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ABSTRACT: Organic/inorganic nanohybrids, which inte-
grate advantages of the biocompatibility of organic polymers
and diversified functionalities of inorganic nanoparticles, have
been extensively investigated in recent years. Herein, we report
the construction of arginine-glycine-aspartic acid-cysteine
(RGDC) tetrapeptide functionalized and 10-hydroxycampto-
thecin (HCPT)-encapsulated magnetic nanohybrids
(RFHEMNs) for integrin αVβ3-targeted drug delivery. The obtained RFHEMNs were near-spherical in shape with a
homogeneous size about 50 nm, and exhibited a superparamagnetic behavior. In vitro drug release study showed a sustained and
pH-dependent release profile. Cell viability tests revealed that RFHEMNs displayed a significant enhancement of cytotoxicity
against αVβ3-overexpressing A549 cells, as compared to free HCPT and nontargeting micelles. Flow cytometry analysis indicated
that this cytotoxic effect was associated with dose-dependent S phase arrest. Finally, RFHEMNs exerted encouraging anti-cell-
migration activity as determined by an in vitro wound-healing assay and a transwell assay. Overall, we envision that this tumor-
targeting nanoscale drug delivery system may be of great application potential in chemotherapy of primary tumor and their
metastases.
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1. INTRODUCTION

Amphiphilic copolymers can spontaneously self-assemble into
core−shell structure polymeric micelles with a diameter of 10−
200 nm under appropriate conditions.1−3 These polymer
micelles have been extensively employed in numerous
biomedical applications, particularly in targeted drug delivery,4,5

because of high stability, chemical flexibility, satisfying drug
loading content, increased cellular uptake of the loaded drugs,
and preferential accumulation in solid tumors via the passive
“enhanced permeability and retention (EPR) effect”.6,7

Comparatively, the inorganic magnetic iron oxide nanoparticles
(NPs) have been arousing increasing interest not only for their
ease of synthesis, small size, good biocompatibility, and unique
superparamgnetism,8 but also for their potential applications in
biomedical fields,9,10 such as protein purification,11 enzyme
immobilization,12 removal of metal ions,13 toxin detection,14

drug/gene delivery,15 and enhancement of contrast in magnetic
resonance imaging (MRI)16 etc. The combination of organic
polymers and inorganic magnetic NPs can completely perform
advantage of each and produce magnetic nanohybrids with
some desirable properties.17−19

10-Hydroxycamptothecin (HCPT), a natural analogue of
camptothecin (CPT), has a strong antitumor activity against a
broad spectrum of solid tumors, such as gastric carcinoma,

ovarian cancer, hepatoma, breast cancer, bladder carcinoma,
leukemia, lung cancer, and tumor of head and neck in clinical
trials.20,21 Moreover, it has been demonstrated that HCPT is
more active and less toxic compared with CPT.22 However, the
poor solubility and labile lactone ring of HCPT greatly restrict
its therapeutic potential.23−25 With the emergence and
remarkable development of nanobiotechnology in recent
years, much research effort has been directed to the design
and synthesis of high performance nanoscale HCPT delivery
systems such as lipid-polymer composite,26 dendrimers,27

nanoparticles,28 and polymer micelles,20,22 so that the stability
and solubility problems could be overcome. Very recently,
magnetic nanohybrids have also been used for HCPT delivery
by using Fe3O4 nanoparticles as cores and PEG conjugated
chitosan (PEG-CS) as a polymeric shell, and the cytotoxicity
increased significantly in comparison with free HCPT.29

All the aforementioned nanoscale HCPT delivery systems
focused on inhibiting the tumor cells’ ability to proliferate.
However, one of the major obstacles for successful cancer
therapy is tumor metastasis,30 and more than 90% of the cancer
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mortality is due to the metastatic property of cancer.31 Cell
migration plays a critical role in the process of tumor
metastasis.32 Therefore, metastasis is a potential therapeutic
target for malignant tumor, and block or suppress the migratory
capacity of tumor cells provides a new strategy for achieving
better survival from cancer.33 Unfortunately, despite its
significance, study on the antimetastatic activity of drug-loaded
nanocarriers has so far received little attention. In our previous
study, an HCPT-encapsulated magnetic nanovehicle (HEMN)
has been developed by incorporating HCPT into the magnetic
nanohybrids, and the HEMNs could be effectively internalized
into cells at targeted sites under external magnetic guidance to
selectively kill cells in that area.22 Nevertheless, the magnetic
nanovehicles did not have the active targeting ability. The
passive targeting based on the EPR effect has some limitations
because large tumors exhibit great pathophysiological hetero-
geneity.34 The extent of tumor permeability (cutoff pore size)
varied depending on the tumor type,35,36 and some parts of
tumors do not display the EPR effect.34 Thus, it is indispensible
to develop more efficacious HCPT-delivery systems with active
targeting ability and investigate their antimetastatic activity.
As an important member of integrin family, the adhesion

