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ABSTRACT: Multidrug resistance and radioresistance are
major obstacles for successful cancer therapy. Due to the
unique characteristics of high surface area, improved cellular
uptake, and the possibility to be easily bound with
therapeutics, carbon nanotubes (CNTs) have attracted
increasing attention as potential nanodrug delivery systems.
In this study, a CNT-based radiosensitive nanodrug delivery
system was rationally designed to antagonize the multidrug
resistance in hepatocellular carcinoma. The nanosystem was
loaded with a potent anticancer ruthenium polypyridyl
complex (RuPOP) via 7z—x interaction and formation of a

hydrogen bond. The functionalized nanosystem (RuPOP@MWCNTs) enhanced the cellular uptake of RuPOP in liver cancer
cells, especially drug-resistant R-HepG2 cells, through endocytosis. Consistently, the selective cellular uptake endowed the
nanosystem amplified anticancer efficacy against R-HepG2 cells but not in normal cells. Interestingly, RuPOP@MWCNTSs
significantly enhanced the anticancer efficacy of clinically used X-ray against R-HepG2 cells through induction of apoptosis and
GO/G1 cell cycle arrest, with the involvement of ROS overproduction, which activated several downstream signaling pathways,
including DNA damage-mediated pS3 phosphorylation, activation of p38, and inactivation of AKT and ERK. Moreover, the
nanosystem also effectively reduces the toxic side effects of loaded drugs and prolongs the blood circulation in vivo. Taken
together, the results demonstrate the rational design of functionalized carbon nanotubes and their application as effective

nanomedicine to overcome cancer multidrug resistance.
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B INTRODUCTION

There have been tremendous efforts to conquer cancer with
current chemotherapy. However, previous treatment has
induced severe side effects in patients, such as diarrhea,
sickness, hair loss, myelosuppression, and cardio toxicity."
Studies have showed that inhibition of the multidrug resistance
(MDR) ability of resistant cancer cells would be a good way to
achieve successful cancer therapy and to decrease the dose of
anticancer drugs.** In order to reduce the clinically used drug
dosage and side effects, drug-delivery systems (DDS) have been
developed to overcome this problem because they offered
excellent efficient drug transportation. Nanotechnology-based
drug delivery systems (NDDS), such as polymer nanoparticles,
gold nanoparticles, mesoporous silica nanoparticles, liposomal,
and titanium nanostructures, have been considered to decrease
efflux from different cancer cells.”~"> Due to the enhanced
permeability and retention (EPR) effect or active targeting
delivery, nanocarriers loaded with therapeutics can accumulate
at the parts of tumors, which could increase the effects of
chemotherapeutics and decrease the toxic side effects. NDDS
are becoming more and more applied in cancer therapy and
diagnosis.">"*
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Over the years, a large number of various nanocarriers have
been constructed and synthesized, such as gold nanoparticles,
mesoporous silica nanoparticles, graphene, polymer nano-
particles, and carbon nanotubes.*>">~'® Among these nano-
systems, carbon nanotubes (CNTs) consisting of allotropes of
carbon with cylindrical nanostructure have recently gained
tremendous attention in biomedical applications."” CNTs are
well-ordered, with an excellent aspect ratio, surface area,
mechanical strength, ultralight weight, and admirable thermal
and chemical stability.>® On the basis of these behaviors, CNTs
turn into potential nanomaterial for biomedical applications. It
has been generally accepted that drugs with aromatic groups
could be adsorbed to CNTs easily in a noncovalent mode
through 7—7 stacking.”" Studies have found that doxorubicin
(DOX) is commonly used as an anticancer drug, which could
be loaded onto the single-walled carbon nanotubes (SWCNTs)
via 7—7 stacking interaction.”> The CNT-based drug delivery
system passed through the cell membrane, and then DOX
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Figure 1. Rational design and radiosensitization action mechanisms of the nanosystem. (A) Chemical structure of RuPOP@MWCNTs and their
sensitization of R-HepG2 drug-resistant cells to X-ray. (B) Proposed molecular mechanisms of RuPOP@MWCNTs toward R-HepG2 drug-resistant

cells in combination with X-ray.

detached from SWCNTs inside the lysosomes, to give free
drug, and eventually moved into the nucleus in this form;
however, SWCNTs were detained in the lysosomes and
maintained inside the cytoplasm.*> Other anthracycline
anticancer drugs, such as daunorubicin and epirubicin, have
also been reported to attach to CNTs through z—7 stacking
and performed with preferable efficiency.”***

Radiotherapy, a typical method for cancer therapy, has
become extensively used clinically for decades. In theory, the
use of high-energy X-ray or y-ray radiation can cause direct
damage to DNA structures or create free radical decomposition
inside cells.”**” Due to the noninvasive nature of radiotherapy,
it brought less physical and mental burden toward patients
compared to surgical or pharmaceutical. Nevertheless, radio-
resistant types of cancer accepting high doses of radiation can
develop to a secondary tumor and also cause damage to normal
cells.”**” To improve the radio sensitivity and reduce the side
effects, the combination of chemotherapy and radiotherapy has
become a standard treatment option. There are reports about
biological effects of field emission-type X-rays produced by
nanomaterial.** The physical properties of multiwalled CNTs
(MWCNTs) make them attractive carriers applied as non-
invasive mediators of photothermal cancer ablation.*"*?
Researchers have demonstrated that MWCNTSs exhibited
heating capacities after near-infrared (NIR) irradiation, which
could lead to the ablation of kidney cancer in vitro and in vivo.*®
Wang et al. reported that CNT field emission technology could
develop an innovated imaging-guided micro-RT irradiation
system.>* These results have demonstrated the application
potential of CNT nanosystems in cancer radiotherapy.

