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Stereoisomeric Anti-cancer Drugs

Congli Wang, Bo Li, Weifen Niu, Shasha Hong, Bassam Saif, Songbai Wang, Chuan Dong, Shaomin

B-cyclodextrin modified graphene oxide-magnetic (MGC) nanocomposite as an innovative drug carrier was the first

developed via an effective layer-by-layer-assembly method. Doxorubicin hydrochloride (DOX) and epirubicin hydrochloride

(EPI) as model drugs were loaded onto the MGC via n—mt stacking, hydrogen bond and hydrophobic interaction. The MGC

exhibits remarkably higher loading capacity for DOX (909.09 mg/g) and EPI (781.25 mg/g) than magnetic graphene oxide

(MG). The release profiles of drug are pH-sensitive which would control the release in acidic cytoplasm of cancer cells.

Furthermore, cellular uptake using fluorescein isothiocyanate (FITC) labeled MGC proves successful internalization of MGC

into the cytoplasm of MCF-7 cells. The fluorescence images demonstrate that MGC/DOX, to a certain extent, displays a

more excellent delivery and superior release than MGC/EPI, due to the chiral select function of B-cyclodextrin (B-CD). The

pure MGC shows no obvious cytotoxicity while drug loaded MGC reveals significantly high potency of killing MCF-7 breast

cancer cells, suggesting that multi-functionalized MGC is an efficient nanoplatform for targeted delivery and controlled

release of stereoisomeric anticancer drugs for biomedical applications.

1. Introduction

its derivatives have attracted enormous
their fascinating
nanostructure consisting of a single layer of carbon atoms.
Among the derivatives, graphene oxide (GO) has abundant
hydrophilic oxygen-containing groups (such as hydroxyl,
carboxyl and epoxy) on its basal planes, which creates an
opportunity to be functionalized for the preparation of
versatile materials.* Multi-functionalized GO-based
nanohybrids have especially aroused a rapidly increasing
interest in variety of biomedical fields including biosensors,s’6
imaging,7 scaffolds® and drug delivery,g‘ 10 owing to their
unique physiochemical properties of good biocompatibility
and lack of obvious toxicity.u‘ 2 The GO with a large specific
surface area makes it a promising nanocarrier for drug delivery,
which is available for enhancing the cellular uptake of small
molecules.”® The current developed drug carriers have
plentiful virtues of prolonged blood circulation and drug
solubilization. However, the therapeutic effect is mainly
limited by lacking of targeted function to specific tumor sites
and low degree of loading capacity. The targeting vehicle of
high loading capacity is extremely desirable.

To reduce side effects and increase therapeutic efficacy,

Graphene and

attention due to two-dimensional
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intensive research is ongoing to focus on the development of
effective delivery systems to facilitate cellular uptake of drug
and realize intelligent controlled release. A widely prescribed
strategy to achieve efficient external targeting is to introduce
various types of magnetic nanoparticles on the large surface of
GO, which can drive the drug carriers to specific tumor tissues
by a guided magnetic field.™ A variety of magnetic
nanoparticles including Fe304,10 Co304,15 Cu/Ni alloy,16 Ni," etc.
have been successfully deposited on the basal plane of GO by
physical or chemical methods. However, it’s relatively hard to
the distribution, deposition density and
morphology of the as-prepared magnetic nanoparticles.
Magnetic Fe;O, has a great deal of advantages over other
magnetic nanoparticles such as strong superparamagnetism,
low toxicity, excellent biocompatibility and easy preparation
process.18 The immobilization of Fe;0, on the platform of GO
can not only avoid aggregating of Fe;04 nanoparticles but also
protect them from oxidation. Unfortunately, the hydrophilic
groups of GO are easy to lost by heating during the process of
in situ deposition of metallic salts, affecting further dispersion

control size

and loading amount of the nanocomposites.19 The further
functionlization of magnetic graphene oxide (MG) is essential
for applicable purpose.

Various efforts have been made to explore potential
applications of MG in drug delivery systems. Yang’s group
firstly developed superparamagnetic graphene oxide—Fe;0,
nanoparticles and conjugated the MG with folic acid for
loading doxorubicin hydrochloride (DOX).m' % In order to
improve the biocompatibility, a series of polymers, such as
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polyethylene glycol (PEG),21 chitosan (CHI),22 polyethylenimine
(PEI),23 poly[2-(dimethylamino) ethyl methacrylate]
(PDMAEMA),24 and so on, were employed to modify MG for
loading and release of DOX and levofloxacin. However, relative
low loading capacity and complicated manipulated process
have confined further use. The drug delivery systems are
facing a great challenge toward high effective loading.
Recently, Qiu et al. firstly introduced B-cyclodextrin (B-CD) to
graphene oxide-magnetic nanohybrid as a novel stationary
phase for efficient enantioseparation of tryptophan.25 Yan and
Liu et al. fabricated B-CD functionalized magnetic graphene
nanocomposite as an adsorbent for the removal of organic
dyes26 and heavy metal ions.”” These researches inspire us and
motivate us to try to expand such a nanocomposite for durg
delivery.