molecule αVβ3 has been widely investigated for tumor imaging
and therapy owing to its pivotal roles in tumor angiogenesis
and metastasis.37 In particular, due to its upregulated expression
on tumor vasculature and proliferating tumor endothelial cells
compared to resting endothelial cells and most normal tissues
with low αVβ3 expression, integrin αVβ3 has been identified as
an ideal therapeutic target for tumor chemotherapy.38 The
peptide ligands containing the RGD (arginine-glycine-aspartic
acid) motif, which shows a strong binding affinity and
selectivity to integrin αVβ3, have been employed as tumor-
homing ligand to conjugate with various nanomedicine for
integtrin targeted therapeutic applications.37

Herein, we report an organic/inorganic hybrid nanoplatform
with active targeting ability, which is constructed by embedding
Fe3O4 NPs and HCPT into polymer micelles, and then
coupling cancer-targeting moiety RGDC to their surface. The
targeting effect of RGDC functionalized and 10-hydroxycamp-
tothecin-encapsulated magnetic nanohybrids (RFHEMNs) on
the cell proliferation, cell cycle progression, and cell migration
of A549 cells was investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. D,L-Lactide (≥99.5 mol %) and glycolide (≥99.5

mol %) were purchased from Beijing GLACO Ltd. Maleimide-
poly(ethylene glycol) (Mal-PEG-OH, Mn = 5 kDa) was obtained from
JenKem technology Co. Ltd. (Beijing, China). Monomethoxy-
polyethylene glycol (MPEG-OH, Mn = 5 kDa), stannous octoate
[Sn(Oct)2], and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich. 10-Hydrox-
ycamptothecin (HCPT, ≥99%) was obtained from Chengdu Lanbei
Plant Chemical Science and Technology Co. Ltd. (China).
Tetrapeptide RGDC was purchased from Shanghai GL Biochem
(China). Propidium iodide (PI) and RNase were obtained from
Beijing Solarbio Science & Technology Co., Ltd. and Beyotime
Institute of Biotechnology (China), respectively. Magnetite nano-
particles were synthesized according to our previous report.39 All
organic solvents used were of analytical grade. High-purity Milli-Q
water with a resistivity of 18.2 MΩ cm was used in all the experiments.
2.2. Characterization. Gel permeation chromatography (GPC)

measurements were carried out on a Waters 410 GPC with
tetrahydrofuran (THF) as eluent (flow rate: 1.0 mL/min). The
molecular weights were calibrated with polystyrene (PS) standards. 1H
NMR analysis was performed on Bruker Avance 500 MHz

spectrometer at room temperature with tetramethylsilane (TMS) as
the internal reference, using deuterated chloroform (CDCl3) or
DMSO-d6 as the solvent. TEM analysis was conducted on a JEOL
JEM-1200EX model transmission electron microscope using an
operating voltage of 100 kV. For negative staining, the sample was
dropped onto a carbon-coated copper grid, stained with 2 wt %
sodium phosphotungstate aqueous solution, and imaged within 24 h of
staining. The hydrodynamic diameters of RGDC-functionalized and
HCPT-encapsulated magnetic nanohybrids (RFHEMNs) were
determined using a Brookhaven ZetaPALS dynamic light scattering
(DLS) instrument with a BI-90Plus digital autocorrelator at a
wavelength of 656 nm at 25 °C. The magnetic properties of
RFHEMNs were studied using a physical property measurement
system (PPMS, Quantum Design) at 10, 300, and 310 K.

