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Abstract We functionalized graphene oxide (GO) with
cyclodextrin (CD) to increase the drug loading and
cellular uptake of GO, and bound the GO-CD to
carbon-coated iron nanoparticles (Fe@C) with
superparamagnetic properties for potential magnetic-
directed drug delivery and as a diagnostic agent. The
GO-CD/Fe@C was loaded with an anticancer drug,
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doxorubicin (DOX), to form a multifunctional GO-
CD/Fe@C/DOX nanohybrid. A cumulative increase in
DOX loading was observed probably due to DOX ad-
sorption to the graphitic domains in Fe@C and also to
the GO-CD. In acidic pH that resembles the pH of the
tumor environment, a higher amount of DOX was re-
leased from the GO-CD/Fe@C/DOX nanohybrid when
compared to the amount released at physiological pH.
The signal intensity and the contrast enhancement in
magnetic resonance imaging of Fe@C decreased with
its concentration. Besides, the cellular uptake of GO-
CD/Fe@C/DOX nanohybrid was significantly higher
by 2.5-fold than that of Fe@C/DOX in MDA-MB-231
human breast cancer model. The nanohybrids were in-
ternalized into the tumor cells via an energy-dependent
process and localized mainly in the nuclei, where it
exerts its cytotoxic effect, and some in the lysosomes
and mitochondria. This has resulted in significant cyto-
toxicity in tumor cells treated with GO-CD/Fe@C/
DOX. These findings highlight the potential use of
multifunctional GO-CD/Fe@C nanohybrid for magnet-
ic sensing anticancer drug delivery to tumor cells.

Keywords Graphene oxide - Cyclodextrin -
Carbon-coated iron - Superparamagnetism - Magnetic
resonance imaging - Drug delivery - Nanomedicine

Introduction

Nanoscale drug carriers have emerged as a bridge be-
tween nanotechnology and advanced drug delivery,
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involving nanomaterials such as liposomes, micro-
spheres, polymeric shells, nanoparticles, carbon nano-
tubes, and carbon nanohorns (Hubbell and Chilkoti
2012; Voon et al. 2014). For efficient drug action, the
amount of drug loaded on these nanomaterials has to be
sufficiently high (Viswanathan et al. 2016). Since 2008,
many groups have started to explore the use of graphene
oxide as high drug loading capacity nanodrug carrier
(Kiew et al. 2016). Graphene oxide is an oxidized
graphene composed of a graphitic sheet, with two di-
mensional structures consisting of sp*-hybridized car-
bon, exhibiting remarkable electronic and mechanical
properties (Zhang et al. 2010). Its one-atom thickness
and huge two-dimensional plane give graphene oxide a
large specific surface area. As a result, drugs can be
loaded on the graphene sheet through -7t stacking,
covalent binding, and hydrophobic or electrostatic inter-
action (Liu et al. 2008; Zhang et al. 2010). In addition,
graphene oxide is pH-sensitive giving higher drug re-
lease at tumoral acidic pH and possesses good water
dispersibility (Kiew et al. 2016).

Functionalization of GO with active targeting ligands
including folic acid (Yang et al. 2011; Zhang et al.
2010), transferrin (Liu et al. 2013), and Asn-Gly-Arg
peptide (Shi et al. 2014) has been reported to enhance
tumor targeting and accumulation of the GO at tumor
sites. However, these ligand-conjugated GO generally
possess limited ability to access and penetrate solid
tumor effectively (Brumlik et al. 2008; Das et al.
2009). Moreover, receptor heterogeneity, lack of infor-
mation on the rate of ligand-receptor binding, rate of
receptor recycling, and downregulation of receptor due
to receptor saturation result in elevated toxicities and
reduce therapeutic efficacies (Bandara et al. 2014; Kue
etal. 2016; Paulos et al. 2004). These lead to challenges
in choosing the perfect ligand and selecting the dosing
that delivers consistent pharmacokinetics (Das et al.
2009).

To overcome these hurdles, magnetic targeted
nanomaterial has emerged as an alternative for tumor-
selective delivery and attracted great interest in the field
of drug delivery in recent years (Chomoucka et al. 2010;
Mody et al. 2013). Many studies have shown that mag-
netic nanoparticles can be accumulated and retained at
tumor sites by a locally applied external magnetic field
(Fernandez-Pacheco et al. 2005). This magnetic tumor
targeting has the advantage over active targeting using
antibody or ligands because they are independent of
tumor cell types and receptors (Alexiou et al. 2000;
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Bae et al. 2012; Fernandez-Pacheco et al. 2005). The
drugs adsorbed or chemically bonded to the magnetic
particles will reach the targeted site and eventually
desorbed on the tumor area over a prolonged period of
time with the aid of an external magnet (Alexiou et al.
2000; Fernandez-Pacheco et al. 2005). This will in-
crease the accumulation of the drug at the tumor site,
improve the efficacy of chemotherapy, and reduce sys-
temic toxicity.

However, magnetic iron nanoparticles are prone
to oxidation, affecting their stability, magnetic
properties, and biocompatibility (Aguil6-Aguayo
et al. 2010). To circumvent this, carbon coating
can be applied to iron nanoparticles to provide an
oxidation barrier and prevent corrosion of the
magnetic core materials besides reducing interac-
tions between the particles (Bae et al. 2012). The
carbon coating will also improve the particle
dispersibility and stability due to its hydrophilicity,
rendering the iron particles biologically inert (Bae
et al. 2012; Fernandez-Pacheco et al. 2005). Drug
loading can be increased because carbon surfaces
are effective for physical adsorption of drugs
(Rudge et al. 2000; Terzyk 2001). Moreover, mag-
netic nanoparticle is potentially amenable to hyper-
thermia therapy, where upon appropriate electro-
magnetic irradiation, it is activated and then re-
leases vibrational energy in the form of heat to
kill the target cells at the vicinity (Kobayashi et al.
2014).

