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Nanotherapeutic strategy is well recognized as the therapeutic approach of the future. Numerous reports
have demonstrated the use of nanoparticulate drug carriers for the development of targeted nanothera-
peutics by, for instance, incorporation of a moiety that specifically targets certain diseased cells. However,
systematic investigation of this aspect has been inadequate, especially with regard to nanosystems with
remotely controlled drug delivery. The authors previously designed a magnetic-responsive core-shell
drug delivery nanosystem which proved to be technically feasible in vitro. In the present study, this nano-
system is modified for targeted delivery of an anticancer agent (encapsulated camptothecin (CPT)) to can-
cer cells overexpressing epithelial growth factor receptor (EGFR) with accurate intracellular drug release.
The endocytosis of the nanocarriers by cancer cells, the pathway of cellular uptake and the subsequent
intracellular controlled drug delivery were systematically investigated. It was found that the modified
nanocarriers showed reasonably high drug load efficiency for CPT and a high uptake rate by cancer cells
overexpressing EGFR through clathrin-mediated endocytosis. The intracellular release of the CPT mole-
cules via an external magnetic stimulus proved to be technically successful and ensured much higher
therapeutic efficacy than that obtained with the free drug. This study employs multiple functions for
nanotherapeutic treatment of specific target cells, i.e. cell-specific targeting, controlled cellular endocy-
tosis and magnetic-responsive intracellular drug release.

© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

One of the main goals of nanomedicine is to develop a nanocar-
rier that can selectively deliver anticancer drugs to target tumors
and affect as few healthy cells as possible. The past decades of out-
standing progress in fundamental cancer biology have not trans-
lated into comparable advances in clinical cancer chemotherapy.
Traditional liposomal drug carriers are limited by low drug encap-
sulation efficiency (EE), poor storage stability, rapid clearance from
the blood stream, non-specific uptake by the mononuclear
phagocytic system, poor control over release of the drug from the
liposome and rapid drug loss profiles in vivo [1,2]. By integrating
the explosive developments of nanotechnology and oncology in
drug delivery, many types of nanocarrier have the potential for
offering solutions for several of these problems [3]. For example,
some targeting molecules attached to nanocarriers, such as anti-
bodies, peptides, ligands or nucleic acids, further enhance the rec-
ognition and internalization of the carriers by target sites such as
human epidermal growth factor receptor-2 (HER-2) [4-6] and folic
acid receptor [7-9]. Moreover, most drug-containing nanoparticles
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achieve accumulation in tumor tissues through enhanced perme-
ation and retention (EPR) [10,11], resulting in a several-fold incre-
ment of drug concentrations in solid tumors relative to those
obtained with free drugs [12]. The next generation of nanoparti-
cle-based research is directed at the consolidation of functions into
strategically engineered multifunctional systems which may ulti-
mately facilitate the realization of personalized therapy. Such mul-
tiplexed nanoparticles may be aimed at integrating therapeutic,
diagnostic or monitoring components in a synergistic fashion to
achieve a more potent target response and to eliminate cancer cells
with minimal side effects through selective drug targeting and
treatment monitoring in real time [13]. The magnetically sensitive
iron oxide nanoparticle is an outstanding candidate for multifunc-
tional systems as a contrast agent, drug carrier or a combined func-
tion, or for assembly into a device-like carrier. Such magnetic
nanoparticles can be further functionalized through surface modi-
fication or combination with functional moieties on their surface,
as widely highlighted in a variety of biomedical applications,
including drug/gene delivery [14-17], bioseparation [18], magnetic
resonance imaging [19,20] and hyperthermia therapy [21]. How-
ever, reports addressing key issues between such magnetic sensi-
tive nanosystems and the biological environment, such as
cellular uptake, cell-specific targeting, cellular internalization and
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intracellular drug delivery, are most desirable. A deeper under-
standing of such nanosystem-cell interaction is expected to
encourage the development of a better nanotherapeutic strategy
for targeted diseases such as malignant tumors. However, to im-
prove the therapeutic efficacy of the nanoparticle-based drug
delivery system, it is critically important to understand the physi-
cochemical properties and the role of the cancer-cell phenotype in
the adhesion [22] and uptake of the carrier and intracellular traf-
ficking. To date, several reports have discussed the internalization
of nanoparticles into target cells by endocytic pathways in terms of
their size, concentration and biological behavior [23-25].