DOX and epirubicin hydrochloride (EPI) (illustration in
Scheme. 1) as stereoisomers of anthracycline-based broad-
spectrum antitumor drugs, play an important role in
restraining the composition of nucleic acids of cancer cells.”®
Only when the drugs are sufficiently migrated inside the
cancer cells will it operates. However, most of the drug
vehicles could neither be transported into the cell due to the
large size nor show adequate release of the drug in
cytoplasm,29 resulting in a very low internalization of drug and
poor effect of chemotherapy. The combination of B-CD and
MG as the drug vessel possesses not only the unique inclusion
properties of B-CD but also loading and magnetic targeting
capacities of MG, which provides an admirable opportunity for
targeted drug delivery.

Herein, a targeted delivery carrier of B-cyclodextrin
modified graphene oxide-magnetic nanohybrid were
successfully fabricated. B-CD was assembled onto the surface
of MG by hydrophobic, van der Waals and hydrogen bonding
interactions. DOX and EPI were used as model drugs to assess
the drug-loading and releasing properties and the effect of pH
was examined. Cell cytotoxicity and cellular imaging were
carried out toward further application. It will be expected that
this nanocarrier has a great potential in targeted delivery,
controlled release and biomedical applications.

2. Experimental
2.1 Materials

Graphite powder, sodium chloride (NaCl) and sodium nitrate
(NaNO;) were purchased from Tianjin Hengxing Chemical
Reagent Manufacturing Co. Ltd. (Tianjin, China). Iron chloride
tetrahydrate (FeCl,*4H,0) and ferric chloride hexahydrate
(FeCl;#6H,0) were bought from Tianjin Guangfu Fine Chemical
Industry Research Institute (Tianjin, China). B-CD was obtained
from Guangdong Yunan Cricoid Dextrin Factory and purified
using recrystallization (Guangdong, China). DOX and EPI were
purchased from Dalian Mellon Biological Technology Co. Ltd.
(Dalian, China). All the other chemicals used were analytical
grade without any further purification. Deionized water was
prepared by a Simplicity ® UV system (Millipore Corporation,
France) and used during the whole experiments.

2| J. Name., 2012, 00, 1-3

2.2 Characterization

Fourier transform infrared (FTIR) spectra were obtained with a
Shimadzu FTIR-8400s spectrometer using KBr discs in the 400-
4000 cm™ region (Shimadzu, Japan). The morphology and size
of the samples were recorded on a Tecnai G’ 20 transmission
electron microscopy (TEM) (FEI Hong Kong co., LTD, China).
A Dimension® Icon® (Bruker Nano, Inc., Santa Barbara, CA, USA)
with a tapping mode is used to obtain the atomic force
microscopy (AFM) images to characterize the thickness of the
prepared nanohybrids. X-ray powder diffraction (XRD) was
carried out on a Rigaku MiniFlex Il diffractometer with Cu-Ka
radiation and at a scanning speed of 4 °/min (Rigaku, Japan).
The magnetization curve of the nanohybrid was measured on a
Lakeshore vibrating sample magnetometer (VSM) at room
temperature (American Lakeshore). Thermogravimetric
analysis (TGA) was collected on a
Rigaku Thermo Plus Evo TG 8120 instrument at a heating rate
of 10 °C/min from room temperature to 800 °C under N, flow
(30 mL/min) (Rigaku, Japan). UV-vis absorption spectra were
obtained using a Hitachi U-2910 UV-Vis spectrometer (Hitachi,
Japan). Fluorescence measurements were performed on a
Hitachi spectrophotometer (Hitachi,
Japan).

F-4500 fluorescence

2.3 Preparation of MGC nanoparticles

2.3.1 Preparation of GO. GO was prepared from natural graphite
powder using a modified Hummers method.®® In brief, graphite
powder was oxidized with strong oxidants, including concentrated
H,SO,, KMnO,, NaNO; and 30% H,0,, under vigorous stirring. The
resulting mixture was further centrifuged at 4000 rpm for 10 min,
and washed with 5% hydrochloric acid and deionized water several
times respectively, until the pH of the supernatant was neutral. To
synthesis oxidized graphene, the products were sonicated for 1 h,
followed by centrifuging to remove unexfoliated GO. Then the
sample was dried under vacuum at 50 °C for 24 h.