Ruthenium (Ru) exhibits several superior properties
conducive to drug design and medicinal application, such as
the suitable coordination number and low toxicity toward
normal cells.>>*® Previously, we have found that RuPOP
([Ru(phen),p-MOPIP](PF),-2H,0), an effective Ru polypyr-
idyl complex with novel anticancer efficacy superior to cisplatin,
could target mitochondria to induce cancer cell apoptosis.*”
However, the poor water solubility of RuPOP limited its further
development and application. Thus, it shows great significance
to introduce delivery systems to improve the hydrophilicity of
RuPOP. Since CNTs have the ability to deliver anthracyclines
into cancer cells by means of z—r interaction, CNTs are
eminent nanocarriers for RuPOP. Therefore, in this study, as
shown in Figure 1, a CNT-based radiosensitive nanodrug

delivery system was rationally designed to encapsulate RuPOP
to antagonize the multidrug resistance in hepatocellular
carcinoma. The functionalized nanosystem (RuPOP@
MWCNTs) enhanced the cellular uptake and anticancer
efficacy of RuPOP in liver cancer cells, especially drug-resistant
R-HepG2 cells, but not in normal cells. This selectivity may be,
at least partly, due to the positive charge of the nanosystem.>®
Interestingly, RuPOP@MWCNTs significantly enhanced the
anticancer efficacy of clinically used X-ray against R-HepG2
cells through regulation of various ROS-mediated signaling
pathways. Moreover, the nanosystem also effectively reduces
the toxic side effects of loaded drugs and prolongs the blood
circulation in vivo. Taken together, the results demonstrate the
rational design of functionalized carbon nanotubes and their
application as effective nanomedicine to overcome cancer
multidrug resistance.

B EXPERIMENTAL METHODS

Materials. Multiwalled carbon nanotubes (MWCNTs) were
purchased from Shenzhen Nanotech Port Co. Ltd., China. Jeffamine
ED 2003, 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), thiazolyl blue
tetrazolium bromide (MTT), and dihydroethidium (DHE) were
purchased from Sigma-Aldrich. Caspase substrates were purchased
from Calbiology, and other chemicals used in this study are all of
analytical grade. RuPOP was synthesized by our research group
members. Milli-Q water used in this work was collected from an
ultrapure water purification system (Millipore).

Preparation of RUPOP@MWCNTs. First, 400 mg of raw
MWCNTSs was treated in 100 mL of mixed H,SO, and HNO; (1:3,
v/v) solution at 80 °C in a water bath for 24 h and diluted with Milli-
Q water. Then the resulting mixture was centrifuged at 10 000 rpm/
min for 4—6 times to remove extra acid. The precipitate was collected
and lyophilized, and then MWCNT-COOH was acquired.

In order to further enhance the water solubility of MWCNTs and
prolong the circulation time in vivo, our study introduced the polymer
with an amino group (Jeffamine ED 2003 M = 1900) on the side wall.
In our study, 40 mg of MWCNTs-COOH was treated in PBS,
ultrasonic to disperse completely. EDC/NHS and 100 mg of Jeffamine
ED were added, and then the reaction was stirred under 96 h at 25 °C.
After that, the resulting mixture was dialyzed in distilled water for 48 h
(MW cutoff = 5000—8000 Da) and freeze-dried to obtain MWCNTs-
NH,.

To obtain RuPOP@MWCNT particles, 10 mg of MWCNTSs-NH,
was added to 10 mL of ethanol, ultrasonic to disperse completely.
Then 10 mg of RuPOP was added to the solution and stirred for 48 h
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Figure 2. Morphology and structure characterizations of RaPOP@MWCNTs. TEM images of MWCNTs-COOH (A) and MWCNTs-NH, (B).
(C) SEM image of MWCNTSs-NH,. (D) Representative results of chemical composition analysis of RePOP@MWCNTs by EDX analysis.

at 25 °C. The product was then washed with ethanol and centrifuged.
RuPOP@MWCNT was finally gathered by vacuum drying.

Labeling of RUPOP@MWCNTSs by FITC. The reaction solution
should be prepared with NaHCO; (7.56 g), Na,CO; (1.06 g), and
NaCl (7.36 g) and added to 1 L of water. An amount of 20 mg of
RuPOP@MWCNTSs was added to the 25 mL reaction solution. The
reaction was ultrasonicated, and FITC (1 mg/mL, DMSO) was added
drop by drop, then reacted for 6 h in the dark. After the reaction, the
mixture was dialyzed against distilled water for 48 h (MW cutoff =
10 000 Da), and then RuPOP@MWCNT/FITC was obtained.