In a previous study, a novel drug delivery nanosystem was de-
signed and constructed by self-assembly of iron oxide (SAIO) nano-
particles in the presence of polyvinyl alcohol (PVA), followed by
coating with a thin layer of silica shell for controlled drug release
via an external magnetic stimulus; ibuprofen (IBU) was employed
as a model molecule [26]. However, IBU did not show any thera-
peutic effect for cancer in real time, and the study did not discuss
the interaction between drug delivery nanosystem and organisms
in earlier works. In the present study, this nanosystem was
equipped for intracellular delivery of targeted anticancer drugs.
The chemotherapeutic drug, camptothecin (CPT), a relatively
water-insoluble compound, was employed, encapsulated in the
magnetic core and covered with an ultra-thin silica shell (hereafter
termed CPT-SAIO@SiO,). In addition, poorly water-soluble drugs
are difficult to develop as a conventional formula [27], and thus
SAIO@Si0, is an interesting candidate for a solution to this prob-
lem. The thin silica shell was designed as a physical barrier to elim-
inate undesirable drug leakage, so that for clinical use a better and
more timely manageable dosage of the drug could be delivered on
reaching the target sites. Then, use of an external magnetic stimu-
lus allows a pulse-type drug release to be readily achieved in a
realtime responsive manner without undesirable delays in dosing
accuracy. Furthermore, the CPT-SAIO@SiO, was modified using a
specific ligand, i.e. anti-EGFR (epithelial growth factor receptor),
for targeting the EGF receptor which has elevated expression in
non-small-cell lung cancer [28]. The behavior of cells following
incubation with CPT-SAIO@SiO, nanocarriers and exposure to a
magnetic field was also monitored. In addition, the cellular uptake
efficiency and the internalization fate of these novel cell-targeting
CPT-SAIO@SiO, nanocarriers were systematically examined. Anti-
EGFR conjugated CPT-SAIO@SiO, nanocarriers were successfully
designed for selective and effective intracellular delivery to the
A549 cell line. It was not only internalized in the right population
of cells, but also showed controllability for drug release from the
system.

2. Materials and methods
2.1. Synthesis of magnetic nanoparticles

The processes of synthesis were developed by Sun et al. [29].
Five-nanometer iron oxide nanoparticles were mixed with 2 mmol
Fe(acac)s, 10 mmol 1,2-hexadecanediol, 6 mmol dodecanoic acid
and 6 mmol dodecylamine. The mixture were dissolved in 20 ml
benzyl ether and refluxed in 200 °C for 30 min under a flow of
nitrogen situation, and then heated to 300 °C for another 1 h. After
cooling, the product was collected by centrifugation at 6000 rpm
for 10 min and then washed four times with excess ethanol.

2.2. Synthesis of SAIO@SiO, nanocarriers

The self-assembled iron oxide nanoparticles were prepared by
taking iron oxide nanoparticles dispersed in chloroform to form
an oil phase and adding 2% PVA aqueous solution as a polymer

binder. The mixture was emulsified by ultrasonication, then heated
to evaporate the organic solvent. After the solvent had been re-
moved, the mixture was washed in deionized water (DI water)
and collected. The precipitates were redispersed in water, and
are hereafter termed SAIO. The silica shells were coated on the
SAIO nanospheres by modifying the Stéber method, where SAIO
were dispersed in absolute alcohol and added dropwise to tetra-
ethylorthosilicate (TEOS). Then 33% NH4OH was added to the mix-
ture and stirred for 12 h. After hydrolysis and condensation, it was
washed with DI water and redispersed in water, termed SAIO@SiO,
hereafter.

2.3. Anti-EGFR modifications

First, 5 mg SAIO were dispersed in 4 ml of 99.5% ethanol, 40 pl
TEOS and 40 pl ethanolic 3-aminopropyltrimethoxysilane (APTMS)
was slowly added to the mixture separately and stirred for 30 min.
Then, 0.1 ml of 33% NH4OH was added to the solution and stirred
for 12 h. After hydrolysis and condensation, the amino groups were
exposed on SAIO@SiO, nanocarriers. Then, 20 pl anti-EGFR was
well mixed with amino group exposed SAIO@SiO, nanocarriers
and incubated at 4 °C for 2 h, and 50 pl 0.1% 1-ethyl-3-[3-dimeth-
ylaminopropyl]carbodiimide hydrochloride (EDC) was added to
the mixture and magnetically stirred for 4 h. Finally, the unreacted
chemicals were removed by rinsing with DI water, termed hereaf-
ter SAIO@SiO,@AE, anti-EGFR conjugated on SAIO@SiO, nanocarri-
ers. In addition, the grafted efficiency of anti-EGFR was measured
by UV-Vis spectrometer at a wavelength of 275 nm.

2.4. Drug loading and release

Drug-loaded nanocarriers were prepared by dissolving
0.25 mg ml~! CPT((S)-(+)-CPT, ~95%, Sigma) in chloroform with iron
oxide nanoparticles inan oil phase. CPT, iron oxide nanoparticles and
PVA are components forming a core phase, i.e. SAIO, before ultrason-
ication, and silica shell was also applied on SAIO to form drug-loaded
SAIO@SiO, (termed CPT-SAIO@Si0,). Then, CPT-SAIO@SiO, was col-
lected by centrifugation, and free CPT, and the supernatant was re-
moved. Before the drug release test, the CPT-SAIO@SiO,
nanocarriers were centrifuged and re-suspended in Dulbecco’s mod-
ified Eagle’s medium (DMEM). CPT loaded in the nanocarriers was
quantified using a UV-Vis spectrometer (SP-8001, Metertech Inc.)
at a wavelength of 366 nm, a characteristic absorption band of CPT.
To measure the concentration of drug released, the dispersed nano-
carriers were separated by centrifugation and taken out of the clear
solution for estimation. The EE of the drug in the nanocarriers was
calculated as follow: EE(%) = A/B x 100%, where A is defined as the
amount of CPT released completely from the nanocarriers, and B is
the total amount of CPT added in the process.

2.5. Cell culture

Human lung adenocarcinoma cell line A549 and human breast
adenocarcinoma cell line MCF7 were obtained from the American
Type Culture Collection. Both were grown in DMEM and supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomy-
cin at 37 °C in a 5% CO,-humidified atmosphere.