2.3. Synthesis of MPEG-PLGA and Mal-PEG-PLGA Copoly-
mers. These two copolymers were prepared by ring-opening
polymerization of D,L-Lactide (≥99.5 mol %) and glycolide in the
presence of MPEG−OH or Mal-PEG-OH, and stannous octoate was
used as catalyst. In brief, in a three-neck round-bottom flask, MPEG-
OH or Mal-PEG-OH (0.1 g), D,L-lactide (0.25 g), glycolide (0.05 g),
and stannous octoate (3 mg) were introduced to freshly distilled
toluene, heated to reflux with magnetic stirring under a nitrogen
atmosphere for 9 h and then cooled to room temperature. The
reaction mixture was processed essentially as previously described,39

and the polymer product was obtained via lyophilization and stored
under −20 °C before use.

2.4. Fabrication of RGDC Functionalized and 10-Hydrox-
ycamptothecin-Encapsulated Magnetic Nanohybrids
(RFHEMNs). Mal-PEG-PLGA copolymer (10 mg), HCPT (2 mg),
and magnetite NPs (2 mg) were dissolved in a mixed solvent of
tetrahydrofuran (THF) and DMSO (2 mL, 1:1). The mixture was
added dropwise to water under sonication, then RGDC (0.5 mg) was
added and stirred. The Michael addition reaction was allowed to occur
for 4 h followed by dialyzation against water for 48 h to allow the
formation of micelles and to remove organic solvents, free RGDC and
unencapsulated HCPT (Mw cutoff: 12 000−14 000 Da). Finally, the
micelle solution was filtered through a filter to eliminate HCPT and
magnetite aggregates. The nonfunctionalized and 10-hydroxycampto-
thecin-encapsulated magnetic nanohybrids (NFHEMNs) were pre-
pared by a similar method using MPEG-PLGA copolymer.

2.5. In Vitro Release of HCPT from RFHEMNs. The release
profiles of HCPT from RFHEMNs in vitro were studied by a dialysis
method in PBS (pH 7.4) and 0.1 M sodium acetate buffer (pH 5.0) at
37 °C.22 RFHEMNs micellar solution was placed in a dialysis bag (Mw

cutoff: 12 000−14 000 Da) and immersed into the release medium (80
mL) with gentle agitation. At predetermined time intervals, the
micellar solution in the dialysis bag was withdrawn, dissolved in
DMSO, centrifuged (12 000 rpm, 30 min) to remove magnetite NPs
and subjected to UV/vis analysis to determine the residual HCPT
content. Finally, the amount of drug released was calculated.

2.6. In Vitro Cytotoxicity. Cytotoxicity against A549 (human
nonsmall cell lung carcinoma cells) and HEK293T (human embryonic
kidney cells 293T) cells was evaluated by standard MTT cell viability
assay. Cells were seeded in 96-well plates at a density of 5 × 103 cells
per well and incubated in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) containing 10% fetal bovine serum (FBS) at 37 °C
and under 5% CO2 for 24 h. The culture medium was replaced by free
HCPT, NFHEMNs or RFHEMNs with increasing concentrations of
HCPT (from 0.01−100 μM). After treatment for 24 h, 20 μL of MTT
solution (5 mg/mL in PBS) was added and further incubated for 4 h.
The formazan precipitate was then dissolved in DMSO (150 μL) and
cell viabilities were analyzed and recorded on a microplate reader
(Biorad, USA).

2.7. Analysis of Cell Cycle Distribution by Fow Cytometry.
A549 cells (5 × 105 cells per well) were seeded in 6-well plates,
incubated for 24 h, and treated with free HCPT, NFHEMNs or
RFHEMNs with different concentrations of HCPT (0.01, 0.1, and 1
μM) for 12 h. Then the cells were harvested with trypsin, washed with
PBS, and fixed by cold 70% ethanol. Subsequently, cells were treated
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with RNase A, labeled with propidium iodide, and analyzed by a flow
cytometer (Becton Dickinson, San Jose, CA).
2.8. Anti-Cell-Migration Study. In Vitro Wound-Healing Assay.