Taking advantage of the superparamagnetic property
of carbon-coated iron nanoparticles (Fe@C) and the
high drug loading capacity of graphene oxide-
cyclodextrin (GO-CD), carbon-coated iron-bound
graphene oxide-cyclodextrin (Fe@C-bound GO-CD)
nanohybrids were prepared as drug carriers for potential
magnetic-directed drug delivery and magnetic reso-
nance imaging (MRI). Doxorubicin, an effective anti-
neoplastic chemo drug routinely used in breast cancer
treatment (Cortés-Funes 2007), was loaded on Fe@C-
bound GO-CD. Herein, we reported the synthesis and
characterization of doxorubicin (DOX)-loaded Fe@C-
bound GO-CD, as well as evaluation of Fe@C-bound
GO-CD/DOX nanoparticle’s drug release and cytotox-
icity profiles, cellular uptake, and localization in MDA-
MB-231 human breast cancer cells, for its potential as a
multifunctional carbon-coated magnetic-directed
nanohybrid for cancer theranosis (combined therapy
and diagnosis).
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Experimental procedures
Reagents and instruments

Ethylenediamine, p-toluenesulfonyl chloride (TsCl), N-
hydroxysuccinimide (NHS), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) were pur-
chased from Sigma-Aldrich (USA). Sodium borohy-
dride and (3-cyclodextrin (CD) were purchased from
Wako. Citric acid and iron chloride hexahydrate were
purchased from Acros Organics (USA). Graphene oxide
(GO) was purchased from UniRegion Bio-Tech Corp.
(USA). DOX was kindly donated by Prof. H. C. Tsai,
National Taiwan University of Science and Technology,
Taiwan. Other chemicals were of commercial grade. All
reagents were used without further purification.
Ultrapure water (Yamato Millipore WT100, resistivity
of 18.2 MQ cm™') was used throughout the whole
solution preparation.

The dynamic light scattering (DLS) was recorded by
a Horiba SZ-100 scientific. Magnetization was mea-
sured using TM-VSM151483N7-MRO (Tamakawa
Co., Japan) at room temperature. X-ray diffraction
(XRD) patterns were obtained with a Bruker D2-
phaser diffractometer using CuKa« radiation
(A = 1.5418 A). High-resolution transmission electron
microscopic (HR-TEM) images and EDX spectra were
obtained on Philips/FEI Tecnai 20 G2 S-Twin. Fourier
transform-infrared (FT-IR) absorption spectra were ob-
tained for KBr disc on a Thermo Scientific Nicolet 6700
FTIR spectrometer. The thermogravimetric analysis
(TGA) was performed by using a TA Q500 instrument
at the flow rate of N, at 60 ml/min, temperature up to
800 °C, and constant rate of 20 °C/min. The morphol-
ogy observation was performed using transmission elec-
tron microscope (TEM, Hitachi H-7000 and HT7700,
Tokyo, Japan) at the acceleration voltage of 100 kV.

Synthesis of 3-CD-conjugated GO (GO-CD)
and carbon-coated iron nanoparticles (Fe@C)-bound
GO and GO-CD (GO-Fe@C, GO-CD-Fe@C)

Aminated 3-CD (amino-3-CD) was synthesized
through tosylation and amination processes following
a previous report (Ohashi et al. 2006). In brief, 3-CDs
(2 g) and p-TsCl (1.5 g) at mole ratio of 1:5 (CD:TsCl)
were reacted in an aqueous NaOH solution (0.4 M,
30 ml) for 1.5 h at 0 °C under vigorous stirring. After
unreacted solid TsCl was removed by filtration, the

solution was then adjusted to pH 7 using hydrochloric
acid to yield the precipitated tosyl-3-CD. The crude
precipitate separated by filtration was recrystallized
from hot water (20 ml, 90 °C).

Tosyl-3-CD (15.5 g) was then dissolved in
ethylenediamine (180 ml) and refluxed at 40 °C for
24 h under stirring. The unreacted ethylenediamine
was evaporated using a rotary evaporator and the con-
densed solution was dropped into acetone (700 ml) and
stirred overnight. The resultant precipitate was recrys-
tallized from a mixture of methanol and water (3:1
volume ratio) and followed by acetone.

Fe@C was synthesized by the hydrothermal carbon-
ization method (Prasannan and Imae 2013). Iron chlo-
ride hexahydrate (0.25 g) in ethanol (30 ml) and sodium
borohydride (0.38 g) in water (30 ml) were mixed and
the solution was stirred for 15 min. A mixture of citric
acid (1 g), ethylenediamine (0.3 ml), and water (10 ml)
was then added and heated for 5 h at 250 °C in an
autoclave. The product was collected by magnet and
washed with water. Carbon dots were also synthesized
by the same procedure without addition of iron chloride
hexahydrate in ethanol and sodium borohydride in wa-
ter. The synthesis of bare iron particles without carbon
coating was performed from the mixture of only iron
chloride hexahydrate in ethanol and sodium borohy-
dride in water (Himaja et al. 2015; Krishnakumar et al.
2014).

Size-controlled GO nanosheet was prepared by me-
chanically fragmenting commercial GO (550 nm) in
water by a sonicator (QSONICA, Q700) with a %-in.
horn tip at 50 mA for 4 h in an ice bath and collected by
filtration using cellulose acetate membrane filter with
0.2 pm pore size (Siriviriyanun et al. 2015). The average
hydrodynamic size of GO nanosheet evaluated from
DLS was 100 nm. A carboxylate group on GO was
bound with an amine group on amino-f3-CD using
condensing agents EDC and NHS (equimole to
amino-{3-CD) according to the conventional amidation
procedure (Konkena and Vasudevan 2012a; Paredes
et al. 2008; Siriviriyanun et al. 2015). Fe@C-bound
GO and Fe@C-bound GO-CD were also synthesized
by the same amidation reaction. An aqueous dispersion
of carboxylate-possessing compound (GO or GO-CD)
was mixed with equimolar EDC and NHS and stirred
for 24 h at room temperature; after amine-possessing
compound (amino-3-CD or Fe@C) was added, the
mixture was further stirred for 24 h at room temperature.
The products were purified by dialysis or centrifugation
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(cellulose tubular dialysis membrane MCWO 6000—
8000) or centrifugation (135,000 rpm).