2.6. Determination of cellular uptake by flow cytometry

In order to estimate the cellular uptake of the nanocarriers,
green-emitting fluorescein dye was attached to the SAIO@SiO,
nanocarriers (FITC-SAIO@SiO,) for the study. First, fluorescein
isothiocyanate (FITC) was mixed with ethanolic 3-APTMS solution
for 24 h at room temperature to form N-1-(3-trimethoxysilylpro-
pyl)-N-fluoresceyl thiourea (FITC-APTMS). The cellular uptake
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quantity of the nanocarriers was confirmed by flow cytometry. The
cells were plated 2 x 10° in 6-well plates and grown to 80% conflu-
ence. They were then incubated with FITC-SAIO@SiO, or FITC-
SAIO@SiO,@AE particles for different periods, and then washed
with phosphate buffered saline (PBS, pH 7.4) three times to remove
the nanocarriers that did not enter the cells. The cells were har-
vested by trypsin-EDTA and re-suspended in medium for subse-
quent analysis with a flow cytometer by accumulating 10,000
events, and were analyzed using CELLQUEST® software.

2.7. Immunofluorescence and confocal microscopic analysis

Cells were seeded and grown on glass coverslips for 24 h and
then treated with FITC-SAIO@SiO, or FITC-SAIO@SiO,@AE particles
for 2 h. Afterwards, they were washed in ice-cold PBS and fixed for
15 min with 3% formaldehyde, and permeabilization was per-
formed with 0.1% Triton X-100 in PBS for another 15 min. Then,
the cells were blocked for non-specific binding with 1% BSA in
PBS, and incubated with primary antibodies against mouse clathrin
(1:100 dilution in PBS) for 1 h, washed and then incubated with
secondary antibodies conjugated to Alexa Fluor 594 (1:100 in 1%
BSA/PBS). Cells were subsequently washed three times in PBS
and then stained with DAPI dye (1 ugml~') for 10 min. Finally,
they were mounted on fresh glass slides with mounting solution
(Dako) and observed using confocal microscopy. To label late endo-
some or lysosome of cells using LysoTracker®, Red Lysosomal
Probe, similar to foregoing, A549 cells was incubated with probe-
containing medium (50 nM) for 30 min at 37 °C. The cells were
rapidly washed with ice-cold PBS and fixed and mounted. Samples
were then viewed on a fluorescence microscope.

2.8. Endocytosis pathway analysis

A549 cells were seeded for 24 h in 6-well plates and incubated
for 30 min with inhibitors. The optimized inhibitor concentrations
were used as follows: cytochalasin D (CytD, 3 pgml~!); chlor-
promazine (CPZ, 6.5 ug ml~!), genistein (50 pg ml~'), methyl-B-
cyclodextrin (MBC, 75 pgml~!) and nocodazole (10 pgml~?).
Later, FITC-SAIO@SiO, or FITC-SAIO@SiO,@AE nanocarriers were
treated with A549 for 2 h. Subsequently, the cells were washed
three times with PBS and harvested for analysis by flow cytometry.
Cellular uptake (%) on A549 was calculated by comparison with
that in the absence of inhibitor (100%, control) for both SAIO@SiO,
and SAIO@SiO,@AE nanocarriers.

2.9. Effect of magnetic field stimulus

A549 cells were treated with SAIO@SiO, or CPT-SAIO@SiO,@AE
nanocarriers for 6 h, and then samples were placed into the coil of
HFMF apparatus stimulated by high frequency magnetic field
(HFMF, 2.5 kAm™!, 50 kHz) for different durations. Subsequently,
cells were incubated for 18 h, and then the anticancer effect was
measured by MTT assay. Briefly, the cells were harvested in the
log phase growth stage and seeded in 96-well plates, then treated
with nanocarriers for 24 h. After that, the cultures were incubated
with MTT reagent for 4 h, and the absorbance was monitored on an
ELISA reader at a wavelength of 570 nm. Cell viability was deter-
mined by comparison with untreated cells and calculated accord-
ing to the following equation: cell viability (%)= (Asample/
Acontml) x 100%.

3. Results and discussion
3.1. Morphological observation of SAIO@SiO, nanocarriers

Experimental observation showed that the CPT-SAIO@SiO,
nanocarriers exhibit a spherical geometry with an average particle
diameter of 100 nm (Fig. 1a). The iron oxide nanoparticles ~5 nm
in diameter were dispersed relatively uniformly within the core
phase of the nanocarriers, while the PVA was employed as a binder
to stabilize the iron oxide nanoparticles in position. A thin silica
shell coating on the nanocarrriers was prepared by hydrolysis
and condensation reactions of TEOS on the surface of the core
phase (Fig. 1b). Fig. 1c shows a representative image of CPT-SAIO@-
SiO,@AE, which has an average size of 102 nm diameter with no
significant difference compared with the size of CPT-SAIO@SiO,.
The silica formed a dense shell ~5 nm thick, uniformly deposited
over the entire surface of the core, which is believed to play the
role of a physical barrier to reduce undesired release, to a certain
extent, e.g. free diffusion, of drug before reaching a targeted dis-
ease site and, more plausibly, rendering a potential benefit to min-
imize side effects due to drug toxicity. In the meantime, the silica
layer may also protect the active/therapeutic agents in the core
from unwanted or unexpected environmental attack, such as oxi-
dation, acidic/basic reactions, enzymatic digestion, etc. Both the
intrinsic hydrophilicity and the protective nature of the silica shell
makes the nanocarrier an outstanding candidate for a drug delivery
system. In addition, both the SAIO and SAIO@SiO, nanoparticles
showed excellent dispersion characteristics in the liquid media,
i.e. PBS and DMEM (cell culture medium) solutions, for a duration
as long as 4 weeks, which suggests that they are potential drug car-
riers for practical uses, such as administration of injections.