Characterization of RUPOP@MWCNTs. The sizes and morphol-
ogies of RuPOP@MWCNTSs were monitored by transmission electron
microscopy (TEM, Hitachi H-7650), scanning electron microscopy
(SEM, Horiba), and zetasizer particle size analysis (Malvern
Instruments Limited). The structure of RuPOP@MWCNTs was
characterized by Fourier transform infrared spectroscopy (FT-IR,
Equinox §S), UV—vis spectrophotometer (Carry 5000), and
fluorescence spectroscopy.

In Vitro Drug Release of RUPOP@MWCNTSs. In brief, 5 mg of
RuPOP@MWCNT's was dispersed in S mL of PBS at pH 7.4 and 5.3
with persistent shaking at 37 °C. After the intervals, 0.3 mL of
supernatant was removed, and the same amount of PBS was added. All
samples were tested for the concentration of Ru using [CP-AES.*

Cell Culture, MTT Assay, and Drug Treatments. Human cancer
cell lines, including multidrug-resistant hepatocellular carcinoma cell
lines (R-HepG2), hepatocellular carcinoma cell lines (HepG2), and
hepatocyte lines (L02), were purchased from American Type Culture
Collection (ATCC, Manassas, VA). The cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine
serum, 100 units/mL of penicillin plus 50 units/mL of streptomycin at
37 °C in a CO, incubator (95% relative humidity, 5% CO,). Cell
viability was measured by an MTT assay.* All the drug concentrations
used in this study were calculated by RuPOP using ICP-AES
analysis.>

In Vitro Cellular Uptake of RUPOP@MWCNTs. The cellular
uptake was analyzed by dealing with the same dose of RuPOP@
MWCNTs against HepG2, R-HepG2, and L02. Briefly, the cells were
seeded in 6 cm dishes and incubated for 24 h. The same dose of
RuPOP@MWCNTSs was added. After different intervals, cells were
collected by digesting with trypsin. All samples were tested for the
concentration of Ru using ICP-AES as in our previous study.39

Flow Cytometry Analysis. The effects of the nanomaterials on
the cell cycle distribution were examined by flow cytometric analysis.*'
The percentages of cells in GO/GI, S, and G2/M phases were
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expressed as DNA histograms. Apoptotic cells were measured by
quantifying the sub-G1 peak with hypodiploid DNA content in the cell
cycle pattern.

Measurement of Intracellular Reactive Oxygen Species
(ROS) Generation. Induction of ROS overproduction by RuPOP@
MWCNTs was measured by the fluorescence DHE assay, which
determined the fluorescence intensity of the DHE probe by using a
microplate reader with the ex/em wavelengths set at 300 and 610 nm,
respectively.*

Western Blot Analysis. Western blot analysis was employed to
examine the effects of RUPOP@MWCNTSs on the expression of
signaling proteins in treated cells.**

In Vivo Pharmacokinetic Assay. To investigate the effect of
RuPOP@MWCNTs in blood circulation, pharmacokinetic assay was
used as previously described.”> Sprague—Dawley (SD) mice (about
140—160 g) used in this study were obtained from the Medical
Laboratory Animal Center of Guangdong provice. Six mice were
randomly divided into two groups, and they were fasted overnight
before the experiment. The dose of RuPOP and RuPOP@MWCNT's
was 3.0 mg kg™' of mouse body weight (n = 3, per group) through
intravenous injection. The blood samples were obtained at different
time points (0, 0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h). RuPOP was
extracted by dissolving blood samples in HCI (0.75 M)/isopropanol at
—20 °C overnight. Then, the samples were centrifuged at 12 000 rpm
for 20 min, and the amount of RuPOP in the plasma was evaluated by
fluorescence intensity of RuPOP, which was determined by a
microplate reader with the ex/em wavelengths set at 479 and 599
nm, respectively. The plasma clearance (Cl) and the area under the
blood concentration curve (AUC), which were the main pharmaco-
kinetic parameters, were calculated using WinNonlin 3.3 software.

Biodistribution Study and Hematology Analysis. The mice
were fed with RuPOP and RuPOP@MWCNTs at a dosage of 3.0 mg
kg™' of mouse body weight (n = 3, per group) through intravenous
administration and then sacrificed at 72 h, and the organs including
heart, liver, spleen, lung, and kidney were obtained. Meanwhile, the
blood sample (72 h) was used for hematology analysis at Guangzhou
Overseas Chinese Hospital. The drug concentration of the Ru complex
in each organ was determined by fluorescence intensity, as described
above.

Statistical and Synergy Analysis. All the experiments in this
study were repeated at least 3 times, and the results were expressed as
mean + SD. A two-tailed Students’ t test was used to analyze the
difference between two groups. The difference with P < 0.05 (*) or P
< 0.01 (**) was considered significant.
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Figure 3. Structural characterization of drug loading in RuPOP@MWCNTs. (A) FTIR of MWCNTs-COOH (1), Jeffamine (2), and MWCNTs-

NH, (3). (B) UV spectra. (C) Zeta potential analysis. (D) XRD analysis.