Loading and release of DOX on nanocarriers
and in vitro cytotoxicity assay of DOX-loaded
nanocarriers

Loading of DOX on nanocarriers (GO and GO-CD,
Fe@C, GO-Fe@C, and GO-CD-Fe@C) was carried
out by mixing an aqueous suspension of nanocarrier
with DOX at different DOX concentrations
(Siriviriyanun et al. 2015). The mixture was sonicated
and stirred overnight at room temperature in the dark,
and unbound DOX was removed by centrifugation
(135,000 rpm). The concentration of unbound DOX in
the supernatant was determined from absorbance at a
spectroscopic absorption band of DOX (480 nm), and
the amount of loaded DOX was evaluated as a differ-
ence of the amount of unbound DOX from the initial
amount of DOX.

For the release experiment of DOX, an aqueous
dispersion of DOX-loaded nanocarrier in a dialysis
membrane tube (molecular weight cutoff
(MWCO) = 6000-8000) was dialyzed under continuous
stirring in water at pH 5 and 7 at room temperature.
Then, the amount of DOX released from the carrier was
determined following the spectrometric method.

Magnetic resonance imaging

Fe@C was suspended in 2% w/v agar solution in a con-
centration ranging between 0.06 and 20 mM of Fe equiv-
alent. MRI images were acquired using a 3-T MRI system
(Magnetom Prisma, Siemens Healthcare, Erlangen,
Germany). The transverse relaxation time (73) for each
Fe@C concentration was determined by acquisition of
coronal images at various echo times (TE) ranging from
55 to 155 ms with a repetition time (TR) of 5200 ms.
Region of interest (ROI) was placed at the MRI image of
each sample to obtain the signal intensity. Mono-
exponential curve fitting of the plots of signal intensity
versus TE was done using Matlab software (Matlab
R2016b, MathWorks, Natick, MA). The relaxation rate,
R, (1/T3), was calculated using the following equation:

S =S, {e_%} +C

Where S is the signal intensity at time (TE), S is the
maximum signal achievable, and C is the noise level. The
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R, values obtained were then plotted against the different
Fe concentrations and the slope of the curve indicates the
T, relaxivity, which is a measure of the sensitivity of a
formulation for negative contrast enhancement.

Cellular uptake of DOX-loaded nanocarriers by flow
cytometry and by confocal microscopy

For flow cytometry, cells (1.5 x 10° cells/well) in 12-
well culture plates were incubated as described above
and further incubated with DOX-loaded nanocarriers
(10 pg/ml DOX equivalent) or free DOX (10 pg/ml)
for 2 h. The treated cells were washed, trypsinized, and
centrifuged. The cells were resuspended in PBS (0.5 ml)
containing fetal bovine serum (FBS) (0.5%) and used
for flow cytometric analysis on a BD FACS Canto I
flow cytometer (Becton Dickinson, San Jose, USA)
equipped with a 488-nm argon laser and a 670-nm long
pass filter. Data from 10,000 cells were analyzed using
FACS DIVA analysis software (Becton Dickinson).

For confocal microscopic observation, after cells
were cultured with DOX-loaded nanocarriers as de-
scribed above, cells were fixed on glass coverslips and
mounted on glass slides with mounting medium con-
taining 4',6-diamidino-2-phenylindole (DAPI) (Slow
Fade Gold Antifade Mount, Life Technologies Inc.,
Carlsbad, USA). On the observation with a confocal
laser scanning microscope using a x63 oil immersion
objective (Leica TCS SP5 II, Leica Microsystem,
Wetzlar, Germany), the excitation and emission wave-
lengths for DAPI were 405 and 414481 nm, and for
DOX were 488 and 590-720 nm, respectively. Images
were captured using the Leica LAS-AF image capture
software, and the fluorescence intensity of DOX was
analyzed using Leica Application Suite-X (LAS-X)
software (Busquets et al. 2010; Fan et al. 2013).

To assess the effect of low temperature on the uptake
of GO-CD/DOX, GO-CD-Fe@C/DOX, and Fe@C/
DOX, flow cytometric cellular uptake studies were re-
peated based on the procedures described above, except
that cells were treated with GO-CD/DOX, GO-CD-
Fe@C/DOX, and Fe@C/DOX for 2 h at 4 and 37 °C,
respectively.

Intracellular localization of GO-CD/DOX, GO-CD/
Fe@C/DOX, and Fe@C/DOX

The analysis of the intracellular localization was carried
out for dual staining cells on a confocal microscope, as
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described previously (Viswanathan et al. 2016). In
brief, MDA-MB-231 cells grown on coverslips in 6-
well plates were incubated with test samples for 2 h, as
described in the confocal cellular uptake studies above.
The cells were then rinsed twice with PBS to remove
free nanocarrier/DOX. Subsequently, the cells were
stained with organelle-specified fluorescence probe
(100 nM), that is, with MitoTracker green, ER-
Tracker blue-white DPX, and LysoTracker blue for
mitochondria, endoplasmic reticulum, and lysosomes,
respectively. The co-localization of nanocarriers was
examined using DOX fluorescence. Cells were incu-
bated with each stain for 30 min at room temper-
ature, rinsed with PBS, and observed by a confo-
cal microscope. The excitation and emission wave-
lengths were 405 and 414-481 nm for both
LysoTracker and ER-Tracker and 488 and 494—
524 nm for MitoTracker green. All scans were
performed with an independent sequential mode;
hence, there was no spectral overlap in the acqui-
sition. The intracellular localization of the test
samples was determined by comparing the fluores-
cence topographic profile of each organelle probe
generated from a longitudinal transcellular axis.