100nm

Fig. 1. TEM images of (a) and (b) CPT loaded self-assembled iron oxide/silica core-shell (CPT-SAIO@SiO,) nanocarriers, and (c) SEM image of CPT-SAIO@SiO,@AE

nanocarriers.
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3.2. Encapsulation and release of CPT

Encapsulation efficiency was measured to be 68% for the SAIO
nanoparticles by comparison with the amount of the CPT left in
the solution after the encapsulation process was completed. How-
ever, EE was decreased to a level of ~42% for the SAIO@SiO, nano-
carriers. This reduction in efficiency is due to the CPT-containing
SAIO nanoparticles experiencing a number of washing and centri-
fugation steps in order to form a thin silica shell covering the SAIO
nanoparticles, forming SAIO@SiO, nanocarriers. The EE of SAIO@-
SiO,@AE is ~38%, believed to be due to the multiple steps of prep-
aration. However, such a loss can be minimized by optimization of
the preparation procedure, which is not emphasized in the current
study.

Fig. 2a shows the cumulative drug release of the SAIO nanopar-
ticles and SAIO@SiO, nanocarriers in DMEM buffer solutions. A
burst-like profile to a level of 40% of the drug was monitored in
the first 20 min of release for the CPT-containing SAIO nanocarri-
ers, and followed by sustained release to ~48% of the drug for
60 min. The rate of drug release reduced during the next 40 min,
believed to be due to the solubility of the hydrophobic drug. The
thin silica shell acting as a physical barrier effectively restricts
the outward diffusion of the CPT to a considerable extent. It is rea-
sonable to ensure that zero release by free diffusion of the CPT
from the nanocarriers can be achieved for a thicker silica layer.

However, the drug was released at only ~6% for a 1-h period for
the CPT-SAIO@SiO, nanocarriers. Upon closer examination of the
release profile for the CPT-SAIO@SiO, nanocarriers in Fig. 2a, an
amount of ~5% was achieved in the first 5 min, followed by a pla-
teau profile to ~6% for another 55 min of release. This finding indi-
cates that most of the released CPT may be originating from surface
desorption from the SAIO@SiO, nanocarriers in the preparation
process. After desorption from the surface, the CPT is largely inhib-
ited from further diffusion by the silica shell. However, it is also
reasonable to ensure that zero release by free diffusion of the
CPT from the CPT-SAIO@SiO, nanocarriers can be achieved for a
thicker silica shell.

This drug elution study clearly indicates that the silica shell, al-
beit as thin as 5 nm, acts as an effective barrier, which prevents the
CPT molecules to a considerable extent from free diffusion. This
finding also suggests that the ultrathin silica shell is structurally
compact, with full coverage over the entire surface of the SAIO
core, as evidenced in Fig. 1b, indicating a highly compatible inter-
face between the silica and core phase. In comparison with these
two drug carriers, the addition of an ultrathin silica shell is appar-
ently highly capable of achieving a relatively slow release pattern,
which offers the advantages of preserving and protecting the drug
molecules in the CPT-SAIO@SiO, nanocarrier.

3.3. Magnetically induced CPT release

Under magnetic stimulus, the release profile of CPT for the
SAIO@SiO, nanocarriers in different eluting media is demonstrated
in Fig. 2b and c, where a significant increase in the release profile
was detected through DMEM media, compared with those without
stimulus (Fig. 2a). This suggests that the rate of drug diffusion was
considerably increased upon magnetic stimulus, which, as sug-
gested in a previous study [26,30], is due to thermally induced dis-
ruption of the nanostructure of the carriers.

The release behavior of CPT in DMEM buffer is shown in Fig. 2b,
where CPT released to an amount of ~18% over a 60-min elution
was detected for 0.5-min and 1-min periods of stimulus, while
an increment to 40% over the same 60-min elution was detected
after the nanocarrier was subjecting to a 2-min stimulus at the
very beginning of the elution test. This observation indicates a
more extensive thermally induced diffusion and/or dissolution of
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Fig. 2. Cumulative drug release of SAIO and SAIO@SiO, nanocarriers, (a) without
magnetic field stimulus. (b) Drug release profiles of CPT from CPT-SAIO@SiO,
nanocarriers were triggered by different periods of magnetic stimulus in DMEM; (¢)
the drug release profile monitored for 24 h.

the CPT and, in the meantime, nanostructural disruption upon a
longer-period magnetic stimulus. In comparison with Fig. 2a, a
much higher, by four to six times, release amount was obviously
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Hydrophobic drug (CPT)

Iron oxide nanoparticles

CPT-SAIO
(Water soluble)

CPT-SAIO@5Si0,
(Water soluble)

(Qil soluble)

Fes0a4-PVA cores [Soft Matrix}

-Fe3Q4 as energy absorption

-Drug loading

- High-sensitivity magnetically
triggered release

Silica nanoshell (Hard Shell}
-Reduce drug diffusion
- Protect therapeutic molecules