2.3.2 Preparation of MG. The magnetic Fe;0,/GO nanohybrid
was prepared by the chemical precipitation method”. Firstly,
GO was sonicated in deionized water for several hours,
followed by placed in a three-necked flask and heated to 80 °C.
The flask was then purged with N, for 30 min. After that,
FeCl;*6H,0 and FeCl,*4H,0 were added into the flask with
vigorous mechanical agitation at the protection of N,. Then,
NH;eH,0 was added to the mixture dropwise until the pH of
the solution was approximately 10. The reaction was kept
stirring at 80 °C for another 40 min. After cooling to room
temperature, the mixture was magnetically separated and
washed with double-distilled water and anhydrous ethanol.
Finally the prepared products named as MG1 were dried under
vacuum and obtained for further usage. Other products (MG2
and MG3) with different weights were then prepared
according to the above method (Table1l).

2.3.3 Synthesis of MGC. To conjugate MG nanohybrid with B-
CD, B-CD solution was added to MG1 suspension liquid (m pg1:
mg.cp=1:10) under N, atmosphere. After vigorous stirring, the

This journal is © The Royal Society of Chemistry 20xx
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three-necked flask was heated to 65 °C and maintained 4 h in
water bath.>' The resulting substance named as MGC1 was
collected by an additional magnet, washed with anhydrous
ethanol for several times to remove excess-B-CD, and dried in
a vacuum at 40 °C overnight. By adding different quality of B-

CD,
Table 1 The weight ratio of feed amount and grafting content of B-CD
determined by TGA

MG Meo: MGC Mue: B-CD wt %
Sample Meeci3 Sample Mg.co
MGC1 1:10 9.12
MG1 1:10 MGC2 1:20 9.69
MGC3 1:30 9.24
MGC4 1:10 14.08
MG2 1:20 MGC5 1:20 21.18
MGC6 1:30 15.25
MGC7 1:10 8.73
MG3 1:30 MGC8 1:20 9.81
MGC9 1:30 9.2

other samples (MGC2-9) with various weights were then
prepared using the same approach (as shown in Tablel).

2.4 Drug loading and release

2.4.1 Loading of drug onto MGC1-9 and MG1-3. The drug loading
capacity of MGC1-9 was determined by adding different
amount of DOX or EPI to fixed concentration MGC nanohybrid
and then mixed thoroughly. The suspension was put on the
HY-4 speed-governing multi-purpose oscillator and incubated
at room temperature for 3 days in the dark. As a comparison,
MG1-3 was loaded with DOX or EPI under the similar
conditions. After that, the resulting MGC and MG with DOX or
EPI were collected by magnetic separation and filter
The concentration of DOX or EPI in the
supernatant was determined using the UV-Vis absorbance

membrane.

calibration curve according to the measurement of a series of
concentrations of drug solutions at 478 (DOX) or 494nm (EPI).
The drug loading capacity of MGC1-9 and MG1-3 was
calculated according to the following formula (Eq. (1)):

Drug loading capacity =

Mthe initial amount of drug_Mthe residual amount of drug (1)

Mihe amount of carrier

2.4.2 Release behaviors of MGC/DOX and MGC/EPI. The release of
drug-loaded MGC was carried out by adding MGC/DOX or MGC/EPI
into phosphate-buffered saline (PBS, 0.1 M) at pH 5.30 (the
cytoplasm pH of cancer cells) and 7.40 (the physiological pH) at 37
°C. The release behavior was kept under constant stirring, and
quantitative solution was taken out for fluorescence measurement
at a series of time points. The concentration of DOX or EPI released
from MGC4-6 was measured by fluorimetry at the wavelength
number of 588 (DOX) or 591 (EPI) nm using a calibration curve

This journal is © The Royal Society of Chemistry 20xx
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prepared under the same condition. The percentage of drug
released was given as the following equation (Eq. (2)):
The percentage of drug released =

Mihe released amount of dru
£ % 100% ()
Mihe loading amount of drug

2.5 Cellular uptake and drug release in cell

Cell uptake studies were carried out by MCF-7 cells, a human
breast cancer cell. The MCF-7 cells were cultured in 24-well
plates in RPMI-1640 medium in a fully humidified incubator.
The media were supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin at 37 °C containing 5%
CO,. The nanocarrier was labeled by adding fluorescein
isothiocyanate (FITC) to MGC and vibrating overnight. The FITC
labeled MGC5 (MGC/FITC) was centrifuged and washed for 3
times. Then MCF-7 cells were incubated with pure MGC,
MGC/FITC, MGC/DOX and MGC/EPI with the final
concentration of 20 ug/mL at 37 °C. Finally the incubated MCF-
7 cells were washed with PBS and the cellular uptake and drug
release were performed with a FV1000 confocal laser scanning
microscope (CLSM) (Olympus Co., Ltd. Japan).