To assess cell motility, A549 cells (5 × 105 cells per well) were seeded
in 24-well plates and cultured as confluent monolayers. The
monolayers were scraped with a sterile white micropipette tip (0 h)
to create a denuded zone with constant width and washed twice to
remove cellular debris. The cells were exposed to free HCPT,
NFHEMNs or RFHEMNs (with an HCPT concentration of 100 μM)
for 6 h. The medium was then replaced with fresh DMEM containing
2% FBS. At 0 and 24 h, the scratched monolayers were photographed
by using an inverted microscope (Olympus) and the scratch width was
determined. Wound healing was quantified as the average linear speed
of the wound edges over 24 h.
Transwell Migration Assays. A549 cells were seeded into the upper

chamber of a transwell insert (6.5 mm diameter, 8 mm pores; Corning,
New York, USA) at a density of 1.5 × 104 cells per well, DMEM (500
mL) with 10% FBS was added to the lower chamber, and the 24-well
plate was incubated for 24 h. The cells were treated with free HCPT,
NFHEMNs or RFHEMNs (with an HCPT concentration of 100 μM)
for 6 h. The medium in the top chamber was then replaced with
serum-free DMEM medium and the medium in the lower chamber
was replaced with fresh DMEM containing 10% FBS. Cells were
incubated for 24 h, and the nonmigrated cells were scraped off the
upper surface of the membrane with a cotton swab. MTT assay was
used to determine the migrated cells remaining on the bottom surface.
The migration rate (percentage of migrated cells) was calculated
according to eq 1, in which ODmig is the optical density (OD) of
migrated cells and ODtotal is the OD of total cells. The degree of
inhibition of cell migration was calculated according to eq 2, in which
Migctrl and Migt are the migration rate of control and treated cells,
respectively.

= ×migration rate (%) OD /OD 100%mig total (1)

= − ×inhibition of migration (%) (Mig Mig )/Mig 100%ctrl t ctrl
(2)

2.9. Statistical Analysis. All data are presented as the mean ± SD
(standard deviations). Statistical significance between the control and
test groups was evaluated by Student’s t test. The differences were
considered statistically significant when P < 0.05.

3. RESULTS AND DISCUSSION
3.1. Characterization of MPEG-PLGA and Mal-PEG-

PLGA Copolymers. First, gel permeation chromatography
(GPC) was used to determine the molecular weight and its
distribution (polydispersity index, PDI) of these two
copolymers. As listed in Table 1, MPEG-PLGA has a

number-average molecular weight (Mn) of 11626 Da and a
PDI of 1.360, whereas the Mn and PDI of Mal-PEG-PLGA
copolymer were 10034 Da and 1.295, respectively. Thus, the
obtained copolymers have a similar Mn and a relatively narrow
molecular weight distribution. Then, the molecular structure of
the copolymers was verified by 1H NMR spectroscopy and the
spectra are shown in Figure 1, in which all the peaks from the
copolymers are assigned to specific chemical groups. There are
some common peaks for the two copolymers, including the
sharp peak at 3.64 ppm (methylene groups of the PEG), the

peaks at 1.57 and 5.19 ppm (methyl group and the −CH−
group of D,L-lactide repeat units) and the peaks around 4.82
ppm (the −CH2− group of the glycolide repeat units). The
small peak appeared at 3.38 ppm corresponds to −OCH3
groups of the MPEG unit in MPEG-PLGA copolymer (Figure
1a), while the characteristic resonance detected at around 6.70
ppm is assigned to the maleimide groups of Mal-PEG-PLGA
copolymer (the inset in Figure 1b). These results testify to the
successful synthesis of these two copolymers. The Mn of
MPEG-PLGA and Mal-PEG-PLGA copolymers calculated from
the 1H NMR spectra were 15486 and 14880 Da, respectively
(Table 1). This difference of Mn between NMR calculation and
GPC measurements is also reported by Ding’s group and may
arise from different standards.40

3.2. Preparation and Characterization of RGDC
Functionalized and 10-Hydroxycamptothecin-Encapsu-
lated Magnetic Nanohybrids (RFHEMNs). To validate that
the Michael addition reaction occurs between the sulfhydryl
group of RGDC and the maleimide of Mal-PEG-PLGA
copolymer, we used Mal-PEG-PLGA copolymers to prepare
empty micelles by a dialysis method and RGDC was coupled to
the micelle surface, obtaining the RGDC-functionalized PEG-
PLGA (RGDC-PEG-PLGA) empty micelles. The 1H NMR
spectra of tetrapeptide RGDC and RGDC-PEG-PLGA empty
micelles were presented in Figure 2. All the signals from the
RGDC are ascribed to specific functional groups (Figure 2a).
The successful conjugation of RGDC with Mal-PEG-PLGA
copolymer was proven by the peaks from peptide bonds
(−NH−CO−) of RGDC appeared at around 8.23 ppm (Figure
2b, inset (i)) and the absence of maleimide signal at around
6.70 ppm (Figure 2b, inset (ii)) when compared to Figure 1b.
As shown schematically in Scheme 1, RGDC-functionalized