In vitro cytotoxicity assay

In vitro cytotoxicity assay was carried out follow-
ing a previously reported procedure (Viswanathan
et al. 2016). In brief, MDA-MB-231 cell line was
grown and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with
10% FBS and 1% penicillin-streptomycin at
37 °C in a 5% CO, humidified chamber. Cells
were seeded into 96-well plates at 5000 cells/well
and were incubated overnight to allow cells to
adhere. DOX-loaded nanocarriers were diluted in
culture medium and added to the cells to give
final concentrations. The cells were then incubated
for 24 h at 37 °C in 5% CO,.

The cell viability was assessed by adding 10 pl of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) (5 mg/ml in PBS) to each well and
incubated for 3 h. After removal of the supernatant, the
purple formazan crystal was dissolved by adding 100 pl
of dimethylsulfoxide. The cell viability was calculated
from the optical density of each well read by a micro-
plate reader.

Results and discussion
Characterization of Fe@C and Fe@C-bound GO

The magnetic properties of Fe@C were demonstrated
when the well-dispersed Fe@C in water (Fig. 1a) was
fully directed by a magnet (Fig. 1b), and the Fe@C
redispersed in water upon removal of the magnet.
When the hysteresis loop of magnetization of Fe@C
was measured at room temperature, the result indicated
that the remanence and coercivity were close to zero
suggesting that it displayed the characteristics of
superparamagnetism (Wang et al. 2015a). The satura-
tion magnetization of Fe@C was at 2.45 emu/g (Fig. 1¢)
which is lower compared to bulk Fe,O3 (Popplewell and
Sakhnini 1995). The reduction in magnetization value
might be attributed to the Fe in nanosize and the coating
of nanoparticles with nonmagnetic materials (Tourinho
etal. 1989). Despite that, Fe@C could be directed under
the action of an external magnet and can be used for
targeting drug delivery.

Figure 2 shows the powder XRD pattern of Fe@C.
Broad peaks at 45° and 60° corresponded to (110) and
(200) indices of Fe®, indicating that the zero valent iron
is present in this powder (Shen et al. 2010; Sun et al.
2000). Incidentally, bare iron without protection by
carbon was easily oxidized and became a mixture with
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Fig. 2 XRD spectra of a Fe@C and b iron particles without
carbon coating

Fe;0,4 and Fe,O3. The XRD results prove that carbon-
coated iron is not oxidized; in other words, iron coated
by carbon is protected from air oxidation. Thus, the
synthesis of Fe nanoparticles by chemical reduction
method follows the equation:

2FeCly + 6NaBH 4 + 18H,0—2Fe’ + 6NaCl
+ 6B(OH); + 21H,

HR-TEM observation (Fig. 3) of Fe@C revealed that
Fe particles were found to be spherical of about 5 nm
diameter and formed by a single crystalline domain. The
two repeating distances in the crystal were 0.25 and
0.20 nm, and these values were consistent with the
observation of (110) and (200) indices of Fe in XRD.
Thus, it is confirmed from the EDX data in Fig. 3 that
the peaks of Fe in Fe@C were much weaker than the
peak of carbon, because the carbon component was
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more dominant than the Fe component. Cu peaks were
from the copper substrate.

On TGA data in Fig. 4, the weight loss curve of
carbon dots exhibited mass loss of 7.2-10.0 wt% at
40-200 °C due to the loss of moisture in the nanoparti-
cles. In the temperature interval at 350-500 °C, the mass
loss was attributed to the decomposition of organic
components in carbon dots. The last weight loss nearly
started around 550 °C might be the decomposition of the
residual carbon, since there was no obvious weight loss
at the temperature higher than 680 °C.

The weight loss of Fe@C also occurred at three steps:
It began at 40—150 °C due to the loss of moisture. In the
temperature interval at 150-300 °C, the mass loss
corresponded to the decomposition of the components
in carbon. In the temperature interval of 350-500 °C,
weight loss of 20% was attributed to the remaining
carbon components in Fe@C. Besides, the carbon com-
ponents were burned off until 550 °C, and the unburned
components of 25.7% remained, being attributed to the
iron components.

The morphology of GO, GO-CD, Fe@C, and GO/
Fe@C was characterized by using TEM (Fig. 5). GO
can be clearly seen as single flat sheets, while other
hybrids (GO-CD and GO/Fe@C) exhibited folds or
accumulation of GO sheets as evidenced by darker
contrast in TEM images. On the other hand, Fe@C
nanoparticles aggregated into a cluster.

Table 1 lists the FTIR absorption bands of carbon
dots, Fe@C, Fe@C-bound GO, and GO and their as-
signments. The IR absorption bands of carbon dots and
Fe@C were similar to each other as Fe is not detectable
in the observed region. The band at 1643 cm™' could be
ascribed to carbon-carbon stretching vibration mode of
polycyclic aromatic hydrocarbons (Narayanan et al.
2012), and the band at 1584 cm ' was attributed to
amine bending mode overlapped with carboxylate anti-
symmetric stretching mode (Vermisoglou et al. 2014).
The band at 1380 cm ™' is likely to be the overlapping of
stretching mode of polycyclic aromatic hydrocarbons
and carboxylate symmetric stretching mode (Jusin
et al. 2016). In the spectrum of GO, a weak IR band at
1736 cm ™ is associated with carbonyl stretching vibra-
tion from the oxidized groups in graphene, and IR bands
at 1623 and 1366 cm™' are attributed to polycyclic
aromatic hydrocarbons in graphene (Paredes et al.
2008; Yu et al. 2010). For Fe@C-bound GO, the three
main adsorption bands at 1700~1300 cm ' from Fe@C
and GO were commonly observed (Jusin et al. 2016; Ma
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Fig. 3 a TEM images. b EDX
spectrum of Fe@C

Cu

1.50

et al. 2012). The only difference is the absence of
carbonyl group in GO, because carboxylic acid in GO
was exhausted in the amidation reaction with the amine
group of Fe@C. The IR absorption bands of the pro-
duced amide group may be overlapped on bands of
aromatic and amine (+ carboxylate) groups.

