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ABSTRACT: To carry doxorubicin (DOX) on breast cancer site effectively,
halloysite nanotubes conjugated with poly(ethylene glycol) and folate (HNTs-
PEG-FA) is designed as a targeted drug delivery system. Halloysite nanotubes
(HNTs) are shortened to ∼200 nm by ultrasonic scission and functionalized with
amide groups to conjugate with N-hydroxylsuccinimide-polyethylene glycol
carboxylic acid (NHS-PEG-COOH) and folate (FA). DOX@HNTs-PEG-FA is
prepared by loading DOX on HNTs-PEG-FA via physical adsorption. The
sustained and controlled release of DOX from DOX@HNTs-PEG-FA is up to 35
h in an acidic environment (pH 5.3). DOX@HNTs-PEG-FA, performed as a new
nanodelivery system, shows significant inhibition of proliferation and induction of
death in MCF-7 cells with positive FA receptor but not in L02 cells with negative
FA receptor. Results of acridine orange/ethidium bromide and flow cytometric
assay indicate that DOX@HNTs-PEG-FA induces cell death through apoptosis.
Compared to the same dose of DOX, DOX@HNTs-PEG-FA generates more
reactive oxygen species (ROS) in MCF-7 cells, which lead to mitochondrial damage and apoptosis. Furthermore, with
fluorescence images and transmission electron microscopy, uptake of DOX@HNTs-PEG-FA by tumor cells is both through
endocytosis and direct penetration mechanism. The in vivo antibreast cancer activity of DOX@HNTs-PEG-FA is further
confirmed in 4T1-bearing mice. In contrast to DOX, DOX@HNTs-PEG-FA effectively reduces heart toxicity and inhibits solid
tumor growth with higher cleaved caspase-3 protein level in tumor tissue of 4T1-bearing mice. DOX@HNTs-PEG-FA reveals a
higher DOX fluorescence intensity in tumor tissue than in other normal tissues including heart, spleen, lung, and kidney at
different time points. All these results suggest that FA-conjugated HNTs may be designed to be a novel drug delivery system for
targeted therapy of breast cancer via intravenous injection.
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1. INTRODUCTION

In cancer treatment options, chemotherapy is the most
common therapy in the clinic. However, chemotherapy drugs
do not have the ability to recognize cancer cells from normal
cells due to lack of selectivity, resulting in lots of side effects.
Doxorubicin (DOX) is an effective and widely used chemo-
therapeutic agent in different cancers.1 However, its short
biological half-period and nonspecific distribution lead to
significant side effects such as pain, nausea, vomiting, diarrhea,
loss of appetite, congestive heart failure, and low blood
counts.2,3 Therefore, several nanocarriers were designed for
targeting release of DOX to reduce its distribution in normal
tissues.4 DOX can be physically adsorbed on the nanoparticles
or chemically conjugated to nanoparticles, which leads to a
controlled release manner of the drug toward tumor sites.
However, there are still some drawbacks for these synthesized
nanoparticles, such as high cost, complicated synthesis process,
high cytotoxicity, and hard to replicate. Therefore, it is
significant to explore natural nanoparticles as anticancer drug
carrier for targeting tumor therapy.

Compared with normal cells, tumor cells overexpress certain
receptors and tumor-associated surface antigens. Therefore, the
corresponding ligands or antibodies can be conjugated to drugs
to improve their active identification and targeting ability to
tumors, which can decrease the side effects as expected. Folate
(FA) has been recognized as an important ligand for specific
labeling of cancer cells because of the overexpression of FA
receptors on the surface of several cancer cells.5FA receptor is
nearly not expressed in normal tissues but overexpressed in
many human tumors, including tumors of the ovary, uterus,
endometrium, brain, kidney, cervical, rhinitis, colon, and
breast.6 Folate has numerous advantages over other targeting
molecules, for example, relatively small molecular weight, no
immunogenicity, better stability, higher affinity for receptors,
easier modification of functional groups, ease of use, etc.7 A
series of nanomaterials, such as carbon nanomaterials,8−10
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quantum dots,11 and metal nanoparticles,12 has been modified
with FA for targeting imaging, diagnosis, and therapy
applications of cancer.13,14 For example, FA-functionalized
gold nanoclusters can be used to target and image HeLa cancer
cells.5 FA-conjugated super-paramagnetic maghemite nano-
particles were also designed for the intracellular hyperthermia
treatment of solid tumors.15

Halloysite nanotubes (HNTs) are naturally occurring
aluminosilicate clay minerals that show promising applications
in many high-tech fields. HNTs have a predominantly hollow
tubular structure with length of 200−1000 nm and diameter of
50−70 nm. HNTs are a dominant mineral in newly formed
volcanic ash soil and in the early weathering product of lateritic
soil, which is widespread throughout the world. HNTs are
formed by rolling up the kaolinite plates, so they have a formula
of Al2Si2O5(OH)4·nH2O similar to kaolinite.16 The structure of
HNTs features a main tubular morphology with the Al−OH
layer forming inside of the tubes and the Si−O at the outside.
Because of the empty tubular structure, HNTs have been
identified as a “green” and environmentally available container
for encapsulation of active agents in the area application of
medical and chemical industries. The obvious advantages of
HNTs, such as elongated shape, empty lumen, high adsorption
ability, ease of dispersion within polymers, good biocompati-
bility, environmental friendliness, and abundant availabil-
ity,17−21 have gained significant attention in recent years.
HNTs can capture molecules to the external and internal walls
of tubes via adsorption, or the drugs can be loaded into lumen
and intercalated between layers. Drugs released from HNTs
usually last for several hours to days, depending on the
molecular mass, interactions between drugs and HNTs, and the
solubility of drugs in the release medium. For example, the
poly(N-isopropylacrylamide) and chitosan grafted HNTs can
be used as a novel drug carrier for curcumin delivery.22,23 The
dopamine-modified HNTs shows an excellent loading
capacity,24 and HNTs-based biomimetic porous microspheres
possess an effective support for biomolecule immobilization.25