and 10-hydroxycamptothecin-encapsulated magnetic nanohy-
brids (RFHEMNs) were prepared by simultaneously incorpo-
rating magnetite nanoparticles and HCPT into the polymeric
micelles self-assembled from Mal-PEG-PLGA amphiphilic
copolymer through a facile dialysis method, and then
conjugating RGDC to the surface of these micelles via a
maleimide-mediated covalent binding procedure. A reasonable
drug loading content of (6.63 ± 0.16)% was achieved in
RFHEMNs, thus the water solubility of HCPT was largely
improved. The drug loading content of RFHEMNs is a little
lower than a recently developed magnetic polymer-based
nanohybrid,29 this is probably due to the different preparation
methods. RFHEMNs were fabricated by two steps (drug
loading and RGDC conjugation) and some loaded HCPT
could release from the micelles during the RGDC coupling
process, whereas the HCPT-loaded magnetic nanohybrids in
ref 29 were prepared by a one-step precipitation method. For
comparison, RGDC-functionalized empty micelles (RFEMs)
were also fabricated.
Particle size of drug delivery systems is of key importance for

the cellular uptake and plays a critical role in EPR effect of
tumor tissues.41 Transmission electron microscopy (TEM)
images provide direct evidence for the formation of polymer
micelles with a distinct core−shell structure and indicate that
RFEMs and RFHEMNs have a well-defined spherical shape
with an average particle size of about 20 and 50 nm,
respectively (Figure 3a, b). It is apparent that a cluster of
magnetite nanoparticles have been embedded in the hydro-
phobic cores (Figure 3b). Compared to RFEMs, the increase in
size of RFHEMNs indicated the successful loading of magnetite
nanoparticles and HCPT. DLS was used to characterize the

Table 1. MPEG-PLGA and Mal-PEG-PLGA Copolymer
Used in This Study

sample Mn
a (Da) PDIa Mn

b (Da)

MPEG-PLGA 11626 1.360 15486
Mal-PEG-PLGA 10034 1.295 14880

adetermined by GPC. bcalculated from 1H NMR.
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hydrodynamic size and its distribution of RFEMs and
RFHEMNs, and the results were displayed in the insets of

Figure 3a, b. The mean hydrodynamic diameter of RFEMs and
RFHEMNs were 144 and 197 nm, respectively. An increase in

Figure 1. 1H NMR spectra of (a) MPEG-PLGA and (b) Mal-PEG-PLGA copolymer in CDCl3. The inset in (b) represents magnification of 6.5−6.9
ppm, in which the maleimide signal can be clealy seen at 6.70 ppm.

Figure 2. 1H NMR spectra of (a) tetrapeptide RGDC and (b) RGDC-PEG-PLGA empty micelles in DMSO-d6. The insets i and ii in b represent
magnification of 8.0−8.5 and 6.6−6.8 ppm, respectively, in which the peptide bond signal from RGDC can be seen at 8.23 ppm, whereas the
maleimide signal at 6.70 ppm can not be detected.

Scheme 1. Schematic Diagrams Illustrating the Preparation of RGDC Functionalized and 10-Hydroxycamptothecin-
Encapsulated Magnetic Nanohybrids (RFHEMNs) via a Dialysis Method and Their Interaction with Integrin αVβ3-
Overexpressing Cells
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the size of RFHEMNs was also observed, which is consistent
with the TEM results. The polydispersity of RFEMs and
RFHEMNs were 0.220 and 0.216, respectively, suggesting a
relatively narrow size distribution. The great disparity in size
determined by TEM and DLS may be attributed to the
difference of two measuring techniques. The larger hydro-
dynamic diameter obtained from DLS relative to TEM was
probably due to the existence of a PEG hydration layer around
the core.42 The SEM image of RFHEMNs also provided
evidence that they had a spherical shape and showed
homogeneous size distribution with diameter of about 50 nm
(see the Supporting Information, Figure S1).
The magnetic property of the RFHEMNs was investigated

by PPMS at 10K, 300 and 310 K with the magnetic field range
0−20 kOe. It can be seen from Figure 3c that RFHEMNs
displayed ferromagnetic characteristics at 10 K with a coercivity
of 136 Oe and a saturation magnetization of 11.75 emu/g. By
comparison, no detectable coercivity and magnetic remanence
is observed at 300 and 310 K, thus RFHEMNs exhibit typical
superparamagnetic behavior at room and body temperature,
with the saturation magnetization about 10.25 and 10.01 emu/
g, respectively, which is sufficient for magnetic field guided drug
delivery.8,22