2.6 Cytotoxicity of MGC/DOX and MGC/EPI to MCF-7 cells

To research the in vitro cytotoxicity of MGC/DOX and MGC/EPI
towards tumor cells, standard MTT assays were carried out by
MCEF-7 cells. Briefly, the MCF-7 cells were plated into 96-well
cell-culture plates at a density of 1 x 10* cells per well and
grown overnight at 37 °C under 5% CO,. Then, the cells were
incubated with various concentrations of MG, MGC, MGC/DOX
and MGC/EPI in a fully humidified atmosphere for a further 24
h. The relative cell viability was checked by the MTT assay
according to the manufacturer suggested procedures.

3. Results and discussion
3.1 Preparation and characterization of MGC nanoparticles

The preparation strategy of the MGC was shown in Scheme 1.
Firstly, GO was prepared by a modified Hummer’s method™.
Then the MG nanocomposites were synthesized by a simple in
situ deposition. In order to improve the water solubility and
increase the amount of drug loading, B-CD was modified on
the surface of MG through hydrogen bond and hydrophobic
interaction. Thus, MGC with superparamagnetism and high
loading capacity was obtained.

To demonstrate the morphology and size of as-prepared
nanohybrid, representative TEM was used to characterize the
surface morphologies. As shown in Fig. 1, it is obvious that
graphite powder has been exfoliated into thin flakes of GO
after oxidation (Fig. 1b). The pure Fe30, nanoparticles are
seriously gathered for clusters and the particle diameter
significantly increases, which is disadvantageous for drug
delivery (Fig. 1a). After Fe;0, is immobilized on the surface of
GO, it is found that a large amount of uniform Fe;0,
nanoparticles with average size of about 13+1.2 nm are
distributed on the surfaces and edges of the GO nanosheet,
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which is necessary to keep a powerful magnetism (Fig. 1c).
Furthermore, no great aggregation of Fe;0, or large blank on
GO is observed, and almost no unbonded Fe;0, is viewed
outside of GO sheets. It is noted that the morphology of MG
shows no significant difference from GO, unambiguously
indicating that this moderate method would not damage the
layered structure during the functionalized process. After the
modification of B-CD, it can be clearly observed that
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Scheme. 1 The preparation of B-CD-functionalized magnetic graphene oxide
(MGC) and representation of loaded with DOX and EPI.
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GO is the matrix of Fe30, nanoparticles and the B-CD is
covering on the surface, like a film,32 which may be important
to improve the water solubility of the carrier. The TEM images
could provide direct evidence for the successful fabrication of
MGC nanocomposites. In AFM images (Fig. S1, ESIT), GO
reveals a height of 1.0 nm, suggesting a single layer graphene
oxide sheet.®® After functionalization of Fe;s0, and B-CD, an
obvious increase of thickness is observed, mainly due to the
attachment of Fe;0, and B-CD on both planes of GO.

The loading behaviors of DOX or EPI on the nanocarriers
were determined by UV-Vis spectrophotometer. As displayed
in Fig. 2A and B, the specific UV-Vis peaks at 252, 290 and
around 485 nm are attributed to absorption of DOX (Fig.
2A(a)). The broad peaks at 253 and 298 nm are ascribed to the
characteristic

4| J. Name., 2012, 00, 1-3
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Fig. 2 (A) UV-Vis absorption spectra of DOX (a), GO (b), MG/DOX (c) and MGC/DOX (d).
(B) UV-Vis absorption spectra of EPI (a), GO (b), MG/EPI (c) and MGC/EPI (d). (C) FTIR
spectra of GO (a), Fe304 (b), MG (c), B-CD (d) and MGC (e). (D) XRD patterns of MG (a)
and MGC nanocomposite (b). (E) Magnetic hysteresis loops of the prepared Fe304 (a),
MG (b) and MGC (c). Inset: the upper is MG and the under is MGC, the insets show the
photographic pictures of the MG and MGC hybrid in the absence (left) and presence
(right) of an external magnet. Note: The MG is on behalf of MG2, and MGC is
representative of MGC5.

absorption of GO (Fig. 2A(b)). After MG and MGC are loaded
with DOX, the characteristic absorbance peak at 485 nm
presents and the peak around 252 nm shifts to 255 nm, which
are corresponded to the peak of free DOX, demonstrating that
DOX molecule has been successfully loaded onto MG and MGC
(Fig. 2A(c) and (d)). DOX and EPI have stereoisomeric structure
with the same absorption peak, so the similar characteristic
absorption peaks have been observed in both EPI, MG/EPI and
MGC/EPI as shown in Fig. 2B(a), (c) and (d), indicating that EPI
can also be loaded on the nanocarrier.