B RESULTS AND DISCUSSION

Rational Design, Preparation, and Characterization of
RuPOP@MWCNTs. Basically, the biological effects of CNTs
could be affected by many factors, including metal impurities,
the length, morphology, surface decoration, and dispersion.**
Among them, metallic catalysts are regarded as the primary
cause of cytotoxicity in CNTs.* Therefore, CNTs should be
purified to remove all kinds of impurities via treating with
mixed acid before biological use. Meanwhile, the carboxyl
groups could be introduced to CNTSs to increase their
dispersity in aqueous solution and biocompatibility. In this
study, we have modified MWCNTs with Jeffamine ED 2003
(block polymer with primary amine) and encapsulated RuPOP
into the MWCNTSs-NH,, expecting to attain sustained release
of entrapped RuPOP and the improvement of cytotoxicity to
tumor cells. As shown in Figure 2A and 2B, MWCNTs-NH,
was better dispersed compared to the TEM image of
MWCNTSs-COOH. The average diameter of MWCNTs-NH,
was found at 224.9 nm (Figure S1, Supporting Information). In
the results of SEM-EDX analysis, the presence of the Ru signal
revealed the successful loading of RuPOP into the nanosystem
(Figure 2C,D and Figure S2, Supporting Information). FT-IR
was also used to confirm the formation process of the
nanosystem. In Figure 3A, the peak at 1640 cm™' in
MWCNTSs-NH, was assigned to amino groups. Compared
with MWCNTs, MWCNTs-NH, displayed three special peaks
at 3130, 2420, and 1728 cm™'. These results indicated that
Jeffamine ED 2003 has been successfully conjugated to oxidized
MWCNTSs via amino linkage. Furthermore, the UV-—vis
spectrum of RuPOP@MWCNTs displayed specific peaks
from RuPOP, which comfirmed the successful loading of
RuPOP (Figure 3B). Zeta potential is also used to characterize
the changes in surface properties of the nanosystem. As shown
in Figure 3C, the zeta potential of MWCNTs-COOH was —37
mV. However, after conjugation of Jeffamine ED and loading of
RuPOP, the zeta potential was further increased to +2.3 and
+24.3 mV. The difference in zeta potential demonstrated the
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absorption of RuPOP to MWCNTs. Figure 3D shows that no
peak shifted among RuPOP, RuPOP@MWCNTs, and
MWCNTSs-NH, in the analysis of XRD, and the characteristic
peak of CNTs remained 25.3°, which demonstrated that the
drug loading did not alter the crystalline structure of
MWCNTSs. Moreover, the solubility of the free drug RuPOP
was found at 14.8 ug/mL in water. However, after loading with
MWCNTSs-NH,, the solubility was significantly improved. For
instance, 1 mg of RuPOP@MWCNTs (with 98 g of RuPOP/
mg) could be well dispered in 1 mL of water, which is about
6.59-fold higher than that of free RuPOP.

XPS was used to illustrate the surface structure and
interaction between MWCNT's and drug based on the chemical
and electronic state. The presence of a characteristic peak of Ru
in the spectrum of RuPOP@MWCNTs confirmed the loading
of RuPOP into the nanomaterials (Figure 4A). Moreover, the
changes in C 1s and N 1s spectra of RuPOP, MWCNTs-NH,,
and RuPOP@MWCNTs were analyzed to examine their
interactions. The increase in the binding energy of C 1s in
MWCNTSs-NH, after drug loading suggests that RuPOP could
be adsorbed to the surface of MWCNTSs-NH, by 7—r stacking
(Figure 4B). Meanwhile, the decrease in the N 1s binding
energy of MWCNTSs-NH, suggests the formation of a
hydrogen bond between RuPOP and the amino groups on
the surface of MWCNTSs (Figure 4C). Moreover, as
determined by ICP-AES, the loading efficiency and encapsu-
lation efficiency of RuUPOP@MWCNTs were found at 9.8%
and 19.7%, respectively. Taken together, these results
supported the successful construction of RuPOP@MWCNT,
a novel CNT-based nanomedicine.

In Vitro Anticancer Activity of RuPOP@MWCNTSs. This
study aimed to construct and develop MWCNTs-NH, as a
carrier of RuPOP to overcome its shortcomings of low
solubility and low cell membrane penetrating ability. Therefore,
we have compared the effects of RuPOP@MWCNTs on a
series of cancer cells by MTT assay with the free RuPOP. As
shown in Figure SA, RuPOP@MWCNTs exhibited anticancer
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Binding energy of C 1s spectra. (C) Binding energy of N 1s spectra.

effects against HepG2 and R-HepG2 cells in a dose-dependent
manner, especially for R-HepG2. The IC, values of RuPOP@
MWCNTSs on R-HepG2 and HepG2 cells were 40 and 100 ng/
mL, respectively. Interestingly, an equal dose of RuPOP@
MWCNT s showed much lower cytotoxicity toward L02 normal
liver cells. In order to exclude the cytotoxic effects of
MWCNTSs-NH,, R-HepG2 cells were treated with RuPOP,
MWCNTs-NH,, and RuPOP@MWCNTs, and the cellular
viability was detected by MTT assay. As shown in Figure 5B,
MWCNTSs-NH, only slightly inhibited the cancer cell growth.
Even at the concentration of 160 ng/mL, the cell viability was
still over 80%. Moreover, in the concentrations of 40—160 ng/
mL, the free RuPOP exhibited much lower growth inhibition
on R-HepG2 cells than RuPOP@MWCNTs. Meanwhile, as
shown in Figure S3 (Supporting Information), MWCNTs-NH,
alone demonstrated low cytotoxicity against HepG2 and L02
cells. Taken together, these results indicated that the function-
alized MWCNT nanosystem effectively enhances the anticancer
efficacy of RuPOP.