3.3. Drug Release Study. To understand the release
behavior of HCPT from RFHEMNs, in vitro release studies
were performed in two most commonly used conditionsa
simulated physiological solution (PBS, pH 7.4) and an acidic
environment (sodium acetate buffer, pH 5.0). The relationship
of the amount of HCPT released from RFHEMNs with time is
shown in Figure 4. It was observed that the release profiles of

HCPT from RFHEMNs in both solutions exhibit the
characteristic of sustained release.

It is worth stressing that HCPT release profiles are pH-
dependent. At physiological pH 7.4, the drug release was
considerably faster compared with mildly acidic pH 5.0. The
amount of HCPT release reached about 70% at pH 7.4 after 96
h. However, only about 45% release was observed in the same
amount of time at pH 5.0, which indicates a good stability of
RFHEMNs under acidic conditions. This remarkable difference
can be explained by the instability of HCPT at higher pH

Figure 3. (a) TEM images of RGDC-functionalized empty micelles (RFEMs) after negative staining with 2% sodium phosphotungstate, the insets
represent the hydrodynamic size and size distributions determined by DLS; (b) TEM images of RFHEMNs, the upper-right and lower-right insets
shows hydrodynamic size distribution and TEM images of RFHEMNs at low magnification, respectively; (c) magnetization curve for the RFHEMNs
at 10, 300, and 310 K.

Figure 4. In vitro release profiles of HCPT from RFHEMNs under
neutral (pH 7.4) and acidic conditions (pH 5.0) at 37 °C. The results
are expressed as mean ± standard deviation (SD) from three
independent experiments.
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values. The higher pH value could transform HCPT (lactone
form) into the highly water-soluble carboxylate form, thus
dramatically improves its solubility, which is favorable for
penetrating through micelle cores and the faster release. This
pH-dependent release behavior of HCPT was also reported by
other groups.43,44 The acidic intracellular environment of most
cancer cells will facilitate the sustained and slow release of
HCPT from RFHEMNs.
3.4. Targeted Anticancer Action of RFHEMNs in Vitro.

To evaluate the targeting ability of RFHEMNs to cancer, two
cell linesA549 (human nonsmall cell lung carcinoma cells)
and HEK293T (human embryonic kidney cells 293T) cells
were chosen for in vitro cell viability study. It has been
documented that A549 cells can overexpress the integrin αVβ3,
whereas the HEK293T cells express almost no αVβ3.

45,46

As a drug delivery carrier, the biocompatibility/safety issue is
the first priority that need to be considered. Therefore, the
nonfunctionalized and RGDC-functionalized, magnetite nano-
particles-loaded micelles (denoted as NFMNLMs and
RFMNLMs respectively) without HCPT loading were
prepared and their cytotoxicity was determined in normal
HEK293T cells. It can be seen from Figure 5a that NFMNLMs
and RFMNLMs exhibited no clear cytotoxicity against
HEK293T cells in a broad concentration range (50−800 μg/
mL) for 24 h, the cell viability remained above 94% and even
exceeded 100% at concentrations of 100, 400, and 800 μg/mL.
That is, NFMNLMs and RFMNLMs without HCPT loading
have an excellent biocompatibility and can serve as a well-
designed drug delivery system.