To further characterize the formation of GO, MG and MGC,
corresponding FTIR spectra were shown in Fig. 2C. As
expected, the spectrum of GO is quite fit in with previous
work** GO with the layered structure has a lot of oxygen-
containing functional groups located on its basal planes and

This journal is © The Royal Society of Chemistry 20xx
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around the sheet edges, including hydroxyl, epoxy and
carboxylic acid groups.35 The broad, intense band at 3435 cm™
is attributed to the stretching of O-H (Fig. 2C(a)). The
characteristic band at 1741 cm™ is ascribed to the C=O of
carboxylic groups which is shifted to 1610 cm'l, indicating the
formation of the -COO- group after modifying with Fe;0, (Fig.
2C(c)). The peak at 1633 em™? s corresponding to the
stretching of C=C. The bands at 1267 ecm™ and 1033 cm™ are
associated with the stretching vibrations of C-OH and the
deformation vibrations of C-O, respectively (Fig. 2C(a)). For
MG, the FTIR spectrum is different from GO as evidenced by
the appearance of an intense peak at 579 cm'l, which belongs
to the stretching vibration of Fe-O bond. Moreover, the Fe-O
stretching peak has shifted to higher wavenumbers compared
to that of 569 cm™ in bulk Fe;0, (Fig. 2C(b)), demonstrating
that GO has been successfully functionalized with Fe;0,
nanoparticles.36 After MG nanohybrid is further modified with
B-CD, it could be observed that the FTIR spectrum of the MGC
exhibits characteristic absorbing peaks of B-CD. The band at
1161 ecm™ is assigned to the coupled C-O-C stretching/O-H
bending vibrations. The featured peaks at 1010 em™ and 1076
em™ is attributed to the coupled C-O/C-C stretching/O-H
bending vibrations, and the C-H/O-H bending vibration is at
1429 cm™ (Fig. 2C(d) and (e)). The above results demonstrate
that B-CD has been anchored on the surface of MG
successfully.

To prove the deposition of Fe;0, on the surface of GO and
the crystal structure of MG and MGC, the XRD patterns of MG
and MGC nanocomposite are presented in Fig. 2D. The
diffraction peaks of the as-prepared MG nanoparticles at
20=30.312, 35.589, 43.1992, 53.58°, 57.18° and 62.872 are
corresponding to the (220), (311), (400), (422), (511) and (440)
planes of magnetite respectively, which is consistent with the
cubic spinel crystal Fe;0, according to the Joint Committee On
Powder Diffraction Standards (JCPDS) Card no. 89-3854.(Fig.
2D(a)).37' B As compared with MG nanocarrier, the MGC
nanocomposites display all diffraction peaks of Fe;0, (Fig.
2D(b)), and no obvious shifts can be observed, indicating that
Fe;0, nanoparticles have been successfully connected with GO
and have no effect on the layered structure during all the
experimental processes. What’s more, the average particle
size of Fe;0, could be estimated to be 14 nm by the formula of
Scherrer, which is in accordance with the data measured from
the TEM images (Fig. 1c).

The magnetic properties of MGC nanohybrids
investigated at room temperature on a VSM. As shown in Fig.
2E, the magnetic hysteresis loops of all the samples display S-
like curves. The values of specific saturation magnetization
(Ms) of Fe;0, (Fig. 2E(a)), MG (Fig. 2E(b)) and MGC (Fig. 2E(c))
are 65.79, 57.25 and 55.64 emu/g, respectively. It is evident
that the MG possesses good magnetic property while the Ms
of MG is weaker than Fe;0,, implying that Fe;O, has been
successfully in situ deposited on the surface of the GO. The Ms
of MGC has a slight decrease for MG, which is likely ascribed to
the absorption of B-CD leading to a decrease of the relative
content of Fe;O, in the nanohybrid. Furthermore, the
magnetization curves have no coercivity and remanence,

were

This journal is © The Royal Society of Chemistry 20xx

indicating that there is no remaining magnetization. The insets
of Fig. 2E demonstrate that once an external magnetic field is
applied, the uniform and rufous suspension of MG and MGC
could be attracted quickly toward the magnet, giving rise to
the solution clear and transparent. These results reveal that
both MG and MGC exhibit excellent superparamagnetic
behavior and could be used for targeting drug delivery.