Endocytosis of RUPOP@MWCNTs and pH-Mediated
Drug Release. Cellular uptake efficacy is an important
contributor to the biological action of anticancer nano-
medicine.'® Therefore, to control and enhance the selective
cellular uptake of nanomedicine in cancer cells is a good
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Figure S. Anticancer activity and selectivity of the nanosystem. The
drug concentration was calculated as RuPOP. (A) Cell viability was
examined by MTT assay (72 h). (B) Viability of R-HepG2 treated for
72 h. All results were obtained from three independent experiments.

strategy for rational design of new cancer therapeutics. To
verify the selectivity of RuPOP@MWCNTSs between cancer
and normal cells, we further studied the cellular uptake of
RuPOP@MWCNTs in R-HepG2, HepG2, and L02 cells by
determining the intracellular Ru content by ICP-AES analysis.
As shown in Figure 6A, the amount of intracellular drug
accumulated in the cells significantly in a time-dependent
manner. Meanwhile, the data revealed that the cellular uptake
of RuPOP@MWCNTs in R-HepG2 cells was higher than in
HepG2 and LO2 cells after incubation for 2, 4, and 6 h. More
importantly, the cellular uptake in L02 cells was about 1-2
times lower than those in R-HepG2 and HepG2 cells. The
results suggest that RUPOP@MWCNTs exhibit good selectiv-
ity between human cancer and normal cells. Consistently, our
previous study has found that nanoparticles with higher positive
charge exhibited stronger affinity for the negatively charged
cancer cell membrane, thus accounting for higher cellular
uptake and anticancer activities.’® Therefore, the selective
cellular uptake and the anticancer action of RuPOP@
MWCNTSs may be, at least partly, due to the positive charge
of the nanosystem.

Furthermore, the localization of RuPOP@MWCNTSs/FITC
was studied by using Lyso-Tracker (red) to label lysosomes and
DAPI to label the nucleus. As shown in Figure 6B, the good
merging of the green and red fluorescence clearly demonstrated
the colocalization of RuPOP@MWCNTSs/FITC and lyso-
somes, indicating RuPOP@MWCNTs/FITC penetrate the
cells through endocytosis via lysosomes. In the detailed time-
dependent analysis, we discovered that RuPOP@MWCNTSs/
FITC aggregated around the membranes after 2 h. In the
course of time, the green fluorescence became stronger, which
indicated nanotubes could enter into cancer cells by the
transportation of lysosomes. In addition, we studied drug
release of RUPOP@MWCNTs in PBS with different pH values
to simulate the environments of body fluids and lysosomes.
From the results of Figure 6C, RuPOP was released faster
under the acidic solution (pH $.3) than that at pH 7.4. Due to
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the protonation of the amino groups on the surface of
MWCNTs under acidic solution (pH 5.3), RuPOP could be

replaced by protonation, and then RuPOP released into the
solution, which eventually led to faster and higher drug release.
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Figure 8. Radiosensitization effects of MWCNTSs-NH, (A) and RuPOP (B) in combination with X-ray (8 Gy), and their effects on the cell cycle
distribution of R-HepG2 cells were examined by flow cytometry analysis (24 h).

These outcomes also illustrated that the RuPOP@MWCNT's
could achieve faster release in the lysosomes.
RuPOP@MWCNTs Sensitize R-HepG2 Cell Radiother-
apy. Most liver cancer patients with liver cirrhosis and hepatic
insufficiency have difficulty in successful clinical treatments.***”
Recently, comprehensive treatment of liver cancer has achieved
better and better clinical efficacy. The inhibition rates of tumor
growth and patient survival time have increased after
comprehensive chemoradiotherapy.**™° Therefore, radiother-
apy plays an increasingly important role in the treatment of
liver cancers.”’ In this study, we found that RuPOP@
MWCNTSs could enhance the sensitivity of R-HepG2 cells to
X-ray. As shown in Figure 7A, R-HepG2 cells were treated with
RuPOP@MWCNTs (10—160 ng/mL) for 2 h and then treated
with 8 Gy X-ray radiation and incubated for another 24 h. The
cell viability of R-HepG2 cells was determined by MTT assay.
RuPOP@MWCNTSs performed a dose-dependent effect
against R-HepG2 cells regardless of radiation. However,
RuPOP@MWCNTs combined with X-ray radiation signifi-
cantly enhanced the anticancer activity in R-HepG2 cells
compared to the group without radiation. For instance, at the
concentration of 40 ng/mL, the cell viability of the radiation
group declined to 20%, while the group without radiation was
44.8%. In addition, we took the picture of morphology of R-
HepG2 cells with and without radiation. From Figure 7B, we
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clearly found that even though the radiotherapy has a certain
degree of growth inhibition, it did not lead to obvious cell
death. Nevertheless, RuPOP@MWCNTSs combined with X-ray
caused a large number of cell deaths at a low concentration (40
ng/mL). Additionally, the cell growth was restrained with
RuPOP@MWCNTs alone, yet the cell morphology did not
change and did not cause obvious cell death. These results
preliminarily indicated that RuPOP@MWCNTSs could enhance
the efficiency of radiotherapy in R-HepG2 cells.