Triazolium salts modified HNTs can also improve the
antitumor effect of curcumin and cardanol when compared
with the use of drugs alone. Chitosan oligosaccharide grafted
HNTs (HNTs-g-COS) were designed as DOX carrier for
treating breast cancer both in vitro and in vivo in our previous
experiment. And the tumor inhibition ratio of DOX@HNTs-g-
COS is 83%, while it is 46% for pristine DOX.26 Different kinds
of modified HNTs are designed for delivering anticancer drug
either in vitro level or through intratumor injection, but few of
them are designed for targeting therapy.
To further investigate the HNTs as anticancer drug carrier

for targeting tumor therapy, HNTs conjugated with poly-
(ethylene glycol) and folate (HNTs-PEG-FA) were developed
in this study. The length of the HNTs was first shortened to
∼200 nm by ultrasonic scission for increasing the endocytosis
efficacy. Afterward, poly(ethylene glycol) (PEG) was con-
jugated to HNTs for prolonging their circulation time and
controlling their dosing interval. FA was subsequently grafted
onto HNTs to obtain tumor targeting system. The physical and
chemical properties of HNTs-PEG-FA and the antitumor
properties of DOX@HNTs-PEG-FA were investigated in vitro
and in vivo. The release characteristics of DOX from the
nanoparticles were analyzed. MCF-7 cells were chosen as the
target cells due to their overexpression of FA receptors. The
killing effect of drug loading modified HNTs on tumor cells
was assessed by methyl thiazolyl tetrazolium (MTT) assay. The
effect of the system on the growth curve of tumor cells was
further investigated. Intracellular reactive oxygen species (ROS)
level was also analyzed. Furthermore, the anticancer effect of
DOX@HNTs-PEG-FA was confirmed in 4T1-bearing mice
model via intravenous injection. As displayed in Scheme 1,
DOX@HNTs-PEG-FA can effectively inhibit solid tumor
growth by sustainable releasing DOX.

2. EXPERIMENTAL SECTION
2.1. Materials. HNTs with high purity were purchased from

Guangzhou Runwo Materials Technology Co., Ltd. The elemental

Scheme 1. Schematic Illustration of Synthesis Procedure for DOX@HNTs-PEG-FA and the Targeting Release of DOX from
HNTs-PEG-FA in the Tumor Cells
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composition of used HNTs by X-ray fluorescence (XRF) was
determined as follows (wt %): SiO2, 58.59; Al2O3, 40.57; MgO,
0.33; SO3, 0.22; CaO, 0.14; Fe2O3, 0.07; Cl, 0.06; K2O, 0.02. NHS-
PEG-COOH (Mw, 5 kDa) was purchased from Shanghai Ponsure
Biotechnology Co., Ltd. FA was purchased from Aladdin reagent
(Shanghai) Co., Ltd. DOX was purchased from Nanjing Oddfoni
Biological Technology Co. Ltd. Ultrapure water was produced from a
Milli-Q water system. 3-Aminopropyltriethoxysilane (APTES),
dicyclohexylcarbodiimide (DCC), and N-hydroxysuccinimide (NHS)
were purchased from Aladdin. All other regents were used in analytical
grade.
2.2. Synthesis of HNTs-PEG-FA. HNTs were shortened to ∼200

nm in length according to the previous study.27,28 The typical
procedure was given as follows. Purified HNTs (1 g) were suspended
in 50 mL of 3% poly(vinylpyrrolidone) aqueous solution by stirring for
30 min. Subsequently, the suspension was ultrasonically treated for 30
min at 550 W by ultrasonic cell disruptor (Scientz-II D, Ningbo
Scientz Biotechnology Ltd). The suspensions were subsequently
centrifuged at 5000 rpm for 45 min using ultracentrifuge (YNX-4000,
Thermo Fisher Scientific Ltd). The supernatant was transferred to
another 50 mL centrifuge tube and centrifuged again at 16 000 rpm for
5 min. The shortened HNTs were obtained by washing with ultrapure
water and anhydrous ethanol alternatively and then lyophilized at −56
°C.
Then the short HNTs were conjugated with PEG and FA according

to procedures shown in Figure 1. HNTs were first modified by APTES
(silane coupling agent). The typical procedure was given below. HNTs
(2 g) and APTES (0.2 mL) were added to 100 mL of toluene using
triethylamine (0.1 mL) as catalyst under stirring at 80 °C for 24 h. To
remove unreacted silane and obtain HNTs-NH2, the precipitate was
washed with ethanol, and HNTs-NH2 was dried in vacuo for 12 h.29

Then, NHS-PEG-COOH (0.015 g) was reacted with HNTs-NH2 (1.5
g) using 50 mL of pure dimethyl sulfoxide (DMSO) as solvent under
stirring for 24 h at room temperature. The product of HNTs-PEG was
obtained by centrifugation. Lastly, HNTs-PEG (1 g) reacted with FA
(0.01 g) via acylation reaction using 0.05 g of DCC/NHS as catalyst in
50 mL of DMSO. The products were washed with water and ethyl

alcohol alternately three times. The final product was coded as HNTs-
PEG-FA.

2.3. Characterization of HNTs-PEG-FA. Short HNTs and
HNTs-PEG-FA aqueous dispersion (the concentration was 0.05%)
were dropped onto holey carbon film on copper grids and observed
using transmission electron microscopy (TEM; Philips Tecnai-10)
under an accelerating voltage of 100 kV. Morphology of the two
HNTs was also characterized by scanning electron microscopy (SEM;
Philips LEO1530 VPSEM) at a voltage of 5 kV. Before the
observation, a thin gold layer was sprayed on the surfaces. For atomic
force microscopy (AFM) measurement, HNTs-PEG-FA mixture
dispersion (ethanol/ultrapure water = 1/1) with the concentration
of 0.005% was dropped in fresh mica slice and observed using AFM
(Nanoscope IIIa Multimode, Veeco Co). The dynamic light scattering
(DLS) analysis and zeta potential were measured at the pH of 7.4
(phosphate-buffered saline (PBS) buffer solution) by a Nano-ZS
instrument (Malvern Instruments Ltd). Fourier transform infrared
spectroscopy (FTIR) of the samples was analyzed by Bruker FTIR
(Bruker Optics Inc) from 4000 to 400 cm−1 via the method of KBr
pellet. The atomic percent of N, O, C, Si, and Al in HNTs-PEG-FA
and the Brunauer−Emmett−Teller (BET) surface area of HNTs-PEG-
FA were determined by X-ray photoelectron spectroscopy (XPS;
Thermo Fisher Scientific) and automated surface area and pore size
analyzer (3H-2000, BeiShiDe Instrument Technology Co. Ltd),
respectively.

2.4. Drug Loading and Release. DOX was dissolved in ultrapure
water (50 μg/mL), and then HNTs-PEG-FA (100 mg) was added into
DOX solution (100 mL). After it was stirred in dark for 24 h, DOX-
loaded HNTs-PEG-FA (DOX@HNTs-PEG-FA) was obtained by
centrifuging at 10 000 rpm for 10 min and washing twice by ultrapure
water. The supernatant liquid was reserved to measure the adsorbing
capacity of HNTs-PEG-FA through ultraviolet−visible (UV/vis)
spectroscopy. The DOX loaded with raw HNTs was also gained in
the same procedure and was called DOX@HNTs. The loading
efficiency was calculated as follows.