TGA was further used to investigate the amount of B-CD
conjugating on the surface of MG. A series of MG and MGC
nanocomposite were prepared by the chemical deposition and
“grafting to” way. As shown in Table 1, MG1-3 were
synthesized with different feed amounts of FeCl; and FeCl, by
the same component, and MGC1-3 were prepared by the
same MG1 with different feed quantities of B-CD. Thus,
products MG1-3 have the same GO but different content of
Fe;04, and the generated MGC1-3 or MGC4-6 or MGC7-9
should have the same MG but different content of B-CD. Fig. 3
displays the thermal behaviors of MG and MGC nanohybrid. As
shown in Fig. 3, a slow weight loss at low temperature (<100
°C) is observed, which can be assigned to the loss of residual
solvent and water. Another stage of weight reduction occurs
below 220 °C, indicating the removal of the labile oxygen-
containing functional groups on GO and Fe304.39 It is found
that the weight reduction region at about 280 - 600 °C could
be attributed to the decomposition of B-CD, and the significant
weight loss in the high-temperature region (about 600 - 800
°C) belongs to the breakdown of GO skeleton.! Thus, the
amount of B-CD molecules could be determined as exhibited in
Table 1, demonstrating that large amount of B-CD has been
adsorbed on the surface of MG. In table 1, feed amount means
added amount and grafting content means modified content.
We notice that the feed amount of B-CD on MGC3, MGC6 and
MGC9 with the ratio 1:30 is greater than that on MGC2, MGC5
and MGC8 with 1:20. While modified content for MGC3, MGC6
and MGC9 is lower than that on MGC2, MGC5 and MGCS8. The
phenomenon may be interpreted as that the modified content
of B-CD is mainly related to the efficient surface area of MG.
When the feed amount of B-CD is saturated, the grafting
amount is optimal. When excessive B-CD is added, the grafting
content shows a slight decline due to the existence of space
steric hindrance and site competition between molecules in
the dynamic process, which is the opposite of rise theoretically.
So the MGC5 shows the highest modified amount of B-CD. This
is a fascinating result that MG nanohybrid could graft many B-
CD molecules, which may provide a good opportunity to load
more drugs (the following data will reveal this point). As a
comparison, the TGA of MG3 has also been investigated, as
shown in Figure 3C. It is clear that MGC exhibits the much
higher thermal stability than MG below 200 °C, which offers
a better protection for Fe;0,.

3.2 Drug loading and in vitro release

Aromatic molecules including abundant anticancer drugs could
be loaded on the surface of spz-carbon nanomaterials,
particularly GO0.* DOX and EPI, as drug models, were loaded
onto the surface of MG2 and MGC5 by a simple mixture and

J. Name., 2013, 00, 1-3 | 5
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vibrating approach via mn—m stacking and hydrophobic
interactions between functionalized GO and drugs. The free
drug was removed by a filter membrane and the loading
efficiency of the carrier was calculated via quantifing the
concentration of supernatant using UVv-Vis
spectrophotometer. As shown in Fig. 4A, the absorbance of
DOX is reduced by 84% with the MGC5 while only a 68%
decrease is observed for MG2, indicating a higher efficient
loading on MGC than MG. The data of EPl were obtained in a
parallel way and similar results have been observed. As
expected, the absorbance of EPI in Fig. 4B shows a significant
reduction of 74% for MGC5 while only a 56% decline in MG2 is
observed. These results demonstrate that more DOX than EPI
could be adsorbed on the nanocarrier of MGC, likely due to the
space block caused by the stereoisomerism.

To investigate the effect of pH on the drug loading of MGCS5,
the same concentration of MGC5 and DOX or EPI were
incubated in different PBS (0.1 M, pH=2.0-7.0) and the
unbound drugs were isolated with a filter membrane. The
difference of absorption between pure drug and supernatant
fluid is the
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and MGC9 (d).

amount of drug loaded by the carrier. As shown in Fig. 4C, it
can be observed that the loading capacity of MGC5 for DOX
and EPI rises gradually from pH 2.0 to 6.0 and increases
dramatically at pH 7.0, whereas, the loading capacity
decreases greatly when the pH is greater than 7.0. The loading
experiment is a dynamic equilibrium proc.:ess.41 In an acidic or
basic environment, the lower or higher pH could cause high
degree of protonation of DOX and EPI, resulting in the partial
dissociation of hydrogen bonding“' * and the loading capacity
is not behaving well. At pH 7.0, multiple strong hydrogen-
bonding interactions between -OH, -COOH in MGC and -OH, -
NH, in drugs are conducive to the incorporation of MGC and
drugs, leading to a rapid increase of loading amount.*** Asa
result, the subsequent experiments
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Fig. 4 (A/B) UV-Vis absorbance spectra of DOX (A) and EPI (B) of pure drug (a),
supernatant of MG (b) and MGC (c) after adding drug. (C) The influence of pH on
loading capacity of MGC for DOX (a) and EPI (b) (Ag: UV-Vis absorbance intensity of
pure DOX and EPI, A: UV-Vis absorbance intensity of supernatant after DOX and EPI
adsorbed on MGC). (D) The adsorption Equilibrium isotherm of DOX (a) and EPI (b) by
MGC. (E) Loading amount of MG and MGC for DOX (back row) and EPI (front row).
Note: M is short for MG, MGC is referred to as C.