Anti-EGFR (Functional Surface}
- Receptor targeting
- Enhance celluar uptake

CPT-SAIO@Si0,@AE
{Water soluble)

Fig. 3. Schematic illustration of the synthesis and structure of the self-assembled and anti-EGFR conjugated iron oxide/silica core-shell (SAIO@SiO,@AE) nanocarriers.

achieved upon magnetic stimulus. From monitoring the drug re-
lease profile up to 24 h (Fig. 2c), it seems that the action of drug re-
lease could be terminated efficiently when the stimulus was
removed. These results are explained collectively by: (a) mag-
netic-induced heating should affect dissolution of CPT in DMEM
and enhance a corresponding release profile; (b) nanostructural
disruption, especially the thin silica shell, may be transient, in
other words, no permanent damage, but temporary deformation
was operated upon the stimulus; and (c) such CPT-containing
core-shell nanocarriers provide great advantages in managing sus-
tained release with precise dose control in physiological
conditions.

3.4. Preparation of ligand-modified CPT-SAIO@SiO, nanocarriers

To impart targeting capability further onto the CPT-SAIO@SiO,
nanocarrier, the SAIO@SiO, nanocarriers were conjugated with
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the antibody, i.e. anti-EGFR, for active targeting purposes, which
is illustrated schematically in Fig. 3. Upon modification, amino
groups, exposed on the surface of the silica shell, were anchored
chemically using APTMS under condensation reaction, then the
amino groups conjugated to the anti-EGFR on its carboxyl site
using EDC as a linker (hereinafter, this is termed CPT-SAIO@-
SiO,@AE nanocarrier). Since it has been well recognized that bind-
ing of ligands onto EGFR can stimulate cell growth; therefore,
employing EGF as a targeting ligand onto a drug carrier is expected
to influence cellular behaviors, including cell growth (because EGF
mediates cellular signals), cell proliferation/differentiation, cell cy-
cle progression, adhesion, invasion, angiogenesis and inhibition of
apoptosis [31,32]. However, to avoid the interference arising from
cell growth and proliferation, neutralization of anti-EGFR antibody
is also selectively employed in this study. The coupling efficiency of
anti-EGFR on the nanocarriers was determined by UV-Vis spec-
troscopy at 275 nm, which gave ~75% of the added anti-EGF
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Fig. 4. Cell uptake efficiency measured by flow cytometry analysis for the FITC-SAIO@SiO,@AE nanocarriers accumulated in A549 (a) for periods of time; and (b), (c)
comparison of cell uptake efficiency and proportion of fluorescence intensity of SAIO@SiO,@AE and SAIO@SiO, nanocarriers. (d) SAIO@SiO,@AE nanocarriers accumulated in

MCF?7 cells for 1 h.
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coupled with the CPT-SAIO@SiO, nanocarriers, which corresponds
to ~7.5ug anti-EGFR on the surface of 1 mg CPT-SAIO@SiO,
nanocarriers.

3.5. Selective cellular uptake

EGFR is known to be overexpressed in a variety of human carci-
nomas, including cancers at the sites of head and neck, breast, co-
lon, ovary, lung, prostate and liver [33,34]. Enhanced EGFR
expression is associated with tumor invasiveness and resistance
to chemotherapy and radiation therapy, and correlates clinically
with poor prognosis and lower patient survival. A549, a cell line
from non-small cell lung cancer, has been reported with EGFR
overexpression, as detected by immunohistochemistry, and also
plays an important role in tumor formation and progression. With
such a characteristic of the A549 cell, the CPT-SAIO@SiO,@AE
nanocarriers were then employed for targeting evaluation.

The CPT-SAIO@SiO,@AE nanocarriers were internalized into the
A549 cells efficiently within 30 min, as characterized using fluores-
cence microscopy, and were monitored quantitatively by flow
cytometry. Fig. 4a shows the flow cytometric spectra of the

CPT-SAIO@SiO,@AE nanocarriers which were subjected to the cells
with an exposure time varying from 30 min to 2 h. Though the pro-
portional amount of the nanocarriers taken by the cells
(M1 + M2 + M3) was very much the same over periods of 30 min,
1 h and 2 h, corresponding to 98.77%, 99.21% and 99.55%, respec-
tively, the peak showed a pronounced right shift, i.e. when treated
with FITC-labeled CPT-SAIO@SiO,@AE nanocarriers for 30 min, the
fluorescence spectra of A549 cell were localized between ~10'and
102, and accumulated between ~10? and 10> for a 2-h period. The
corresponding fluorescence intensity was increased as measured
by FACS, which suggests an increasing amount of the CPT-SAIO@-
SiO,@AE nanocarriers being taken by a single cell. By comparison
with the CPT-SAIO@SiO, nanocarriers incubated with A549 for var-
ious time periods, as shown in Fig. 4b and c, the A549 cells took the
CPT-SAIO@SiO,@AE nanocarriers in a much more efficient way.
Such an outcome strongly implies EGFR overexpression on A549
cell membrane, and the anti-EGFR could bind efficiently to A549
cells and consequently enhanced cell uptake efficiency. Further
analysis of the flow cytometric spectra indicates that the
fluorescence intensity distribution of cells subjected to CPT-
SAIO@SiO,@AE nanocarriers shows more agglomeration than that
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subjected to CPT-SAIO@SiO, nanocarriers, where the spectrum of
the fluorescence intensity for the cells treated with CPT-SAIO@SiO,
nanocarrier showed a broad distribution, which was interpreted as
each cell taking a different number of CPT-SAIO@SiO, nanocarriers,
as selectively illustrated in Fig. 4b, where the fluorescence
intensity of cells illustrated a broad range of ~10'-10% (M1),
~10%-10% (M2) to ~103-10* (M3).

