DOX from DOX-CDs
@LCP, thereby enhancing the antitumor activity. The LCP
could be regarded as an excellent delivery system. Finally,
the drug in the delivery system could reduce the toxicity of
full body and reach a higher therapeutic effect.

In comparison, the DOX-CDs@LCP group had the high-
est anti-tumor activities among the drug-treated groups,mak-
ing the tumor smaller and regressed. It may be an attribution
for the pH-sensitive effect of LCP induced the drug to the
tumor sites, combined functional therapy of DOX and
nuclear targeted of DOX-CDs. This result was in alignment
with our previous studies, and the trend is that the CDs-DOX

could penetrate into the nucleus of tumor for achieving anti-
tumor activity. Therefore, we have reasons to suppose that
the higher therapeutic potential is due to the high DOX
concentration accumulated in tumors.

Conclusion

In this study, we successfully synthesized a novel pH-
sensitive biodegradable DOX-CDs@LCP and delivered
DOX to the tumor sites via EPR effect. The embedded CDs
in LCP nanoparticles not only play an excellent role of
confocal imaging contrast agent or fluorescent probe, but
also enhance the loading capacity of the LCP and reduce
drug premature releasing. In in vitro assays, DOX-CDs
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@LCP showed a significant pH-response release behavior in
low pH and a slower speed release than DOX@LCP in

normal pH. More importantly, the in vivo antitumor activity

study demonstrated that it had the highest antitumor capacity

among all groups and the lowest systematic toxicity. These
results indicated that DOX-CDs@LCP NP is a nonfouling
functionalizable matrix for drug loading, imaging agent,

tumor specifically accumulative and pH-response nanocar-

rier to tumor tissues. In conclusion, it provides a hopeful

strategy and design of nanocarriers in tumor therapy.
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