Then to examine the targeting efficiency and pharmaco-
logical activity of RFHEMNs, the inhibitory effect of free
HCPT, NFHEMNs and RFHEMNs on A549 cells was tested
(Figure 5b). A dose-dependent cytotoxity to A549 cells was
observed for free HCPT, NFHEMNs and RFHEMNs.
Moreover, it is very interesting to note that a much stronger
suppression effect on A549 cell growth and proliferation was
observed for RFHEMNs than that of free HCPT and
NFHEMNs at each concentration. In RFHEMNs, the RGDC
tetrapeptide was conjugated to act as a targeting ligand. The
strong binding affinity between αVβ3 and RGD-containing
peptides facilitates the intracellular uptake of RFHEMNs
through integrin meditated endocytosis, which accounted for
the enhanced antitumor potency. In addition, we also found
that NFHEMNs and RFHEMNs were superior to free HCPT
whether with RGDC coupling or not, indicating that the
therapeutic effect of HCPT was significantly improved when
incorporated into magnetic nanohybrids. Cytotoxicity of
NFMNLMs and RFMNLMs against A549 cells was also
determined, and the results in Figure 5c suggested that almost
no cytotoxicity was detected at all the tested concentrations, so
the antitumor activity of NFHEMNs and RFHEMNs was
ascribed to HCPT.

3.5. Cell Cycle Arrest Induced by RFHEMNs. Typically,
the progression of cell cycle in eukaryotes is a complex process
including the resting G0 phase, and cell growth involving G1, S
and G2/M phases in a stepwise manner. The antitumor
mechanism of camptothecin (CPT) and its derivatives such as
HCPT is based on inhibition of DNA replication and RNA

Figure 5. In vitro cell viability of (a) HEK293T and (c) A549 cells after incubation with the NFMNLMs and RFMNLMs at different concentrations
for 24 h. (b) Growth inhibition assay for A549 cells treated with free HCPT, NFHEMNs, and RFHEMNs at different HCPT concentrations after 24
h incubation. *P < 0.05 and **P < 0.01, NFHEMNs, and RFHEMNs relative to free HCPT. The data represent the mean ± SD from three
replicates for each run.
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transcription by stabilizing the cleavable complexes formed
between nuclear enzyme topoisomerase I (topo I) and
DNA.21,28,44 It has been reported that HCPT is a cell cycle-
specific agent that mainly arrests cells during DNA synthesis (S
phase) and suppresses the growth and proliferation of cells.47

To test whether the three HCPT formulations could affect
the cell cycle progression, A549 cells were exposed to free
HCPT, NFHEMNs and RFHEMNs with different HCPT
concentration for 12 h and then were subjected to flow
cytometric analysis after DNA staining. As shown in Figure 6
and Table 2, exposure of A549 cells to three HCPT
formulations resulted in a significant S phase arrest, and the
proportion of cells in the S phase of the cell cycle increased in a
concentration-dependent manner during the tested range of
concentration. These results revealed that introduction of the
three HCPT formulations leaded to a redistribution of the cell
cycle phase, which might remarkably influence the proliferation
of A549 cells. Furthermore, RFHEMNs did not exert the
strongest effect of S phase arrest even though the highest

cytotoxicity to A549 cells was observed, indicating that the
cytotoxicity of HCPT is associated not only with the alteration
of cell cycle and DNA fragmentation but also with the
triggering of apoptosis. Actually, the apoptosis-induction
activity of HCPT has been reported in our previous study.22

3.6. Enhanced Anti-Cell-Migration Activity of
RFHEMNs. Having shown the potent in vitro antitumor and
cell cycle arrest effects of RFHEMNs, their inhibitory action on
cell migration was tentatively investigated. First of all, wound
closure experiments were conducted to examine the effect of
three HCPT formulations on collective cell migration. The
scratched monolayer was photographed at 0 and 24 h (Figure
7a), it is easy to find that the wound closure was obviously
inhibited by three HCPT formulations compare to the control
group, the inhibition rate was in a rank order of RFHEMNs >
NFHEMNs > free HCPT > control. To quantify the wound
healing, the scratch width was determined and the average
linear speed of the wound edges was calculated. As shown in
Figure 7b, cell migration speed of control group was 13.53 μm/

Figure 6. Cell cycle distribution of A549 cells after treatment with (a) control medium, (b) free HCPT, (c) NFHEMNs, and (d) RFHEMNs (with
HCPT concentrations of 0.01, 0.1, and 1 μM) for 12 h and analyzed by flow cytometry.
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h. After treatment with free HCPT, NFHEMNs, and
RFHEMNs (with an HCPT concentration of 100 μM) for 6
h, wound closure speed decreased to 8.62, 4.50, and 1.36 μm/h,
respectively, and there are statistically significant differences (P
< 0.01) relative to control medium. Interestingly, RFHEMNs
exhibited the highest anti-cell-migration activity.
This superior anti-cell-migration activity of RFHEMNs may

be explained by several factors. First, the active lactone form of
HCPT in RFHEMNs or NFHEMNs is kept intact due to the
protection of the polymer micelles. This can extend the drug’s
half-life in the medium. Moreover, receptor (integrin αVβ3)-
meditated endocytosis enhanced the cellular internalization of
RFHEMNs by A549 cells, thus increased the uptake of HCPT.
In addition, RGDC peptide on the surface of RFHEMNs can

selectively bind with integrin αVβ3 and affect its functions which
in turn inhibits cell migration. It is known that integrins
including αVβ3 are crucial for the attachment of cells to
extracellular matrix during the process of cell invasion and
migration.33