The UV-vis absorption spectra and zeta poten-
tial were measured for aqueous dispersions of
Fe@C, GO, and Fe@C-bound GO and listed in
Table 2. The GO has a strong absorption band at
243 nm and a shoulder band at 312 nm, while the
Fe@C displayed a shoulder band at 259 nm and a
band at 352 nm. After amidation between GO and
Fe@C, Fe@C-bound GO had weak shoulder bands
at 267 and 334 nm. The zeta potential values of
GO, Fe@C, and Fe@C-bound GO were —67, —
39, and —56 mV, respectively. Overall, the nega-
tive surface charges of these samples could be
attributed by the presence of carboxylate groups.
The decrease in the number of carboxylate groups
on GO due to the amidation reaction might be the
possible explanation for the reduction of negative
charge in Fe@C-bound GO.

300 450 600 750 9.00 1050 1200 13.50

In vitro DOX loading on GO, GO-CD, Fe@C,
and GO-CD/Fe@C/DOX nanohybrid

Composites of CD and Fe@C with GO developed in this
study may serve as promising multifunctional
nanoplatforms for magnetic drug delivery of anticancer
drugs. Thus, the loading of DOX on different carriers was
examined by adding DOX to aqueous dispersions of
carriers: GO, GO-CD (GO:CD = 1:1 and 1:10 (weight
ratio)), Fe@C, GO/Fe@C (GO:Fe@C = 1:1 (weight
ratio)), and GO-CD/Fe@C (GO:CD:Fe@C = 1:1:1
(weight ratio)), and the amounts were evaluated at differ-
ent added concentrations of DOX (0.4, 0.8, and
2.0 mg/ml). The numerical values of loading amounts
are listed in Table 3, and their graphical comparison is
shown in Fig. 6. The loading of DOX on nanocarriers
increased in parallel with increasing added concentration
of DOX, indicating that there was a dose-dependent
increase in uptake.

Functionalization of CD on GO and the increasing
amount of CD on GO influenced the loading amount of
DOX, namely, the loading amount increased in the order
0of GO < GO-CD(1:1) < GO-CD(1:10), because CD has

@ Springer
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Fig. 4 TGA curves of a Fe@C and b carbon dots

a cavity to host a DOX molecule. This can be ascribed to
the superimposition of CD cavities on GO that resulted
in the additional DOX loading capacity.

Fe@C itself was capable of being loaded with DOX,
because it possesses graphitic domains to enable the
adsorption of DOX, although the loading amount of
DOX on Fe@C was lower than that on GO, which
depended on the size of the graphitic domains (see

GO GO-CD

500nm 500nm /=

@ Springer

Fig. 5 Microscopic characterization. TEM images of GO, GO-CD, Fe@C, and Fe@C-GO

Table 3 and Fig. 6). When Fe@C was chemically bound
to GO, the DOX loading was relatively higher than
those on Fe@C and GO, individually. Moreover, the
coexistence of CD with GO and Fe@C cumulatively
increased the loading amount of DOX. This resulted in
the highest DOX loading in Fe@C-bound GO-CD
nanohybrid. This suggest that GO, CD, and Fe@C
possess respective adsorption sites for DOX and the
combined effect of each site is likely to be additive
instead of synergistic, because each individual binding
site is discrete and isolated from each other.

In vitro DOX release from GO-CD, Fe@C,
and GO-CD/Fe@C nanohybrids

The release behavior of DOX from the nanocarriers was
investigated at pH values 5 and 7, corresponding to the
different microenvironments of the tumor cells (lower pH
at 5) compared with the normal cells (higher pH at 7)
(Tannock and Rotin 1989; Wang et al. 2015b). As seen
in Fig. 7, DOX was released from GO and GO-CD
nanocarriers, and the release rate gradually declined after
8 h. The total amount of DOX released at the acidic
condition was always higher than that at the neutral con-
dition. A similar time dependence was observed for the
DOX released from Fe@C, Fe@C-bound GO, and
Fe@C-bound GO-CD under the neutral and acidic envi-
ronments. These behaviors are reasonable and necessary
for effective chemotherapy. Another noteworthy result is
the similarity of the DOX release in percentage: The
release of bound DOX within 48 h was about 20% at pH
7 for all carriers and about 35% at pH 5 for GO and GO-
CD carriers. However, in the case of the Fe@C series, the
release varied slightly from Fe@C (32%), Fe@C-bound
GO (35%) to Fe@C-bound GO-CD (38%) (sece Table 3).
Furthermore, the total amount of released DOX should be

Fe@C GO/Fe@C

Uy

500nm



J Nanopart Res (2017) 19: 359

Page 9 of 19 359

Table 1 FT-IR absorption bands and their assignments of carbon dots, Fe@C, Fe@C-bound GO, and GO

IR band (cm ) Carbonyl Aromatic Amine + carboxylate Aromatic + carboxylate
Carbon dots 1620 1563 1380
Fe@C 1643 1584 1376
GO/Fe@C 1642 1593 1354
GO 1736 1623 1366
GO-CD 1735, 1701 1636 1400

compared. As seen in Table 3, the release increased with
increasing loading amount, that is, in the order of
GO < GO-CD(1:1) < GO-CD(1:10) and Fe@C < GO/
Fe@C < GO-CD(1:1)/Fe@C.