Figure 1. Schematic representation of HNTs-PEG-FA preparation.
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= ×

loading efficiency(%)
weight of loaded DOX

total weight of nanoparticles and loaded DOX
100%

DOX@HNTs-PEG-FA (20 mg) was added into PBS (2 mL) and
phosphate buffer (2 mL) (pH = 5.3) with constant shaking at 37 °C in
an Eppendorf tube, respectively. Supernatant liquid (1.5 mL) was
obtained for measuring the released DOX from DOX@HNTs-PEG-
FA via ultraviolet spectrophotometer after centrifugation (10 000 rpm,
2 min) at specific time. Then, the same volume of fresh PBS and
phosphate buffer was supplied in the release medium.
2.5. Hemocompatibility of HNTs-PEG-FA. Fresh human blood

(5 mL) was added into PBS solution (10 mL), and then the
supernatant liquid was discarded after being centrifuged at 1000 rpm
for 10 min. This procedure was repeated three times, and red blood
cells (RBCs) were collected. Then, RBCs (320 μL) were added into
PBS solution (1680 μL). RBCs suspension (25 μL) was further added
into 500 μL of short HNTs and HNTs-PEG-FA PBS solution (1 mg/
mL). After it was slightly vibrated, the RBCs suspension was incubated
at 37 °C for 2 h. After incubation, all the samples were centrifuged at
1000g at 4 °C. The supernatant liquid (150 μL) was transferred to 96-
well plate. The hemolysis ratio was determined by measuring the
absorbance at 570 nm using a microplate reader. The positive control
group was 100% hemolysis (in ultrapure water), and the negative
control group was 0% hemolysis (in PBS solution). The hemolysis
ratio was calculated using the following equation.

=
−

−

×

hemolysis ratio(%)
sample absorbance negative control

positive control negative control

100%

2.6. Animals Feeding and Cell Culture Conditions. Female
BALB/c mice (seven weeks old) weighing 18−22 g were purchased
from Guangdong Medical Laboratory Animal Center, with permission
No. SCXK 2011-0015. All animal care and experimental procedures
were approved by the Animal Care and Use Committee of Jinan
University (Approval ID: 20150310001) and were in accordance with
the National Institute of Health’s Guide for the Care and Use of
Laboratory Animals.
Human breast cancer cells (MCF-7), human normal liver cells

(L02), human liver cancer cells (HepG2), and mouse breast cancer
cells (4T1) were obtained from the Cell Bank of the China Academy
of Sciences. MCF-7, L02, and HepG2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco), 4T1 cells
were maintained in RPMI 1640 (Gibco), containing 10% fetal bovine
serum (FBS; Gibco) within a humidified atmosphere containing 5%
CO2 at 37 °C.
2.7. In Vitro Cytotoxicity Study. MCF-7, L02, and HepG2 cells

(8.0 × 103 cells/well) were seeded in 96-well cell culture plates for 24
h and then incubated with the HNTs and HNTs-PEG-FA with
concentrations of 0, 31.25, 62.5, 125, 250, and 500 μg/mL for 24 h.
For drug-loaded nanoparticles, the cells were incubated with DOX,
DOX@HNTs, and DOX@HNTs-PEG-FA at equivalent drug
concentrations of 0, 0.625, 1.25, 2.5, 5, and 10 μg/mL for 24 h.
MTT solution (5 mg/mL in PBS) was added into each well (20 μL/
well). After 4 h, the culture medium was removed and replaced with
DMSO (150 μL/well). To eliminate the influence of HNTs, HNTs-
PEG-FA, DOX@HNTs, and DOX@HNTs-PEG-FA precipitation on
the absorbance, supernatant liquid (100 μL) was transferred to a new
96-well cell culture plate for absorbance measurement. The DMSO
solution was measured at 570 nm by a microplate reader.
Cellular behavior was further investigated by real-time cell analysis

(RTCA) systems (iCELLigence, ACEA Biosciences Inc). RTCA was a
label-free and real-time monitoring technology for cell proliferation,
cell size/morphology, cell attachment quality, and cell invasion/
migration, which could provide a phenotypic view of cellular behavior
at an unprecedented level of detail. MCF-7, L02, and HepG2 cells (8
× 103 cells/well) were seeded in cell cultures with gold micro-
electrodes. The time when the cells attached and the medium replaced

with fresh medium was described as 0 h in this study. The cells were
incubated with DOX and DOX@HNTs-PEG-FA at different
concentrations (0, 0.625, 1.25, 2.5, 5 μg/mL) at 22.2 h, respectively.
The cell growth curve was recorded automatically by RTCA.

To observe the morphology of MCF-7 cells after treatment with
different drugs, MCF-7 cells (2 × 104 cells/well) were seeded in 96-
well plates for 24 h. Afterward, HNTs, HNTs-PEG-FA (the
concentrations were 0, 31.25, 62.5, 125, 250, 500 μg/mL), DOX,
and DOX@HNTs-PEG-FA (the concentrations were 0, 0.625, 1.25,
2.5, 5, and 10 μg/mL) were added to cells. After they were incubated
for 24 h, cells were stained with 10 μL of mixtures of acridine orange
(AO, 100 μg/mL) and ethidium bromide (EB, 100 μg/mL). Cell
morphology was immediately examined under a fluorescent micro-
scope (XDY-2, Liss Optical Instrument Ltd).

2.8. Cellular Uptake of DOX@HNTs-PEG-FA. To track the drug
delivery in intracellular matrix, MCF-7 cells were cultured in cells in
Petri dishes (1 × 104 cells) and treated with DOX and DOX@HNTs-
PEG-FA (5 μg/mL) for 2, 4, 8, 12, and 24 h, respectively. Cells were
fixed with 4% paraformaldehyde, stained with Alexa Fluor 488
Phalloidin (Molecular Probes) and imaged using a fluorescent
microscope (XDY-2). To quantitatively evaluate the cellular uptake
of DOX, MCF-7 cells were seeded in a six-well plate at a density of 1 ×
105 cells/well and treated with DOX, DOX@HNTs, and DOX@
HNTs-PEG-FA (DOX equivalent concentration 5 μg/mL) for 4 h,
respectively. After the culture media was discarded, MCF-7 cells were
washed with cold PBS three times and collected. DOX fluorescence
intensity was analyzed by flow cytometer (FACS Gallios, Beckman).

MCF-7 cells were treated with HNTs-PEG-FA (250 μg/mL) for 8
h. Then, cells were collected and fixed in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.4) for 1 h in room temperature. Cells
were then post fixed 1 h in 2% osmium tetroxide with 3% potassium
ferrocyanide. Afterward, the cells were stained with a 2% aqueous
uranyl acetate solution and dehydrated through a graded series of
alcohol. They were subsequently put into two changes of propylene
oxide, a series of propylene/Epon dilutions, and embedded. The thin
(70 nm) sections were cut on a Leica UC6 ultramicrotome (Leica
Microsystems), and images were taken on a Philips Tecnai 10 TEM.