Then, a filter membrane migration assay was performed to
determine whether RFHEMNs influence single cell migration.
In this assay, A549 cells were seeded on the top side of the
membrane and were allowed to migrate through the pores of
the membrane into the lower compartment, in which
chemotactic factor (DMEM medium containing 10% FBS) is
present. It can be seen from Figure 8a that about 59.27% A549
cells migrate across the pored filter membrane to the lower side
of the filter membrane during 24 h incubation. Yet, the
migration rate of A549 cells decreased dramatically when
exposed to free HCPT, NFHEMNs and RFHEMNs (with an
HCPT concentration of 100 μM) for 6 h, with a migration rate
of 42.14%, 38.66% and 27.34% respectively, and there are
statistically significant differences (P < 0.01) as compared to the
control cells. Accordingly, the inhibition rate of migration was
calculated, and the results are presented in Figure 8b. These
results are in accordance with those obtained from wound
healing assays and suggest that RFHEMNs exerted the
strongest suppress effect on cell migration with an inhibition
rate of 53.87%, nearly twice that free HCPT (28.90%). The
inhibitory action on cell migration was also in an order of
RFHEMNs > NFHEMNs > free HCPT > control. Together,
these results indicate that RFHEMNs displayed an inspiring
inhibitory effect on migration of A549 cells and may be a
promising candidate for chemotherapy of metastatic cancer.
Further studies are required to elucidate the underlying
mechanisms for this enhanced anti-cell-migration activity of
RFHEMNs.

Table 2. Proportion of G1, S, and G2 Phase A549 Cells after
Exposing to Three Different HCPT Formulations (with
HCPT concentrations of 0.01, 0.1, and 1 μM) for 12 ha

cell cycle distribution of A549 cells (%)

HCPT concentration (μM) G1 S G2

control
0 53.14 35.23 11.63

free HCPT
0.01 52.21 35.28 12.51
0.1 52.36 37.17 10.48
1 32.90 65.76 1.33

NFHEMNs
0.01 53.92 41.29 4.79
0.1 52.26 42.08 5.66
1 31.40 68.60 0

RFHEMNs
0.01 49.73 36.15 14.12
0.1 48.98 40.01 11.01
1 51.93 48.07 0

aThese data were obtained from Figure 6.

Figure 7. Wound-healing assays for determining cell migration. (a) Scratch width of control and treated A549 cells at 0 and 24 h. Cells were treated
with control medium (I), free HCPT (II), NFHEMNs (III), and RFHEMNs (IV) (with an HCPT concentration of 100 μM) for 6 h. Wound edges
are marked with red lines. (b) Quantified speed of wound healing (n = 3, mean ± SD, ** denote P < 0.01 versus control cells).
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4. CONCLUSION

In summary, RGDC functionalized and 10-hydroxycamptothe-
cin-encapsulated magnetic nanohybrids (RFHEMNs) were
successfully fabricated and carefully characterized in this
study. The RFHEMNs have a well-defined spherical shape, a
size around 50 nm and good superparamagnetism. We
demonstrated that RFHEMNs exhibits significantly higher in
vitro antitumor potency against A549 cells, in comparison to
the free drug HCPT and nontargeting NFHEMNs. Flow
cytometry analysis indicated that this antiproliferative efficacy
was possibly mediated by an arrest of S-phase of the cell cycle.
It is inspiring to note that RFHEMNs display much stronger
anti-cell-migration activity than free HCPT and NFHEMNs as
determined by in vitro wound-healing assay and transwell assay.
Therefore, our results suggested that the RFHEMNs hold great
potential to be a powerful nanoscale drug delivery system for
targeted chemotherapy of integrin αVβ3-overexpressing meta-
static tumors.
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