The DOX loading and release behavior may reflect
the difference between the binding site on GO, CD, and
Fe@C and the binding constant of DOX on these sites.
Among these three binding sites of DOX, CD possesses
a hydrophobic cavity to host lipophilic guests and thus
make an inclusion compound with DOX. Therefore, the
loading amount increases with increasing CD content.
GO and Fe@C have graphene domains and graphenized
structure, respectively, which are adequate for 7t-7t
stacking with aromatic domain in DOX. In addition,
the carboxylate from the oxidized functional groups in
GO can form electrostatic interactions with the amine
group in DOX. Meanwhile, the graphenized structure in
Fe@C does not have the additional stabilization by such
electrostatic interaction with DOX, therefore resulting in
the inferior loading on Fe@C compared to GO.

DOX has a pKa of 8.2 and the amine in DOX is
protonated in neutral and acidic conditions, whereas GO
has a main pKa at 6.6 and the carboxylate groups in GO
keeps their anionic character at pH higher than 6.6
(Konkena and Vasudevan 2012b). Thus, DOX interacts
with GO by the electrostatic interaction with carboxylate
groups besides the 7-7t stacking attraction at neutral

Table 2 UV-visible absorption bands and zeta potentials of car-
bon Fe@C, Fe@C-bound GO, and GO

UV-visible band (nm) Zeta potential (mV)
Fe@C 259 352 -39
GO/Fe@C 265 334 -56
GO 243 312 -67
GO-CD 240 300 -62

condition. Conversely, at acidic condition below pH
6.6, the electrostatic interaction between DOX and GO
will diminish due to the protonation of carboxylates,
hence leading to the release of DOX. This might explain
why the nanohybrids had higher amount of DOX release
in acidic environments compared to neutral condition.

Magnetic resonance imaging of Fe@C

Figure 8a shows MRI images of Fe@C of varied
concentrations in the agar gel. It was noted that
the signal intensities of the samples decreased with
increasing concentration of Fe. This was also
clearly shown in the relaxation curve (Fig. 8b)
where the slope was less steep when the Fe con-
centration increased. Signal enhancement can be
calculated using the following formula:

SI e@ —SI an,
Enhancement = {M} x 100

STprank

Table 3 Amount of DOX loaded on various carriers and released
from carriers

Carrier (0.1 mg/ml) Loading Release® (Wt%)
(g/g carrier) (g/g carrier)
DOX added
(mg/ml)
04 08 20
GO 146 2.01 236 0.70 35
GO-CD (1:1) 223 249 274 087 35
GO-CD (1:10) 315 332 357 1.16 35
Fe@C 1.00 1.76 2.03 0.56 32
GO/Fe@C (1:1) 1.73 241 258 0.84 35
GO-CD/Fe@C (1:1:1) 2.61 3.16 3.50 1.20 38

Release from DOX loading at a DOX concentration of 0.8 mg/ml

@ Springer
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Fig. 6 Loading amount of DOX 44 a
a on GO and GO-CD (1:1, 1:10
(g/g)) and b on Fe@C, GO/

Fe@C, and GO-CD(1:1)/Fe@C

Loadingamount (g/g)

b

3.5

2.5-

1.5
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0.5-

" GO/DOX
#GO-CD(1:1)/DOX
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= Fe@C/DOX
u GO/Fe@C/DOX

" GO-CD/Fe@C/DOX

0.4 0.8 ) 2.0

Concentration of DOX (mg/ml)

where Slp.@c is the MRI signal intensity from
agar gel containing Fe@C and Sl is the signal
intensity from the agar gel only.

At a concentration of 0.06 mM Fe (3.4 ug ml™'
Fe), the contrast enhancement was — 13.8%, while
at the highest concentration, 2.0 mM Fe (111.6 pg
ml™' Fe), the contrast enhancement was — 89.2%.
For 20.0 mM Fe@C, the signal intensity was
equivalent to the background, and hence, this sam-
ple was excluded from the 7, relaxivity analysis.
Overall, contrast enhancement is corresponding to
the increase of the concentration of Fe@C, which
suggests that Fe@C can be used as MR contrast
agent.

@ Springer

T, relaxivity (from the slope of the graph shown in
Fig. 8c) was found to be 9.37 mM™! s_l, which is lower
than commercial formulations like the carboxydextran-
coated Resovist® (151.0 mM ' s™') (Mahajan et al.
2013). However, our value was higher compared to
carbon-coated iron oxide reported by Bae et al. (2012),
which is at 1.115 mM ' s7! (Bae et al. 2012). The
presence of Fe@C generates an additional magnetic
field to induce disturbance in the local field that signif-
icantly increases the speed of proton transverse relaxa-
tion and hence decrease in 75, leading to image darken-
ing or negative contrast. By incorporating Fe@C on
GO-CD, GO-CD/Fe@C might behave as a potential
theranostic agent. The evaluation of Go-CD/Fe@C in



J Nanopart Res (2017) 19: 359

Page 11 of 19 359

~-GO/DOX pHS
~+-GO-CD/DOX pHS

GO-CD(1:10)/DOX pHS

~+-GO/DOX pH7

+-G0-CD/DOX pH7

g [
20 ﬁ) -

GO-CD(1:10)/DOX pH7

Fig. 7 The release of DOX a on 100 a
GO and GO-CD (1:1, 1:10) and b -
on Fe@C, Fe@C-bound GO, and R
Fe@C-bound GO-CD at different o
pH values § 60
@ 40
x
0
(a]
Y.
0
100 b
?j 80 -
0]
© 601
9
& 40
5
g 24
o
0

MRI will be emphasized and included in our future
study.