2.9. ROS Level Analysis. MCF-7 cells (5.0 × 104 cells/well) were
cultured in 96-well plate or 2 cm Petri dish for 24 h. After they were
incubated with dihydrorhodamine 123 for 0.5 h, cells were treated with
PBS, DOX, DOX@HNTs, and DOX@HNTs-PEG-FA (DOX
equivalent concentration 5 μg/mL), respectively. Finally, fluorescence
intensity was detected at a special time by fluorescence microplate
(Spectra Max M5, Bio-Tek) at 507 nm. Fluorescence images were
obtained at a specific time using a fluorescent microscope (XDY-2).

2.10. Western Blot Analysis. Tumor tissue was lysed with RIPA
buffer for western blotting analysis. Briefly, proteins (30 μg) were
separated by 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a poly(vinylidene
fluoride) membrane (Millipore). Membranes were blocked in 5%
defatted milk and then incubated with primary antibodies (Cleaved
caspase 3, Caspase 3, Bcl-2, or β-actin) overnight at 4 °C. Incubated
with horseradish peroxidase-conjugated secondary antibodies, bound
proteins were visualized by enhanced chemiluminescence (ECL;
MultiSciences Biotech) and detected using Tannon 5200 Multi
(Tannon). Blots were performed in triplicate, and band density was
quantified by Quantity One software (Bio-Rad).

2.11. Cell Apoptosis Assay and Cell Cycle. MCF-7 cells were
treated with PBS, DOX, DOX@HNTs, and DOX@HNTs-PEG-FA
(equivalent concentration of DOX was 5 μg/mL) for 10 h in a six-well
plate, respectively. After they were washed and centrifuged, the
harvested cells were stained with Annexin V-FITC/propidium iodide
(PI) Apoptosis Detection Kit for 15 min at room temperature and
then were analyzed by a flow cytometer. In each experiment, 10 000
events per sample were recorded.

The effects of drugs on cell cycle distribution were further examined
by flow cytometry. MCF-7 cells were separately treated with PBS,
DOX, DOX@HNTs, and DOX@HNTs-PEG-FA (equivalent concen-
tration of DOX was 5 μg/mL) for 24 h. Subsequently, cells were
collected and fixed with 75% ethanol overnight at −20 °C. The fixed
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cells were then stained with PI for ∼1 h in darkness. At last, the stained
cells were measured with flow cytometer, and 10 000 events per
sample were recorded for each experiment.
2.12. In Vivo Antitumor Efficiency and Systemic Toxicity.

The antitumor efficiency of DOX@HNTs-PEG-FA was studied in
4T1-bearing mice. To establish 4T1-bearing mice, 4T1 cells in a 1 ×
106 cells suspension (200 μL) were injected into the second mammary
fat pad of BALB/c mice. When tumor volume reached ∼50 mm3, the
mice were randomly allocated into five groups (Control, HNTs,
HNTs-PEG-FA, DOX, and DOX@HNTs-PEG-FA, n = 6). The mice
were intravenously injected twice a week for three weeks with 200 μL
of saline, HNTs, HNTs-PEG-FA, DOX (5 mg/kg), and DOX@
HNTs-PEG-FA (5 mg DOX equiv/kg), respectively. The dose of
DOX was chosen according to the previous researches.30−32 Tumor
size was measured every 3 d using calipers, and the tumor volume was
calculated using the formula: volume (mm3) = 0.5 × [length (mm)] ×
[width (mm)]2. Besides, the body weight of mice was measured every
day. Mice were sacrificed with diethyl ether after 21 d of treatment,
and then the tumors, hearts, liver, lung, and kidneys were collected,
weighted, 4% paraformaldehyde-fixed, paraffin-embedded, and sec-
tioned at a thickness of 4 μm for hematoxylin and eosin (H&E)
staining. Additionally, sections of tumor tissue were also detected by
TdT-mediated dUTP Nick-End Labeling (TUNEL) assay (Roche).
2.13. Ex Vivo Imaging Studies. 4T1-Bearing mice were obtained

as described above. As the tumor volumes reached ∼150 mm3, DOX
(5 mg/kg) and DOX@HNTs-PEG-FA (5 mg DOX equiv/kg) were
injected into the tumor-bearing mice intravenously, respectively. At
scheduled time points (1, 6, 10, and 24 h) post-intravenous-injection,
tumor-bearing mice were killed. The tumor burden and the main
organs were excised, washed, dried, and analyzed using the in vivo
fluorescence imaging system (PerkinElmer).

2.14. Statistical Analysis. The data were presented as means ±
standard deviation (SD). Statistical comparisons of data were
performed using GraphPad Prism 6 (GraphPad Software) for one-
way analysis of variance and a Tukey posthoc test. Values of all
significant correlations (P < 0.05) were given with degree of
significance indicated.

3. RESULTS AND DISCUSSION

3.1. Synthesize and Characterization of HNTs-PEG-FA.
TEM images of short HNTs and HNTs-PEG-FA are shown in
Figure 2A. Raw HNTs are usually inhomogeneous with a
length from 100 nm to 2 μm.33 To our surprise, after the
ultrasonic scission, short HNTs emerge a smaller size with tube
length below 200 nm, which is a benefit for the endocytosis of
nanotubes. Furthermore, HNTs-PEG-FA still possesses a
tubular structure with hollow lumen, which is because the
electron beam of TEM can easily penetrate small organic
matter and make the graft transparent. According to the AFM
and SEM images of short HNTs and HNTs-PEG-FA in Figure
2B,C, it is hard to identify the differences in morphology before
and after grafting of FA, which may be attributed to the low
grafting ratio. It is generally recognized that the needlelike
structure of HNTs is a benefit for entering cell via penetrating
the plasma membrane directly.34 As shown in Figure 2D, the
size of HNTs-PEG-FA is 154 ± 7 nm, which is slightly higher
than that of short HNTs (134 ± 8 nm).
Furthermore, the FTIR spectra of HNTs and HNTs-PEG-