However, upon accumulating and analyzing 10,000 events
using the CPT-SAIO@SiO,@AE nanocarriers, the fluorescence
spectrum displayed similar intensity, i.e. the fluorescence intensity
of cells agglomerated in M1 for incubating with CPT-
SAIO@SiO,@AE nanocarriers for 30 min, but mostly accumulated
in M2 over the period between 1 and 2 h. Such a well-evolved
spectral distribution suggests that each A549 cell is able to take
in efficiently nearly the same and sufficient amounts of the CPT-
SAIO@SiO,@AE nanocarriers, making a uniform distribution of
the CPT-SAIO@SiO,@AE nanocarriers residing along with the
A549 cells. However, in comparison with the CPT-SAIO@SiO,@AE
nanocarriers, the CPT-SAIO@SiO, nanocarriers seemed randomly
taken into the cells, as also evidenced by corresponding fluores-
cence spectra, where a broad distribution of the CPT-SAIO@SiO,
nanocarriers has been found from cell to cell. In other words, this
finding suggests that some cells took a few of the CPT-SAIO@SiO,
nanocarriers, while some took more. The rationale behind the big
difference in the distribution of the CPT-SAIO@SiO, nanocarriers
within the A549 cells is not clearly understood at present, but it
may be related to the initial non-uniform dispersion of the CPT-
SAIO@SiO, nanocarriers while mixed with DMEM in the cell-
cultured well, associated with a poor uptake ability to the A549
cells, resulting in a wider CPT-SAIO@SiO, nanocarrier distribution
among the A549 cells. However, what is more critical to this argu-
ment is that such a wide nanocarrier distribution among the cells
may give rise to poorer therapeutic efficacy in clinical practice, if,
when only a few nanocarriers are taken in the cells, a dose of drug
being released in the cell which is too low to inhibit the prolifera-
tion and growth of A549 cells effectively. In contrast, a more
uniform and sufficient loading of the CPT-SAIO@SiO,@AE nanocar-
riers ensure enhanced therapeutic efficacy and will be elucidated
in detail in the forthcoming analysis. Such a highly effective and
uniform cell-uptaken phenotype of the CPT-SAIO@SiO,@AE nano-
carriers displayed great potential to develop as a novel nanoplat-
form in clinical applications as a result of their targeting and
dosing accuracy, especially for anti-cancer therapy.

3.6. Targeting evaluation of the ligand-modified nanocarriers

A549 cells overexpressed EGFR on the cell surface; in contrast,
MCF7, human breast cancer cells showed low EGFR on the cell
membranes. As shown in the flow cytometric spectra in Fig. 4d,
after a 1-h coincubation with the CPT-SAIO@SiO,@AE nanocarriers,
the MCF7 shows relatively poor cell uptake efficiency in compari-
son with that of the A549 cells (Fig. 4a). This finding suggests a
potentially feasible strategy using cell-specific selectivity of the li-
gand-modified nanocarriers to cells with a specific nature of recep-
tors on the cell membrane. A test was then designed, co-cultivating
both cell lines in order to monitor the targeting capability of the
CPT-SAIO@SiO,@AE nanocarriers. The images (Fig. 5) from confocal
microscopy strongly suggest that the CPT-SAIO@SiO,@AE nanocar-
riers are largely and preferentially bound by the A549 cells over a
1-h duration of incubation, where the green particles were largely
detected in A549 cells (as indicated by the arrow). These cellular
images showed that the CPT-SAIO@SiO,@AE nanocarrier is capable
of serving as an efficient and highly target-specific drug delivery
nanosystem to EGFR expressed cells. As expected, the anchored
anti-EGFR ligand molecules on the surface of the CPT-SAIO@-
SiO,@AE nanocarriers provide high cellular recognition to A549

Fig. 5. Confocal microscopy images of CPT-SAIO@SiO,@AE nanocarriers cultivated
with a co-cultured (A549 and MCF7 cell) condition to monitor the targeting ability.

cells, rather than MCF7 cells, lacking the specific receptor on its cell
membrane for biological recognition of the designed nanocarriers.
However, the mechanism underlying cellular uptake of the nano-
carriers has to be clarified in detail in order that more critical bio-
logical information can be employed to reinforce further the design
of a intracellular-based drug delivery nanosystem for enhanced
cellular uptake efficiency and a precise cellular-based controlled
release of drug for enhanced therapeutic efficacy.