Cellular uptake of GO-CD, Fe@C, and GO-CD/Fe@C
nanocarriers

Cellular uptake of GO-CD, Fe@C, and GO-CD/
Fe@C nanocarriers in MDA-MB-231 cancer cells
was evaluated based on the fluorescence of DOX
loaded in the carriers using flow cytometry (Fig. 9).
After 2 h incubation, GO-CD/DOX- and GO-CD/
Fe@C/DOX-treated cells showed DOX fluorescence
in 96 and 97% of the cells, respectively. However,
only 38.5% of Fe@C/DOX-treated cells emitted
DOX fluorescence (Fig. 9a). Similarly, the mean
fluorescence intensity was the lowest for Fe@C/
DOX compared to GO-CD/DOX and GO-CD/
Fe@C/DOX in cancer cells treated with 0.5—
10 pg/ml DOX equivalence (Fig. 9b). The low
cellular uptake of Fe@C/DOX could conceivably
be due to the nature of iron nanoparticles to form
cluster-like aggregates (Rosicka and Sembera 2011;
Wang et al. 2015a) and thereby reduced uptake by
cells. The adsorption of positive-charged DOX on
the surface of Fe@C (Nawara et al. 2012) might
also shield Fe@C surface charge and promote their

Time (h)

~+-Fe@C/DOX pHS
~+GO/Fe@C/DOX pH5

GO-CD/Fe@C/DOX pHS

pH5 ~+-Fe@C/DOX pH7

pH7 +-GO/Fe@C/DOX pH7

2'0 3'0 40 5'0 60 GO-CD/Fe@C/DOX pH7

Time (h)

aggregation. The intensity for GO-CD/Fe@C/DOX-
treated cells was higher than that of GO-CD/DOX
and increased with the concentration of DOX.

These results indicate that the uptake of Fe@C
by tumor cells has increased upon conjugation
with GO-CD. The similar amount of cellular up-
take between GO-CD/Fe@C and GO-CD suggests
that conjugation of GO-CD with Fe@C enabled
favorable uptake of GO-CD/Fe@C by tumor cells,
which is vital for chemotherapeutic drug delivery,
in addition to the increased drug loading as
discussed above. This finding is also supported
by 99% uptake of FGA-labeled GO-CD observed
in HeLa and MDA-MD-231 cells using flow cy-
tometry (data not shown).

The flow cytometry-based results of GO-CD,
Fe@C, and GO-CD/Fe@C nanocarrier uptake were
in agreement with the findings from confocal mi-
croscopy. The red fluorescence of DOX observed
in the MDA-MB-231 cells treated with GO-CD/
DOX and GO-CD/Fe@C/DOX was stronger than
that in cells treated with Fe@C/DOX (Fig. 9c).
The DOX red fluorescence co-localized favorably
at high intensity with the blue fluorescence in the
nuclear compartment. Meanwhile, some red fluo-
rescence was also found in the cytoplasm (Fig.

@ Springer
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Fig. 8 a Magnetic resonance a
imaging of Fe@C of varying

concentrations in agar gel

(TE=77ms; TR=5200ms). b 7>

relaxation analysis curves. ¢ The
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9¢). This indicates that the DOX delivered by GO-
CD, Fe@C, and GO-CD/Fe@C nanocarriers local-
ized mainly in the nucleus, with some amount
remaining in the cytoplasm. In addition, FGA-
labeled GO-CD was found to remain in the cyto-
plasm under high-content screening (data not
shown). This suggested that the DOX is released
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from the nanohybrids upon cellular uptake and
diffused to the nucleus. A similar finding was also
reported in our previous publication on DOX-
loaded diblock copolymer micelles with pendant
Dendron (Viswanathan et al. 2016). The localiza-
tion of DOX in the nuclei is vital to enable DOX
to interact with DNA through intercalation, which
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Fig. 9 Cellular uptake of nanocarriers loaded with DOX
(10 pg/ml) in MDA-MB-231 cells after 2 h incubation. a Percent-
age cellular uptake for nanocarriers/DOX by flow cytometry.
Concentration of DOX = 10 pg/ml. b Mean fluorescence intensity

causes the disruption of topoisomerase-II-mediated
DNA repair. This prevents the DNA double helix
from being resealed after unwinding for replica-
tion, and leads to DNA damage and cell death
(Thorn et al. 2011; Viswanathan et al. 2016).

of nanocarriers/DOX in cells from flow cytometry data. Data are
expressed as the mean £ SD (n = 3). ¢ Confocal microscopic
images and line profiles of nanocarriers/DOX. Scale bar, 20 um

Energy-dependent cellular uptake study
The MDA-MB-231 cells were treated with GO-CD/

DOX, GO-CD-Fe@C/DOX, and Fe@C/DOX to deter-
mine the cellular uptake mechanism and intracellular

@ Springer
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Fig. 10 Percentage of 120~
temperature-dependent cellular
uptake (37 and 4 °C) for GO-CD/
DOX, GO-CD/Fe@C/DOX, and
Fe@C/DOX on 4T1 cells
measured using flow cytometry.
Data are represented as the

mean + SD (n = 3). Student’s ¢
test, *p < 0.05 compared to
cellular uptake at 37 °C

100 A

Cellular Uptake (%)

localization. The cellular internalization of various
nanostructures mainly occurred via endocytosis.

Almost all endocytic pathways are energy-dependent
processes that can be inhibited at low temperature, 4 °C
(Kou et al. 2013; Thurn et al. 2011). Figure 10 shows
that the incubation of the 4T1 cells with GO-CD/Fe@C/
DOX and GO-CD/DOX at 4 °C for 2 h had caused an
approximately 43% decrease in uptake compared with
the cells incubated at 37 °C, as measured by flow
cytometry (Fig. 10, Student’s ¢ test, p < 0.05).
Meanwhile, approximately 66% decrease in cellular
uptake was observed in Fe@C/DOX-treated cells when
incubated at 4 °C.

A significant decrease in the cellular uptake of
these nanocarriers at low temperature indicates that
the internalization of the nanocarriers into 4T1
tumor cells is most likely to occur through
energy-dependent endocytosis. Our finding concurs
with our previous report in which the DOX-loaded
micellar diblock copolymers were also internalized
in the MDA-MB-231 cells via an energy-
dependent process (Viswanathan et al. 2016).