FA are shown in Figure 2E. Raw HNTs show typical absorption

Figure 2. Characterization of short HNTs and HNTs-PEG-FA. (A) TEM, (B) AFM, (C) SEM, (D) DLS, (E) FTIR spectra, (F) XPS spectra, (G)
zeta potentials, and (H) hemolysis ratio ((1) HNTs, (2) HNTs-PEG-FA, (3) PBS, (4) Ultrapure water).
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peaks around 3695, 3620, 1025, and 910 cm−1, which are
assigned to O−H stretching peak of inner-surface hydroxyl
groups, O−H stretching peak of inner hydroxyl groups, Si−O
stretching peak of silica group, and O−H deformation of inner
hydroxyl groups, respectively.35 The absorption peak of 3000−
2950 cm−1 is assigned to the C−H bond stretching of the
grafted PEG in HNTs-PEG-FA. Besides, the peaks at 3695 and
3620 cm−1 assigned to O−H stretching peak of HNTs become
weak in the HNTs-PEG-FA due to the grafting reaction. In
addition, new peaks at 1405 and 1205 cm−1 can be attributed to
the p-aminobenzoic acid moieties and C−O stretching bands of
FA.36,37 Raw HNTs do not contain N element, while N 1s peak
appears in HNTs-PEG-FA, and C 1s peak is higher than that in
raw HNTs through XPS analysis (Figure 2F). The atomic ratios
in Figure S1 show that N element content of HNTs-PEG-FA is
2%. In addition, the ratio of C element increases from 15% to
77%, while the ratio of O element deceases from 54% to 12%
after modification. The decrease of O content is due to the
shielding effect of the grafted organics, and XPS can only
measure the surface of nanoparticles with detection depth of
several nanometers. The UV/vis absorption spectrum of
HNTs-PEG-FA (Figure S2) shows that the absorption peak
of FA (∼280 nm) still exists, which further indicates that FA is
successfully grafted onto HNTs. These results confirm that the
chemical grafting of PEG and FA is successful.
Furthermore, the raw HNTs are negatively charged with

−(24 ± 3) mV, which is consistent with the previous
reports.20,38 After PEG and FA are grafted, the zeta potential
of HNTs is nearly neutralized, which also suggests the
successful grafting of PEG and FA (Figure 2G). If the surface
charges of nanoparticles are high (either positive or negative),
they are more easily scavenged by macrophages. Tailoring the
surface charges of nanoparticles can minimize the nonspecific
interactions between nanoparticles and cells, which prevents
the loss of nanoparticles in undesired locations.39,40 As is well-
known, the extent of hemolysis of nanoparticles is concen-
tration-, porosity-, surface functionality-, and geometry-depend-
ent.41 Raw HNTs can cause abnormal destruction of red blood
cells (hemolysis) with dose dependence,42 and the phenomen-
on is decreased after surface modification such as chitosan
grafting, chitosan oligosaccharide grafting, and polyethyleni-
mine grafting.23,26,28 In this study, HNTs-PEG-FA exhibits 1%
hemolysis ratio at 1 mg/mL, while raw HNTs show 99%
hemolysis ratio at the same concentration (Figure 2H). This
phenomenon indicates that HNTs-PEG-FA is appropriate to
apply as a drug carrier in intravenous injection.
3.2. DOX Loading and Release of HNTs-PEG-FA. The

outer surface of HNTs-PEG-FA is hydrophilic, so the
hydrophilic DOX can adsorb on the sidewalls of the modified
HNTs. Also, the lumens of HNTs with ability of loading drug
have been reported in previous studies.43,44 HNTs are
functionalized by FA-PEG moieties, and the sidewalls of
HNTs are thus hydrophilic.9,45 The loading of DOX on HNTs-
PEG-FA is performed at neutral pH condition. In this situation,
the hydrophilic DOX can locate both in the internal hollow
space of the tubes and the sidewalls of the tubes.44 The drug
loading capacity and releasing dynamics of HNTs are related to
drug/nanotubes weight ratio, the interactions of drug and
HNTs, and adsorption conditions (time, temperature, pH
value, etc.). DOX was loaded on HNTs via physical adsorption
for 24 h under stirring.26,46,47 Actually, the influence of the
origins and surface property of HNTs on the loading and
release of DOX was investigated.46 It is found that HNTs and

DOX can form a kind of complex via strong interactions, which
is beneficial to high loading capacity and sustained release of
DOX. However, it brings also side effect as low release
percentage in their systems. The BET surface area of HNTs-
PEG-FA is 48.7 m2/g. The loading efficiency of DOX@HNTs-
PEG-FA is calculated ∼3%. Figure 3 shows the release curves of

DOX from DOX@HNTs-PEG-FA at different pH environ-
ment. Approximately 38% of DOX is released at 24 h in pH 5.3
condition, while only 9% is released in pH 7.4 conditions.
Therefore, the release of DOX is pH-dependent, which is
related to the protonation of NH2 group of DOX. Besides, the
low release ratio of DOX at pH 7.4 is a benefit for intravenous
treatment of cancer, as the physiology pH of healthy human
blood is 7.4. In contrast, the environment around the DOX@
HNTs-PEG-FA drops to a lower pH of 5.5−6.0 in endosomes
and approaches pH 4.5−5.0 in lysosomes.45 Hence, DOX@
HNTs-PEG-FA is relatively stable when circulating in the
blood, and DOX can be retained in cytoplasm by endocytosis
and rapidly releases from DOX@HNTs-PEG-FA when it is
targeted to tumor sites where it is in a slightly acidic
environment.48 After it is targeted to the tumor cells, the
DOX@HNTs-PEG-FA enters the cytoplasm, and DOX is
released from these systems. In this situation, the amide bonds
between FA and HNTs can break, and FA may leak due to the
complicated cell inner environment in the presence of various
enzymes. The leaking of FA in the cell has no harmful effect on
the activities of cells, since FA is a type of vitamin. This has
been proved in the following investigation.

3.3. Cytotoxicity of DOX@HNTs-PEG-FA. Figure 4 shows
the cytotoxicity of L02 and MCF-7 cells treated with DOX,
DOX@HNTs, and DOX@HNTs-PEG-FA. HNTs and HNTs-
PEG-FA show greater than 90% cell viability toward both the
normal cells and tumor cells even at a concentration of 500 μg/
mL (Figure 4A,E). This indicates that HNTs and modified
HNTs are biological friendly nanoparticles with low cytotox-
icity. MCF-7 cells treated with DOX, DOX@HNTs, or DOX@
HNTs-PEG-FA (Figure 4B) shows cytotoxicity in a dose-
dependent manner (P < 0.001). It is noted that DOX@HNTs-
PEG-FA shows enhanced inhibitory effects toward MCF-7 cell
when compared to DOX treatment (P < 0.001). For example,
the cell viability of DOX (10 μg/mL) is 55%, but DOX@
HNTs-PEG-FA is 35% at the same DOX equivalent
concentration (10 μg/mL). However, DOX@HNTs-PEG-FA
shows no significant difference when compared to the DOX
and DOX@HNTs treatments in the cells with negative
expression of FA receptors, such as L02 cells (Figure 4F) and
HepG2 (Figure S3). It has been well-recognized that