3.7. Endocytosis pathway identification

Since two kinds of nanocarriers, SAIO@SiO,@AE and SAIO@SiO,,
showed different behavior of cell uptake, the different mechanism
of internalization are thought to play an important role in such
phenomena. Endocytosis is a multi-stepped complex cellular path-
way for the internalization of ligands and/or macromolecules. To
elucidate the endocytosis mechanism of the nanocarriers using
the A549 cell as a model cellular system, various pharmacological
inhibitors were used to explore the underlying endocytic mecha-
nism. Inhibition of cellular uptake was performed in the presence
of optimized single inhibitor concentrations of CytD (a macropino-
cytosis inhibitor), CPZ (a clathrin-mediated inhibitor), genistein
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Fig. 6. Effects of endocytic inhibitors on the internalization of CPT-SAIO@SiO, and
CPT-SAIO@SiO,@AE nanocarriers. Cellular uptake (%) of nanocarriers was calculated
by comparison with that in the absence of inhibitor (100%). A549 cells were seeded,
incubated with inhibitors, and treated with nanocarriers for 2 h, and subsequently,
harvested for analysis by flow cytometry.
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(caveolae-mediated inhibitor) and MBC (a caveolae-mediated and
caveolae- and clathrin-independent pathway inhibitor), nocodaz-
ole (a microtubule inhibitor) and with double and triple inhibitor
combinations. The quantitative analysis of the cellular internaliza-
tion of the nanocarriers was carried out by flow cytometry, and cel-
lular uptake (%) on A549 was calculated by comparison with that in
the absence of inhibitor (as 100% basis) for both CPT-SAIO@SiO,
and CPT-SAIO@SiO,@AE nanocarriers, as shown in Fig. 6. For the
CPT-SAIO@SiO, nanocarriers, the pathway of cellular uptake was
found to be associated with macropinocytosis, clathrin-mediated
endocytosis, and probably microtubule action; for the CPT-SAIO@-
SiO,@AE nanocarriers, cellular uptake pathway appeared to come
through macropinocytosis, clathrin-mediated endocytosis, and a
small portion of caveolae-mediated endocytosis. When treated
with CytD, the efficiency of cellular uptake for the CPT-SAIO@SiO,
nanocarriers was reduced to 39%; by contrast, the cellular uptake
reached 74% for the CPT-SAIO@SiO,@AE nanocarriers. However,
following the treatment of CPZ, the cellular uptake for the

|

|

Lysotracker

Fig. 7. Tracking fluorescein-labeled (a) CPT-SAIO@SiO, and CPT-SAIO@SiO,@AE nanocarriers (green) in A549 cells. Additional staining of nuclei (DAPI-blue) and clathrin
primary antibodies with secondary antibodies conjugated to Alexa Fluor 594 (red). (b) Colocalization of green fluorescent CPT-SAIO@SiO, and CPT-SAIO@SiO,@AE
nanocarriers with late endosomes/lysosomes with LysoTracker Red.

CPT-SAIO@SiO, improved to as high as 75%, while it was reduced
to 50% for the CPT-SAIO@SiO,@AE nanocarriers. From the inhibi-
tion study, it is identifiable that these nanocarriers entered A549
cells by the pathways of both macropinocytosis and clathrin-med-
iated endocytosis. For the CPT-SAIO@SiO,@AE nanocarriers, major
pathways include clathrin-mediated endocytosis, together with a
small portion from macropinocytosis. However, for the CPT-
SAIO@SiO, nanocarrier, the pathways are mainly associated with
macropinocytosis, together with a small portion through clath-
rin-mediated endocytosis.

Such a distinct difference in the cellular uptake mechanism be-
tween these two types of nanocarriers is believed to result from
the surface conjugation of the ligands, i.e., anti-EGFR. Several stud-
ies in the literature indicated that, when ligands bind to EGFR,
endocytosis of EGF receptor complexes can be accelerated through
clathrin-coated pits [35]. A clathrin-mediated endocytosis path-
way is initiated by a specific ligand-receptor interaction on the
extracellular surface. Upon endocytosis, internalized nanoparticles

CPT-SAIO@Si0,

CPT-SAIO@Si0,@AE

CPT-S5AI0@Si0:

CPT-SAIO@Si0:@AE
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are generally entrapped in the intracellular vesicles (i.e. endo-
somes). Clathrin-mediated endocytosis has been recognized to be
the fastest and highly regulated pathway of internalization of inte-
gral membrane proteins. The rapid cellular uptake efficiency of the
CPT-SAIO@SiO,@AE nanocarriers explained the pathway of clath-
rin-mediated endocytosis (Fig. 4). In addition, it may also induce
pinocytosis when ligands bind to EGFR [36]. Together with the dis-
tinct difference in the distribution of the nanocarriers in A549 cells
mentioned above, it can be concluded that clathrin-mediated
endocytosis of the CPT-SAIO@SiO,@AE nanocarriers ensures fast
and uniform internalization compared with those, i.e. CPT-SAIO@-
SiO, nanocarriers, without ligand modification. Moreover, particle
size and shape are two of the important factors for the cellular
membrane surface to recognize and eventually internalize through
the cellular pathways [37], but this factor is unlikely to interfere
with this investigation because the size and shape of both the
CPT-SAIO@SiO, and CPT-SAIO@SiO,@AE nanocarriers are nearly
identical. Through FITC labeling, endocytosis of both the CPT-
SAIO@SiO, and CPT-SAIO@SiO,@AE nanocarriers entrapped into
A549 cells was further substantiated by high-resolution confocal
particle tracking to characterize the intracellular dynamics. The
cells were incubated with primary antibodies against mouse clath-
rin (red fluorescence) after cell uptake. The immunofluorescence
microscopic images showed that, as expected, FITC-loaded CPT-
SAIO@SiO,@AE nanocarriers were highly colocalized with clathrin
(Fig. 7a); in contrast, less colocalization between FITC-labeled CPT-
SAIO@SiO, nanocarriers and clathrin was observed. In addition, the
nanocarriers also tracked to their intracellular trafficking fate by
co-localization of LysoTracker Red where both CPT-SAIO@SiO,
and CPT-SAIO@SiO,@AE nanocarriers could be found in the late
endosomes or lysosomes after internalization (Fig. 7b). The inter-
nalization pathway, as well as the intracellular fate of the nanocar-
rier, is a key issue for efficient drug delivery in the end. The release
of the drug into the enzymatic environment of the lysosomes or di-
rectly into the cell cytoplasm will, indeed, have an important im-
pact on the pharmacological activity.