Intracellular localization of GO-CD, Fe@C,
and GO-CD/Fe@C nanocarriers

To determine the intracellular localization of GO-CD,
Fe@C, and GO-CD/Fe@C nanocarriers in tumor
cell, co-localization studies using LysoTracker (blue),
ER-Tracker (blue), and MitoTracker (green) as the
markers for lysosomes, endoplasmic reticulum, and
mitochondria, respectively, were carried out and

@ Springer

GO-CD/DOX

W 37°C
B 4°C

GO-CD/Fe@C/DOX Fe@C/DOX

examined under a confocal microscope. The locali-
zation of the nanocarriers was determined based on
the red fluorescence of DOX loaded in the carriers.
The red fluorescence from DOX in GO-CD and GO-
CD/Fe@C showed significant co-localization signal
with MitoTracker, ER-Tracker, and LysoTracker,
while the DOX in Fe@C nanocarrier showed co-
localization with MitoTracker and LysoTracker and
partially co-localized with the ER-Tracker (Fig. 11).

The current finding suggests that the GO-CD/
Fe@C nanohybrid may be internalized into the
MDA-MB-231 cells via endocytosis and localized
in the lysosomes (Fig. 11a), which is the last com-
partment in the endocytic pathway. This finding is in
agreement with a previous study suggesting that
energy-dependent endocytosis can direct nanoparti-
cles to lysosomal compartment (Chakraborty and
Jana 2015).

In vitro cytotoxicity of DOX-loaded GO-CD, Fe@C,
and GO-CD/Fe@C nanocarriers

DOX-loaded nanocarriers were examined for their
cytotoxicity on MDA-MB-231 breast cancer cells
using the MTT assay, and the ICs, values were
evaluated. Both the GO-CD/DOX and GO-CD/
Fe@C/DOX displayed a similar concentration-
dependent increase of cytotoxicity, whereas
Fe@C/DOX did not show significant toxicity ef-
fect (viability >80%) after the treatment of cells
for 24 h (Fig. 12a). This suggests that the conju-
gation of GO-CD to Fe@C had increased the
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Fig. 11 Cellular uptake of a
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cellular uptake of DOX as discussed in the section
above and, thus, enhanced the cytotoxicity of
DOX loaded in GO-CD/Fe@C (GO-CD/Fe@C/
DOX).

When the incubation time was increased to
48 h, the cytotoxicities of GO-CD/DOX and GO-
CD/Fe@C/DOX were increased with a 10-fold
lower ICsy value compared with those at 24 h
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incubation time (Fig. 12b and Table 4). Fe@C/
DOX also exhibited significant cytotoxicity with
an ICsy of 13.2 pg/ml DOX equivalent at the cell
treatment for 48 h. This suggests that the cellular
uptake of the nanocarriers is likely increased with
time in a closed cell culture system. The decreas-
ing order of cytotoxicity was as follows: GO-CD/
DOX = GO-CD/Fe@C/DOX > Fe@C/DOX. In
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Fig. 12 The effect of nanocarriers loaded with DOX on the cell
viability of MDA-MB-231 cells at 37 °C and ata 24 hand b 48 h
of incubation. Data are represented as the mean + SD (n = 3)

particular, ICsy values of GO-CD/DOX and GO-
CD/Fe@C/DOX at 48 h were within the range
(from 0.025 to 2.7 uM DOX equivalent) of ICs,
previously reported for MDA-MB-231 cells (Aroui
et al. 2009; Gouaze-Andersson et al. 2007; Shroff
and Kokkoli 2012; Smith et al. 2006; Wu et al.
2013).

Table 4 ICsq values (ng/ml) of DOX-loaded nanocarriers for
MDA-MB-231 cancer cell after 24 and 48 h MTT assay treatments

Sample name 1Csp (ng/ml)

24 h 48 h
Fe@C/DOX 792 £ 1.3 13.2 £ 0.05
GO-CD/DOX 10.0 £ 1.5 1.1 £ 0.06
GO-CD/Fe@C/DOX 122 £0.5 1.2 +0.04

Data are represented as the mean = SD (n = 3)

@ Springer

These results suggest that the anticancer effects can
be enhanced by increasing the tumor cellular uptake of
DOX using GO-CD or GO-CD/Fe@C nanocarriers.

Conclusions

In summary, the designed nanohybrid consisting of
graphene oxide-cyclodextrin (GO-CD) bound to
carbon-coated iron (Fe@C) is a potential multifunction-
al nanocarrier that possesses high drug loading capacity
and superparamagnetic property for magnetic-directed
anticancer drug delivery and magnetic resonance imag-
ing. The functionalization of CD on the GO and carbon
coating on the Fe@C had enhanced the adsorption of
DOX that results in a cumulative increase in the amount
DOX entrapped in the nanohybrid. The GO-CD/Fe@C/
DOX also demonstrated a higher amount of drug release
in an acidic tumor environment compared to the amount
of drug released at physiological pH. Increased cellular
uptake of DOX in MDA-MD-231 breast tumor cells by
2.5-fold was observed when DOX was delivered using
GO-CD/Fe@C nanohybrid as compared to Fe@C. This
also resulted in significant cytotoxicity found in tumor
cells treated with GO-CD/Fe@C/DOX. These findings
strongly indicate that GO-CD/Fe@C nanohybrid is a
promising multifunctional carrier for anticancer drug
delivery.

In addition, the Fe@C component could further en-
hance the tumor selectivity and increase uptake of anti-
cancer drug by tumor cells when a magnetic field is
applied to direct and retain the nanohybrids at the tumor
sites (Fernandez-Pacheco et al. 2005). Additionally,
Fe@C possesses superparamagnetic property as mag-
netic resonance contrast agent. We believe that these
characteristics may enable the use of GO-CD/Fe@C
nanohybrid as a “theranostic” agent for tumor detection
and treatment and to assess therapeutic effects in clinics
(Thomas et al. 2015).
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