are operated at pH 7.0. With a large specific surface and
hydrophobic cavity, MGC is supposed to have excellent loading
behavior. To determine the saturated level of DOX and EPI
loaded on MGCS5, different amounts of DOX or EPI were added
into the carrier solution of fixed concentration at pH 7.0. After
removal of free DOX, as shown in Fig. 4D(a), it is found that the
loading capacity of MGC5 for DOX increases with the
increasing initial DOX concentration, and it reaches 720 pug/mg
when the initial DOX concentration is 360 pug/mL, which is still
unsaturated. For EPI, similar tend can be observed in Fig.
4D(b), and the loading amounts of EPI increase from 92 to 509
ug/mg which is less than DOX. Through curve fitting of
Langmuir isothermal adsorption, it is found that the maximum
adsorption capacities of MGC5 for DOX and EPI are 909.09 and
781.25 mg/g respectively (Table 2), considerably higher than
the previously reported values.”>

In order to study the influence of the content of B-CD on
drug loading, the loading amounts of MG1-3 and MGC1-9 for
DOX and EPI under the same conditions are also presented for
comparison in Figure 4E. It states clearly that the carriers of
MG1-3 possess a low ability about 600 and 500 pug/mg for DOX
and EPI loading, while MGC1-9 have a loading capacity of
almost 850 and 700 pg/mg for DOX and EPI, nearly 1.5 times
that of MG, indicating that B-CD is responsible for much more
drug loading. As shown in Fig. 4E and Table 1, the variation
tendency of drug loading is in a good agreement with the
content of B-CD. In addition, the loading amounts of MGCS5 is
the largest among the above nanocarrier due to the greatest
content of B-CD. These results reveal that the MGC
nanocarrier could load of DOX and EPI with exceptionally high
loading amounts. Thereby, this nanocarrier could be a
potential vehicle for highly efficient load and delivery of DOX
or EPI, and MGCS5 is chosen for the following experiments.

In addition, to further obtain the distribution of adsorption
molecules with more reliability when the adsorption process

This journal is © The Royal Society of Chemistry 20xx
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reaches to an equilibrium state, the adsorption isotherms are
built and compared with the common isotherm models of
Langmuir (Eq. (3)) and Freundlich (Eq. (4)), as follows:

1

=t (3)
Qe Qm QmKL
Q. = InK; + %lnCe (4)

It is well known that the Langmuir model is basically used for
monolayer adsorption on a surface with a homogeneous
system, while the Freundlich model is suitable for multilayer
adsorption of a heterogeneous system.47 In order to assess
different isotherms models, the fitted plots from the two
isotherms are shown in Fig. 5 with the experimental data for
adsorption of DOX or EPl onto the nanocarrier of MGC, and the
values of parameters for the two models are revealed in Table
2. As shown in Table 2, by comparison of linear correlation
coefficients (Rz), it is found that the Freundlich model is a
better fit for the experimental results of drug loading than the
Langmuir model, indicating a multilayer adsorption.

It is reported that this type of nanocarrier could be taken up by
tumor cells via the endocytosis at the physiological pH of 7.4,
while it declines to an acidic pH value nearly 5.3 in endosomes
and |ysosomes.48
release of the anti-cancer drug inside the tumor tissue or cells

For purpose of enhancing the efficient

and avoiding undesired release during the delivery process in
blood circulation, it’s significant for the release of drug from
the carrier to be pH-responsive. Thus, the drug-release
behaviors of MGC/DOX and MGC/EPI were performed at pH
5.3and 7.4 at

Table 2. The adsorption isotherm parameters of MGC for DOX and EPI

Models Langmuir Isotherm Freundlich Isotherm
Drug DOX EPI DOX EPI
Adsorption q,, 909.09 781.25 n 2.1354 1.6929
Parameters K, 0.01123 0.0150 K; 49.472 18.733
R>  0.9062 0.9236 R> 0.9648 0.9843

Note: The unit of g, K. and K¢ is mg/g, mL/mg and mL/g, respectively.
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Fig. 5 (A/B) The Langmuir Isotherm linear dependence of Ce/Qe on Ce for the
adsorption of DOX (A) and EPI (B) on MGC. (C/D) The Freundlich Isotherm linear
dependence of LnQe on LnCe for the adsorption of DOX (C) and EPI (D) on MGC.