3.8. Drug release from internalized nanocarriers via magnetic stimulus

Since a distinct difference in the pathway of cellular uptake for
both the nanocarriers was observed experimentally and its effect
on uptake efficiency and distribution in a single cell has been iden-
tified, it is more interesting to see whether such differences impart
therapeutic efficacy while intracellular delivery of CPT via an exter-
nal magnetic stimulus is performed. The CPT-SAIO@SiO,@AE nano-
carriers were prepared identically after 24-h incubation with A549
cells, following which the cell samples were placed into the coil of
HFMF apparatus for a short-term magnetic stimulus of 30s, 1 and
2 min, respectively. The temperature of the cultured wells was de-
tected and found to be <40 °C for all the testing conditions. A con-
trol group with the CPT-free SAIO@SiO, nanoparticles was carried
out under identical experimental protocol, showing constant cell
viability (not shown), which ensures that the temperature effect
(i.e. magnetic induced temperature rise) can be completely ne-
glected in this study. The half maximal inhibitory concentration
of CPT measured on A549 for 24-h incubation was ~200 ng ml~!,
and it was surprisingly to learn that the concentration turned only
to ~39 ng ml~! through treating with CPT-containing nanocarriers.
In other words, to reach the same contributions in inhibiting the
proliferation of A549 cells, the effective concentration of CPT was
around five times less when CPT was loaded into magnetically sen-
sitive CPT-SAIO@SiO,@AE nanocarriers and released intracellu-
larly. This finding also suggests that an enhanced therapeutic
efficacy can be achieved if intracellular release of the drug can be
performed precisely and efficiently. This further confirms the fact
that the CPT-SAIO@SiO,@AE nanocarriers displayed efficient

110

100 . = T

20

80
g 70 EHFMF only
E 60 B CPT-SAIO@SI0:@AE
Z
3 50
>
o 40
v

30

20

10

0 r -

0 0.5 1 2

periods of HFMF stimulus (min)

Fig. 8. CPT-SAIO@SiO,@AE nanocarriers interacted with A549 cells for drug release
from nanocarriers via HEMF stimulus. Cell viability of A549 incubated with CPT-
SAIO@Si0,@AE nanocarriers (100 ug ml~!) or treated with HEMF for only 24 h. Cells
were treated with nanocarriers for 6 h, and stimulated by HFMF for a period of 30's,
1 or 2 min, then kept incubating for 18 h. Then the anticancer effect was measured
by MTT assay. There is no influence on cell viability under HFMF only.

inhibition of A549 cell proliferation, as illustrated in Fig. 8. This
comes with a reasonable conclusion of rapid and high cellular
uptake efficiency and uniform distribution in the quantity of the
CPT-SAIO@SiO,@AE nanocarriers internalized within A549 cells.

The CPT-SAIO@SiO,@AE nanocarriers have clearly demon-
strated an excellent targeted drug delivery system: not only its
targeting capability by the EPR effect, but also high selectivity to
EGFR overexpressed cells, which offered great potential in nano-
therapeutic strategy and cytotoxic reduction compared with
conventional chemotherapy using the same type of anti-cancer
drugs. Moreover, a combined intracellular chemotherapy and
thermotherapy can be highly manageable through the control of
composition in the design of CPT-SAIO@SiO,@AE nanocarriers
and will be reported separately.

In conclusion, a core-shell multifunctional nanocarrier, namely
CPT-SAIO@SiO,@AE, with a magnetic iron oxide core and a silica
shell capable of carrying anti-cancer drug (CPT), targeting EGFR
overexpressed cancer cells, and precisely performing intracellular
drug release, has been successfully designed, synthesized and sys-
tematically characterized in this work. Such nanocarriers showed
reasonably high drug load efficiency toward CPT molecules, and
high uptake efficiency to EGFR overexpressed cancer cells. The
use of targeting moiety for functional modification of the nanocar-
rier ensures a rapid clathrin-mediated endocytosis toward A549
cell lines. Following the efficient pathway of cellular uptake, intra-
cellular release of the CPT molecules via external magnetic stimu-
lus has proved to be technically successful and ensures much
higher therapeutic efficacy than that of the free drug. Cell culture
study associated with a subsequent controlled drug release
showed their outstanding potential in anti-cancer therapy as a re-
sult of their excellent and efficient cell-specific endocytosis and
intracellular-based controlled drug delivery capability to cancer-
ous cells. This work proved a successful and new therapeutic
strategy by employing multiple functionalities to perform a cell-
based nanotherapeutic treatment.
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Appendix A. Figures with essential colour discrimination

Figs. 2-7, are difficult to interpret in black and white. The full
colour images can be found in the on-line version, at
doi:10.1016/j.actbio.2011.03.021.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.actbio.2011.03.021.
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