Apoptosis is a process of programmed cell death (PCD) that
may occur in multicellular organisms.>* Biochemical events lead
to characteristic cell changes (morphology) and death. These
changes include blebbing, cell shrinkage, nuclear fragmentation,
chromatin condensation, and chromosomal DNA fragmenta-
tion. To verify whether apoptosis was involved in cell death
triggered by RuPOP@MWCNT combination with and without
radiation, further investigation with flow cytometry was carried
out toward R-HepG2 cells. As shown in Figure 7C, we have
found that RuPOP@MWCNTSs combined with X-ray treat-
ments could significantly induce cancer cell apoptosis and GO/
Gl phase arrest. Before radiotherapy, RuPOP@MWCNTSs
mainly inhibited cells in GO/G1 phase growth. At the
concentration of 80 ng/mL, the percentage of GO/G1 peaks
was 52.7%, which was higher than the control group (41.8%).
After radiotherapy, at the concentration of 80 ng/mlL, the
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Figure 9. Activation of intracellular ROS generation by RuPOP@
MWCNTs (160 ng/mL), MWCNTs-NH, (equal amount), and
RuPOP (160 ng/mL) in R-HepG2 cells with (A) and without (B)
X-ray. The intracellular ROS level was determined by measuring the
fluorescent intensity of DHE.

percentage of sub-G1 increased to 32.8% from 17.1% (control).
Meanwhile, the cell population of GO/G1 peaks was 66.2%,
which was higher than the control group (56.0%). We further
analyzed the effects of RuPOP and MWCNTSs-NH, on the cell
cycle distribution of R-HepG2 cells by flow cytometry analysis.
As shown in Figure 8, RuPOP and MWCNTSs-NH,
demonstrated slight enhancement on the anticancer action of
radiotherapy. For instance, MWCNTSs-NH, alone displayed no
cytotoxicity but induced obvious cell apoptosis by combination
with radiotherapy. These results indicated that RuPOP@

MWCNTS potentiated X-ray-induced growth inhibition on R-
HepG2 cells by triggering apoptosis and GO/G1 cell cycle
arrest.

RuPOP@MWCNT Enhanced Cell Apoptosis via Acti-
vating ROS Generation. Intracellular ROS are important
chemical signal molecules regulating signal transduction
activated by multifarious anticancer drugs, such as cisplatin
and Ru complexes.’>* Generally, excessive ROS generation
could react with proteins and DNA inside the cells, resulting in
protein modification and DNA damage and then triggering cell
death via regulation of different downstream signaling path-
ways. In order to examine the roles of ROS in cell apoptosis, R-
HepG2 cells were exposed to RuPOP@MWCNTs (160 ng/
mL), RuPOP (160 ng/mL), and MWCNTs-NH, (equal
amount), and then the cellular ROS levels were measured by
the DHE fluorescence method. It can clearly be seen from
Figure 9 that RuPOP@MWCNTSs, RuPOP, and MWCNTs-
NH, could cause ROS overproduction in a different degree,
especially RuPOP@MWCNTs. Before radiotherapy, the rise of
intracellular ROS levels remains below 200% (Figure 9B). For
instance, we observed that RuPOP@MWCNTs elevate ROS
generation (199.9%), which was higher than that treated with
RuPOP (153.1%) and MWCNTs-NH, (127.7%) at 10 min.
Interestingly, after radiotherapy, intracellular ROS levels with
RuPOP@MWCNTs increased to above 300%, and intracellular
ROS levels with MWCNTSs-NH, were much higher than the
MWCNTSs-NH, without X-ray (Figure 9A). Specifically, after
radiotherapy, RuPOP@MWCNTs elevate ROS production
(303.9%), which was higher than treated with RuPOP
(100.2%) and MWCNTSs-NH, (214.9%) at 10 min. Those
outcomes indicated that RuPOP@MWCNTs triggered a higher
ROS level than RuPOP and MWCNTs-NH,. More impor-
tantly, RtPOP@MWCNTs combined with radiotherapy could
significantly cause ROS overproduction contrast to the group
without X-ray, which was consistent with the results of flow
cytometry.