Figure 3. Drug release curves of DOX@HNTs-PEG-FA at pH 7.4 and
5.3.
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nanoparticles modified by folate are specifically targeting to the
MCF-7 cell with positive FA receptor.49,50 These results are a
reminder that enhanced cytotoxicity of DOX@HNTs-PEG-FA
is owing to the specific binding of FA and FA receptor in
cytomembrane of MCF-7.
To further verify the result of cell viability, the real-time cell

growth curve of L02 and MCF-7 cells treated with different
concentrations (0.625, 1.25, 2.5, and 5 μg/mL) of DOX and
DOX@HNTs-PEG-FA was recorded (Figure 4). DOX shows
slight cytotoxicity to MCF-7 cells even when the DOX
concentration is 5 μg/mL. The cell index of MCF-7 cells
treated with DOX (5 μg/mL) at 50 h is ∼0.9, while the control
treatment is 1.3 (Figure 4C). The cell index of MCF-7 cells
treated with different concentrations of DOX@HNTs-PEG-FA
(drug concentration of 5 μg/mL) exhibits an obvious dose
dependence, and the cell index is 0.2 at 50 h (Figure 4D). This
strongly suggests that HNTs-PEG-FA exhibits a good entrap-
ment and controlled release ability of drugs toward tumor cells.
In comparison, HepG2 cells treated with DOX and DOX@
HNTs-PEG-FA have not shown an apparent difference (Figure

S3). The cell growth curves among these groups show no
obvious difference, which is also due to the lack of FA receptor
on their cytomembrane. The cell viability of human normal
cells (L02 cells) treated with DOX and DOX@HNTs-PEG-FA
at low concentration (<1.25 μg/mL, Figure 4G) decreases first,
and then it increases for all groups. This suggests the capacity of
resisting DOX in L02 cells. However, L02 cells treated with
DOX@HNTs-PEG-FA also show a significantly decreased
viability at the concentration of 1.25 μg/mL (Figure 4H).
Therefore, DOX@HNTs-PEG-FA at low concentration does
not result in significant damage to normal cells via intravenous
injection.
Furthermore, the AO/EB staining fluorescence images of

MCF-7 cells treated with HNTs and HNTs-PEG-FA are shown
in Figure 4I,J. AO can enter cells with completed cell
membrane and embed itself in DNA, displaying green
fluorescence. On the contrary, EB only enters the cells with
impaired cytomembrane and embeds itself in DNA, displaying
orange fluorescence. MCF-7 cells treated with HNTs or HNTs-
PEG-FA exhibit green fluorescence even in the concentration

Figure 4. Cytotoxicity of DOX@HNTs-PEG-FA in vitro. The cell viability of (A, B) MCF-7 cells and (E, F) L02 cells treated with different
concentrations of HNTs, HNTs-PEG-FA, DOX, DOX@HNTs, and DOX@HNTs-PEG-FA for 24 h (means ± SD, n = 4). The cell growth curve of
(C, D) MCF-7 cells and (G, H) L02 cells treated with different concentrations (0.625, 1.25, 2.5, and 5 μg/mL) of DOX and DOX@HNTs-PEG-FA
for 24 h. (I, J) The AO/EB staining of MCF-7 cells treated with different concentrations of HNTs, HNTs-PEG-FA, DOX, DOX@HNTs, and
DOX@HNTs-PEG-FA for 24 h. Scale bar is 100 μm.
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of 500 μg/mL. It is illustrated that HNTs and HNTs-PEG-FA
have cellular compatibility with negligible influence on the cell
viability. Intriguingly, MCF-7 cells treated with DOX, DOX@
HNTs, or DOX@HNTs-PEG-FA show noticeable differences
by fluorescence images. DOX treatment shows great green
fluorescence but less red in the most regions at different
concentrations, reflecting a small number of dead cells. In
contrast, DOX@HNTs-PEG-FA (the drug concentration of 10
μg/mL) treatment exhibits more orange and red with little
green fluorescence, suggesting the apoptosis or cell death.
These results demonstrate that DOX@HNTs-PEG-FA is more
effective for promoting cell death compared to DOX and
DOX@HNTs. In all, HNTs-PEG-FA can be a novel carrier for
delivering DOX to cells.
3.4. Effects of DOX@HNTs-PEG-FA on Apoptosis in

MCF-7 Cells. To investigate the mechanism of DOX@HNTs-
PEG-FA in enhanced killing ability toward cancer cells,
apoptosis assay, cell cycle assay, and ROS level were analyzed.
Figure 5A shows the apoptosis effect of MCF-7 cells treated
with control, DOX, DOX@HNT, and DOX@HNTs-PEG-FA
(DOX equivalent concentration was 5 μg/mL) for 10 h was
detected by flow cytometer. It is known that Q2 and Q4
quadrants represent the late apoptosis and early apoptosis,
respectively. The apoptosis ratio significantly increases in
DOX@HNTs-PEG-FA group (42%) when compared to
control treatment and pristine DOX treatment (13%). This
result confirms that DOX@HNTs-PEG-FA leads to the death
of MCF-7 cells through apoptosis pathway.
To further explore the apoptotic mechanism of DOX and

DOX@HNTs-PEG-FA, cell cycle was determined by flow
cytometer (Figure 5B). It has been reported that DOX can

embed in the DNA and break DNA, which prevents the
synthesis of mRNA and consequently leads to the cell death.
DOX can kill the cells in each cycle, but it is most sensitive in
the S phase.51 In Figure 5B, the S phase of pristine DOX
treatment (60%) in 24 h significantly increases, while DOX@
HNTs and DOX@HNTs-PEG-FA treatments show remarkable
fall compared to DOX treatment (P < 0.001). So, DOX@
HNTs-PEG-FA can induce death of cancer cells via another
mechanism not only the effect of S phase-induced apoptosis.
Furthermore, the ROS level of nanocarrier is investigated. ROS
are well-known to be produced from the normal cellular oxygen
metabolism and mainly include hydrogen superoxide, peroxide,
and hydroxyl radicals. ROS are associated with apoptosis
induced by chemotherapeutic agents and radiotherapy.52

Generally, ROS level is balanced in normal cells. ROS were
involved in the initiation phase of apoptosis contributing to cell
death signaling such as by activating p53 and MAPK/AKT
signal pathways. The ROS level of DOX@HNTs-PEG-FA in
MCF-7 cell is increased dramatically first and reaches to peak at
30 min. Because of the antioxidant ability of cells, ROS level is
decreased after 30 min. The tendency is similar to previous
studies.53,54 However, the ROS level of DOX@HNTs-PEG-FA
group is higher than other groups at different times (Figure
5C,D). ROS are mostly produced by mitochondria, and the
excess ROS can induce mitochondrial DNA mutations, damage
the mitochondrial respiratory chain, alter membrane perme-
ability, and influence Ca2+ homeostasis and mitochondrial
defense systems.55 Owing to the lack of histone protection and
mitochondrial DNA near to the ROS produced sites,
mitochondrial DNA damage is more significant than that of
nuclear DNA.56 All these results reveal that DOX@HNTs-