RuPOP@MWCNT Triggers Caspase Activation and
Mitochondria Dysfunction by Regulating Bcl-2 Family
Proteins. Caspases are aware of playing essential roles in
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Figure 10. Activation of apoptotic pathways by combined treatment of RuPOP@MWCNTSs and X-ray. (A) Western blot analysis of the quantitative
of PARP and caspases cleaved in the apoptosis induced by RuPOP@MWCNTs (80 ng/mL) with (+) and without (—) X-ray (8 Gy) treatment. (B)
Western blot analysis of the expression levels of Bad, Bcl-X;, Bax, Bcl-2, t-Bid, Bim, and Puma in R-HepG2 cells treated by RaPOP@MWCNTs (80
ng/mL) with (+) and without (—) X-ray treatment. The protein expression was determined by Quantity One Software.
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Figure 13. Proposed signaling pathways accounting for cell apoptosis

and GO/G1 cell cycle arrest triggered by RuPOP@MWCNTs in
combination with radiotherapy.

«— Caspases
Apoptosis

apoptosis (programmed cell death) and conducive to the
overall morphology of apoptosis via cleavage of caspase
substrates. In this study, we have examined the activation of
caspases, the cleavage of caspases, and PARP by Western
blotting. From Figure 10A, exposure of R-HepG2 cells to the
treatment of RuPOP@MWCNTs or radiotherapy alone led to
a slight cleavage of caspases-3/8/9. In addition, the combined
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treatment of RUPOP@MWCNTs and radiotherapy synergisti-
cally enhanced the decrease of total caspase-3/8/9 and increase
of cleaved caspase-3/9. The activation of caspase-3 sub-
sequently triggered the PARP cleavage, an important
biochemical hallmark of cell apoptosis. Furthermore, we also
measured the caspase-3 activity in R-HepG2 cells treated with
RuPOP@MWCNTs with or without X-ray, and the results
revealed that the combined treatments significantly enhanced
the caspase-3 activation in cancer cells (Figure S4, Supporting
Information), which was consistent with the results of Western
blotting. Overall, these results indicate that the combined
treatment induced apoptosis in R-HepG2 cells through
activation of both the extrinsic and intrinsic apoptosis pathways.

Apoptosis regulator Bcl-2 is a family of evolutionarily related
proteins, which governs the mitochondria-mediated apoptosis
pathway. Hence we monitored the effects of RuPOP@
MWCNTs and radiotherapy on the expression levels of
proapoptotic and antiapoptotic Bcl-2 family proteins in R-
HepG2 cells via Western blotting. As shown in Figure 10B,
RuPOP@MWCNTSs and radiotherapy increased the overall
expression levels of the pro-apoptotic proteins, such as Bad,
Bax, Bim, and Puma but decreased the expression levels of
antiapoptotic proteins (Bcl-X; and Bcl-2). Truncation of Bid
(tBid), an activated form of Bid that exhibits potent
proapoptotic activity, was significantly improved. Taken
together, the activation of caspase-9 and regulation of Bcl-2
family proteins indicates that the enhancement of radiotherapy-
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Figure 14. (A) Concentration of RuPOP in plasma at different time after intravenous injection of RuPOP and RuPOP@MWCNTs at a dose of 3.0
mg kg™' calculated by RuPOP. (B) In vivo biodistribution of RuPOP and RuPOP@MWCNTs in major organs after intravenous injection for 72 h.
Blood biochemistry analysis of mice treated with RuPOP and RuPOP@MWCNTs (72 h). The results showed as mean + S.D. of (C) aspartate
aminotransferase (AST), (D) alanine aminotransferase (ALT), (E) blood urea nitrogen (BUN), and (F) lactate dehydrogenase (LDH). The
difference was analyzed between treatment and control groups, and those with P < 0.05 (*) or P < 0.01 (**) were considered significant.

induced apoptosis by RuPOP@MWCNTs involved the
activation of the mitochondria-mediated apoptotic pathway.

RuPOP@MWCNTs and Radiotherapy Synergize to
Induce DNA Damage Mediated p53 Phosphorylation.
The regulation of the pS53 has a key role toward mitochondrial-
mediated apoptosis and death receptor mediated apoptosis,
which is the central protein in the process of cell apoptosis.
Therefore, we examined the protein level of phosphorylated
p53. We found that the treatment of RuPOP@MWCNTSs
combined with radiotherapy induced the expression of P-p53 to
significant improve along with the same protein level of total
pS3 (Figure 11A). ROS overproduction could cause the change
toward MAPKs, including ERK, p38, MAPK, and JNK in
phosphorylation and protein level. As shown in Figure 11B,
phosphorylation of ERK was almost completely suppressed
after treatment of RuPOP@MWCNTSs combined with radio-
therapy, but it only caused slight dephosphorylation with
treatment of RuPOP@MWCNTs only. In addition, phosphory-
lated p38 increased, and p-JNK did not cause obvious changes.
The results demonstrated that MAPK and AKT pathways were
activated by RuPOP@MWCNTs in combination with radio-
therapy.