Figure 5. Effects of DOX@HNTs-PEG-FA on apoptosis in MCF-7 Cells. (A) Apoptosis and (B) cell cycle arrest of MCF-7 cells treated with (a)
PBS, (b) DOX, (c) DOX@HNTs, and (d) DOX@HNTs-PEG-FA (DOX equivalent concentration was 5 μg/mL) for 10 and 24 h, respectively,
were investigated by flow cytometer. (C) The ROS fluorescence image and (D) the quantitative ROS fluorescence intensity of MCF-7 cells treated
with DOX@HNTs-PEG-FA at specific time was detected by fluorescence microplate. Scale bar is 50 μm. The values are represented as mean ± SD
(n = 3).
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Figure 6. Uptake process of DOX@HNTs-PEG-FA by MCF-7 cells. The fluorescence images of (A) DOX@HNTs-PEG-FA and (B) DOX in MCF-
7 cells were gained by fluorescent microscope. Scale bar is 50 μm. (C) Quantification fluorescence intensity of DOX in MCF-7 cells treated with
DOX, DOX@HNTs, and DOX@HNTs-PEG-FA for 4 h was analyzed by flow cytometer. Scale bar is 400 nm. (D) The cell uptake process of
HNTs-PEG-FA by MCF-7 cells was detected by TEM, and the red arrow indicates that HNTs are uptaken by cell.
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PEG-FA can effectively promote the apoptosis of tumor cell
than pristine DOX via both mitochondrial damage and nuclei
attack.
3.5. Uptake of DOX@HNTs-PEG-FA by MCF-7 Cells.

The fluorescence images of MCF-7 cells treated with DOX@
HNTs-PEG-FA and DOX at different times (2, 4, 8, 12, and 24
h) illustrating the uptake process are shown in Figure 6A,B.
DOX@HNTs-PEG-FA is uptaken by MCF-7 cells gradually,

and DOX released from DOX@HNTs-PEG-FA exists both in
cytoplasm and nucleus before 12 h. In contrast, the pristine
DOX is rapidly targeted in nucleus as early as 2 h due to the
free mobility of DOX. DOX is intercalated with DNA and RNA
in the nuclei. The drug restrained in the cytoplasm of the
DOX@HNTs-PEG-FA group can enhance the anticancer
efficiency via both the mitochondrial injury and nuclei injury
mechanisms.26,57 The morphology of cells changes as time with

Figure 7. Antitumor effects of DOX@HNTs-PEG-FA in 4T1-bearing mice. (A) Body weight and (B) tumor growth curves of mice treated with
saline, HNTs, HNTs-PEG-FA, DOX, and DOX@HNTs-PEG-FA (5 mg DOX equiv/kg) via intravenous injection. (C) Tumor weight and (D)
photographs of excised 4T1 solid tumor from different groups on the 22nd day. (E) Representative photographs of tumor sections examined by
TUNEL assay. TUNEL-positive cell nuclei (brown spots) were observed. (F) The number of apoptosis cells in different groups was counted in five
random fields in a blinded manner. (G, H) Protein expression of caspase-3, cleaved caspase-3, and Bcl-2 in tumor tissue was detected by western
blotting. The scale bars represent 10 μm. The values are represented as mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs control; #P <
0.05, ##P < 0.01 vs DOX.
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distorted and ruptured cytomembrane at 8 h. Then the
cytoplasm outflows from cytomembrane, resulting in a small
nucleus and cytoplasm at 24 h.
Figure 6C shows quantification fluorescence intensity in

MCF-7 cells after treated with DOX, DOX@HNTs, and
DOX@HNTs-PEG-FA. The fluorescence intensity of DOX@
HNTs-PEG-FA obviously increases compared to the DOX and
DOX@HNTs treatments. It is likewise attributed to the fact
that FA can react with FA receptor in the cytomembrane.
DOX@HNTs-PEG-FA can easily enter to cells, and the DOX
amount of this treatment obviously increases compared to
DOX and DOX@HNTs treatments. Therefore, FA in HNTs-
PEG-FA keeps the binding activity and specificity to FA
receptor, which promotes the cellular uptake through receptor-
mediated endocytosis. This is a coupled process in which
selected extracellular proteins or peptides are first bound to
specific cell surface receptors and then rapidly internalized by
cells.

As we know, nanoparticles were size-dependent cellular
uptake,34,58 and the size of DOX@HNTs-PEG-FA is 154 ± 7
nm. To directly observe the uptake of DOX@HNTs-PEG-FA
by MCF-7, TEM image of MCF-7 cells is shown in Figure 6D.
HNTs are chemically composed with Al, Si, and O elements, so
the electron density is relatively high. In addition, HNTs show
unique tubular microstructure. So, it is easy to distinguish the
nanotubes from cellular component using TEM. Clearly,
tubular-like particles or their aggregates are distributed evenly
around the cell membrane as shown in Figure 6D. Single HNTs
can directly penetrate the plasma membrane into the cytoplasm
(indicated by the red arrow). In contrast to single HNTs,
aggregated HNTs may have a tendency to enter cells through
endocytosis. The internalization of other nanotubes or
nanosheets through endocytosis and direct penetration was
also observed by TEM technology.59−61

3.6. Antitumor Effects of DOX@HNTs-PEG-FA in 4T1-
Bearing Mice. In our previous work on drug-loaded HNTs for
in vivo tumor therapy,26 the anticancer effect of DOX@HNTs-

Figure 8. Tumor-targeted effect of DOX@HNTs-PEG-FA in 4T1-bearing mice. (A) H&E staining of tumor, heart, kidney, and lung slices from
4T1-bearing mice on the 22nd day after different treatments. The arrows in the heart sections indicate certain cardiomyocytes ruptured and
scattered; the arrows in kidney sections indicate the deformation necrosis of glomerulus. The scale bars represent 10 μm. (B) DOX fluorescence
images of different organs (1. Tumor, 2. Heart, 3. Liver, 4. Spleen, 5. Lung, 6. Kidney) from tumor-bearing mice at indicated time points (1, 6, 10,
and 24 h) postadministration of DOX and DOX@HNTs-PEG-FA. (C) Quantification of DOX fluorescence of tumor tissues at indicated time points
(1, 6, 10, and 24 h). (D) Quantification of DOX fluorescence of interested tissues (tumor, heart, liver, spleen, lung, and kidney) at 24 h. The values
are represented as mean ± SD (n = 6). ##P < 0.01, ###P < 0.001 vs DOX.
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g-COS was confirmed in 4T1-bearing mice model via
intratumor injection. To further investigate the natural HNTs
as anticancer drug carrier for targeting tumor therapy, the
effects of DOX@HNTs-PEG-FA on antitumor activity of 4T1-
bearing mice via tail intravenous injection are studied. Different
treatments show no significant influence on body weight
(Figure 7A). As expected, DOX (P < 0.05) and DOX@HNTs-
PEG-FA (P < 0.01) treatments significantly reduce the tumor
volume and tumor weight in 4T1-bearing mice by comparing to
the control group, while HNTs and HNTs-PEG-FA treatments
have no significant change (Figure 7B,D). Furthermore,
compared to DOX treatment, DOX@HNTs-PEG-FA treat-
ment significantly decreases both tumor volume and tumor
weight (P < 0.05). These data indicate that DOX@HNTs-
PEG-FA has a remarkable antitumor effect in vivo, which is
consistent with the in vitro results.
Subsequently, the apoptosis index in tumor tissue was