RuUPOP@MWCNTs Inhibit the Expression of ABC
Family Proteins. ABC family proteins play important roles

in multidrug resistance in cancers. Therefore, it is an effective
strategy to antagonize cancer multidrug resistance via down-
regulating the expression levels of these proteins. To verify
whether ABC family proteins mediated the multidrug
resistance, Western blotting was used to analyze the expression
levels of these proteins. As shown in Figure 12A, the expression
levels of these proteins in R-HepG2 cells were significantly
higher than those in HepG2 and L02 cells. Furthermore, we
examined the effects of RuPOP@MWCNTs with or without X-
ray on the expression levels of the ABC family protein. As
shown in Figure 12B, the results showed that the combined
treatment effectively inhibited the expression levels of ABCBI,
ABCCI, and ABCG2 in R-HepG2 cells. The effects were much
higher than those of X-ray and RuPOP@MWCNTs alone.
These results demonstrated that the RuPOP@MWCNTSs could
reverse cancer multidrug resistance by inhibition of ABC family
proteins. On the basis of these results, the signaling pathways
accounting for apoptosis induced by RuPOP@MWCNTs
combined with radiotherapy were summarized in Figure 13.
Pharmacokinetics, Biodistribution, and Hematologi-
cal Analysis of RUPOP@MWCNTs. To evaluate the
application potential of the nanosystem in vivo, RuPOP@
MWCNTSs were injected intravenously into mice to analyze
their pharmacokinetics and biodistribution and the effects on
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hematological parameters. As shown in Figure 144, two-
compartment pharmacokinetics happened in RuPOP and
RuPOP@MWCNTs. The C,,, of RuPOP@MWCNTSs was
15 times that of RuPOP (Table S1, Supporting Information).
Moreover, the pharmacokinetics parameters of AUC,_ -, in
blood with RuPOP@MWCNTs increased to 25818.8 pg/L*h,
which was much higher than that of free RuPOP (10241.8 ug/
L*h). Furthermore, after loading into MWCNTSs-NH,, the t, 55
of RuPOP was prolonged from 55.1 h (RuPOP) to 61.6 h
(RuPOP@MWCNTs). Consequently, the clearance of
RuPOP@MWCNTs was decreased to 0.017 L h™' from
0.044 L h™' (RuPOP). These results demonstrated that the
nanosystem significantly prolonged the blood circulation time
of RuPOP in vivo. Furthermore, the mice were sacrificed after
drug treatment to further investigate the biodistribution of
RuPOP@MWCNTs in different organs, and the blood samples
(72 h) were subjected to hematological analysis. As shown in
Figure 14B, RuPOP and RuPOP@MWCNTSs accumulated less
in spleen and lung by comparing with other organs.
Nevertheless, the accumulation of RuPOP@MWCNTs in
liver increased from 6.70 ug/g (RuPOP) to 13.95 ug/g,
which could be due to the reticuloen—dothelial system (RES)
uptake. In addition, the accumulation of RuPOP@MWCNTSs
in kidney was 9.84 pg/g, which was much lower than that of
RuPOP (17.6 pig/g). These data suggested that the nanosystem
may be easily cleared by renal excretion.

Futhermore, the results of hematological analysis revealed
that the mice treated with RuPOP showed increased levels of
aspartate aminotransferase (AST), alanine amiotransferase
(ALT), blood ureannitrogen (BUN), and lactate dehydrogen-
ase (LDH) than the control group. Interestingly, RuPOP@
MWCNTs at the same dose showed no significant effects on
these parameters (Figure 14C—F). AST and ALT are important
indicators of liver function. BUN and LDH are important
indicators of kidney and heart function, respectively. Therefore,
the increased levels of these parameters in the RuPOP-treated
group demonstrated the possible damage in the liver, heart, and
kidney. The changes in other parameters with no significant
difference were summarized in Figure SS (Supporting
Information). Taken together, these results demonstrate that
the functionalized MWCNT nanosystem could effectively
reduce the in vivo toxicity of the loaded drug RuPOP, which
further supports its future clinical application.

B CONCLUSIONS

Multidrug resistance and radioresistance are major obstacles for
successful cancer therapy. Herein, a CNT-based radiosensitive
nanodrug delivery system was rationally designed to antagonize
the multidrug resistance in hepatocellular carcinoma. The
nanosystem was loaded with a potent anticancer Ru complex
RuPOP via 7—7 interaction and formation of hydrogen bond.
The functionalized nanosystem enhanced the cellular uptake of
RuPOP in liver cancer cells, especially drug-resistant R-HepG2
cells, through endocytosis. Consistently, the selective cellular
uptake endowed the nanosystem amplified anticancer efficacy
against R-HepG2 cells but not in normal cells. The selective
cellular uptake and the anticancer action of RuPOP@
MWCNTSs may be, at least partly, due to the positive charge
of the nanosystem. Interestingly, RuPOP@MWCNTS signifi-
cantly enhanced the anticancer efficacy of clinically used X-ray
against R-HepG2 cells through induction of apoptosis and GO/
Gl cell cycle arrest, with the involvement of ROS over-
production, which activated several downstream signaling

pathways, including DNA damage-mediated pS3 phosphor-
ylation, activation of p38, and inactivation of AKT and ERK.
Moreover, the nanosystem also effectively reduces the toxic side
effects of loaded drugs and prolongs the blood circulation in
vivo. Taken together, the results demonstrate the rational
design of functionalized carbon nanotubes and their application
as effective nanomedicine to overcome cancer multidrug
resistance.
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