examined by TUNEL assay (Figure 7E). Compared to control
group, both DOX@HNTs-PEG-FA (P < 0.001) and DOX
treatment (P < 0.01) induce significant apoptosis in tumor
tissue. The number of TUNEL+ nuclei in DOX@HNTs-PEG-
FA group (65%) is significantly higher than in DOX group
(35%; P < 0.01; Figure 7F). The result agrees with apoptosis
analysis in MCF-9 cell in vitro and further confirms that
DOX@HNTs-PEG-FA can induce significant apoptosis in
tumor cell. Besides, the expression levels of caspase-3, cleaved
caspase-3, and Bcl-2 proteins in tumor tissue are examined by
western blotting (Figure 7G,H). In mammalian cells, caspase-3
normally exists as an inactive precursor (35 kDa), while it is
converted to an active heterodimer (17 kDa) when apoptosis
happens.62 Besides, Bcl-2 is an integral membrane protein
located mainly on the outer membrane of mitochondria.
Overexpression of Bcl-2 prevents cells from undergoing
apoptosis in response to a variety of stimuli.63 A significant
increased cleavage of caspase-3 is observed (P < 0.01), and the
expression of antiapoptotic protein Bcl-2 is notably decreased
in DOX@HNTs-PEG-FA group (P < 0.05) compared to the
DOX group. Collectively, these data confirm that DOX@
HNTs-PEG-FA enhances the antitumor efficacy by influencing
the expression of apoptosis-related pathway in vivo. These
results are in agreement with our previous study on the
antitumor ability of chitosan oligosaccharide-grafted HNTs as a
DOX carrier.26

3.7. Tumor-Targeted Efficiency of DOX@HNTs-PEG-FA
in 4T1-Bearing Mice. The histological analysis shows that
DOX@HNTs-PEG-FA induces significantly more tumor
necrosis than does DOX (Figure 8A), while the control,
HNTs, and HNTs-PEG-FA groups show no significant
changes. In contrast to DOX@HNTs-PEG-FA treated group
and control group, DOX treatment results in obvious heart
damage (cardiomyocytes rupture and scatter) and slight
nephrotoxicity (deformation necrosis of glomerulus), which
corresponds to their side effects. As for the lung tissue, there are
no significant changes among all the treatments. The results
suggest that DOX@HNTs-PEG-FA can target 4T1 breast
cancer cells, leading to high therapy efficacy with markedly
reduced systemic toxicity. On the basis of the facts that 4T1 cell
is used as a model of FA receptor-expressed cell surface,64−66 so
DOX@HNTs-PEG-FA may effectively target the solid tumor
tissue. To verify this assumption, DOX fluorescence of the
major tissues (tumor, heart, liver, spleen, lung, and kidney)
excised from tumor-bearing mice at indicated time points (1, 6,
10, and 24 h) postadministration of DOX and DOX@HNTs-

PEG-FA was detected by fluorescence imaging system (Figure
8B). Intriguingly, the results (Figure 8C) reveal that DOX
fluorescence in tumor significantly accumulates in 1 h and
reaches the maximum at 10 h after the administration of
DOX@HNTs-PEG-FA, while the DOX treatment reaches the
maximum at only 2 h (P < 0.001). Additionally, DOX@HNTs-
PEG-FA treatment reveals a considerably higher DOX
fluorescence intensity in the tumor than in normal tissues
including heart, spleen, lung, and kidney after 24 h
postadministration (Figure 8D and Figure S4). By comparison,
mice treated with DOX show weaker DOX fluorescence in
tumor, which is likely due to the inadequate drug release within
tumor. These results suggest that DOX@HNTs-PEG-FA can
effectively target and release the drugs to 4T1 breast cancer in
mice.
Although HNTs are nondegradable materials, they can be

used as anticancer drug carrier owing to their very low toxicity
levels of HNTs in vivo. One may expect that chronic
inflammatory reactions induced by HNTs do not occur. Little
is known about the mechanisms of low toxicity of HNTs;
however, HNTs reside among the safest nanoscale materials. In
vivo tests of HNTs employing Paramecium caudatum protists,
Caenorhabditis elegans nematodes, and zebrafish embryos
demonstrate very low cytotoxicity.67

4. CONCLUSIONS
HNTs are conjugated with PEG and FA for effectively
delivering DOX to breast cancer. The length of HNTs is first
shortened to ∼200 nm by ultrasonic scission. HNTs-PEG-FA
shows particle size and zeta potential of 154 ± 7 nm and 1 ±
0.3 mV, respectively. FTIR and XPS results confirm the
successful grafting of FA and PEG onto HNTs. DOX can be
loaded on HNTs-PEG-FA via physical adsorption. DOX is
released from DOX@HNTs-PEG-FA up to 35 h in an acidic
environment (pH = 5.3), while it is relatively stable in neutral
conditions. DOX@HNTs-PEG-FA nanodelivery system can
restrain proliferation and induce death of MCF-7 cells with
positive FA receptor, while it shows relative low cytotoxicity
toward the L02 cells with negative FA receptor. DOX@HNTs-
PEG-FA can produce more ROS in MCF-7 cells, which lead to
the apoptosis. The uptake of DOX@HNTs-PEG-FA by MCF-7
cells can happen both through endocytosis and direct
penetration mechanism. DOX@HNTs-PEG-FA group effec-
tively inhibits solid tumor growth, while it reduces heart toxicity
of DOX. Cleaved caspase-3 protein levels of 4T1 tumor treated
with DOX@HNTs-PEG-FA are significantly higher than the
control groups. DOX@HNTs-PEG-FA group reveals a
considerably higher DOX fluorescence intensity in tumor
than in normal tissues including heart, spleen, lung, and kidney.
All these results suggest that the FA-conjugated HNTs may be
designed to be a novel drug delivery platform for targeting
therapy of breast via intravenous injection.
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