37 °C. At various time points, quantitative solutions were taken
out and the supernatants were determined by fluorescence
measurement. As shown in Fig. 6, at neutral PBS (pH 7.4) to
simulate normal physiological condition, the DOX and EPI are
released from MGC nanohybrids in a very slow fashion and
only below 18% (DOX) and 15% (EPI) of the total bound drugs
are released for 50 h, which can be interpreted as that the
stronger hydrogen bonding interactions results in a slower and
inefficient release. However, in acidic conditions, the release
of DOX and EPI from MGC rises dramatically within the first 10
hours and then levels off gradually from 10 to 50 h. The
maximum cumulative release of DOX and EPI are about 60%
and 35% at pH 5.3 within 50 h, due to the weak hydrogen-
bonding interactions between the —OH and —COOH groups on
MG and —OH and —NH, groups in DOX or EPI. The release
includes two parts, one is from the desorption of the surface-
bound drug molecules on MGC surface,* another is from the
gradual release of drug molecules which have been entrapped
in B-CD cavities.”® The complete release of drugs couldn’t be
achieved at either pH, owing to the diffusion equilibrium
between MGC/drug inclusion complexes and the released drug
which would inhibit the complete drug release.’® Furthermore,
for the steric hindrance of EPI is much higher than DOX, under
the same condition, more EPI will remain entrapped in the
cavity of B-CD and less EPI than DOX would be released from
the MGC carrier. In addition, drug release behaviors are in
complete agreement with the loading amounts and the
content of B-CD, suggesting that the conjugation of B-CD is
conducive to the release of drug. It is well known that the
microenvironments in extracellular tissues of tumors and
intracellular lysosomes and endosomes are acidic, so pH-
responsive drug release from MGC is advantageous to the
clinical therapy of cancer.’® As an ideal delivery vehicle, the
DOX and EPI can be transported to the targeted site by the
water-dispersive  MGC, then the drug payload could be
internalized to cancer cells through endocytosis. In the acidic
microenvironments (pH is about 5.3),
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nanoparticles at pH 5.3 and 7.4.
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protonation of -NH, groups in DOX or EPI molecules can lead
to a positive charge to weaken the part of the hydrogen bond
interactions between drugs and the nanocarrier MGC,
triggering more desired drug release. Considering the different
pH-sensitivity release behaviors of DOX and EPI from MGC, the
multi-functionalized nanohybrid MGC could be served as an
excellent candidate for intelligent drug release to satisfy
different needs.

3.3 Cellular uptake, drug release and cytotoxicity

To further confirm the MGC nanocarrier can transport DOX or
EPI to the targeted site, and especially can effectively release
the drugs in the cell, pure MGC, MGC/FITC, MGC/DOX and
MGC/EPI of equivalent concentration were incubated with the
MCF-7 cells for 2 h. The intracellular distribution of the MGC
nanocarrier with or without drug was examined by a CLSM. As
shown in Fig. 7A, the MCF-7 cells treated with blank MGC
shows no obvious fluorescence, while strong green
fluorescence signals throughout the entire cell cytoplasm
could be observed in the cells after incubation with MGC/FITC,
giving evidence for the successful internalization of MGC. To
understand the release behavior of DOX or EPI from MGC, the
MCF-7 cells were incubated with the same concentration of
MGC/DOX and MGC/EPI for a series of time. As shown in Fig.
7B(a), the fluorescence intensity in cytoplasm of the MCF-7
cells treated with MGC/DOX increases dramatically with the
growth of time, proving the effective cellular internalization of
MGC nanocarrier. After 8 h treatment, the fluorescence
especially in nucleus rises gradually, suggesting the slow and
efficient release of DOX from MGC. This can be interpreted as
that the large specific surface of MGC nanocarrier is
internalized into cells by endocytosis followed by that free
DOX quickly migrates into nucleus, so that DOX can only move
into the cell nucleus after slow release from MGC. For the cells
treated with MGC/EPI, similar fluorescence growth trend could
be observed (Fig. 7B(b)), however, much stronger fluorescence
is found in the MCF-7 cells after incubation with MGC/DOX
than that with MGC/EPI, demonstrating more release and cell
uptake of DOX under acidic condition, which is consistent with
the release in vitro. It reveals that the more DOX than EPI can
be rapidly and effectively transported to the targeted tumor

This journal is © The Royal Society of Chemistry 20xx
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cells by multi-functionalized MGC. Thus, it can be concluded
that MGC/DOX and MGC/EPI could be efficiently taken up by
MCF-7 cells accompanying abundant intracellular release,
followed by migrate DOX or EPI into the cell nucleus while the
nanocarrier is left in cell cytoplasm. These fascinating
properties give a great opportunity for MGC nanocarrier to be
a potential candidate for targeted delivery and controlled
release of DOX and EPI for cancer treatment.

The following work confirms the anti-tumor efficacy of
MGC/DOX and MGC/EPI, for this purpose, MCF-7 cells were
incubated with MGC/DOX and MGC/EPI in concentrations of 1
to 20 pg/mL for 24 h. The cell viability was determined by
standard MTT assay, as shown in Fig. 7C(c) and (d), the dose-
dependent cell viability for both MGC/DOX and MGC/EPI
decreases with increasing carrier concentrations. Furthermore,
at each concentration, the cytotoxicity of MGC/DOX is
remarkably higher than that of MGC/EPI, likely due to the
different release behaviors of the carrier.”® The results reveal
that the MGC loaded of DOX or EPI has the potential for killing
MCEF-7 cells. As a control, the pure MG and MGC were carried
out with the protocol described above, suggesting that the cell
viability of pure MG decreases gradually with the increment of
the concentration of MG (Fig. 7C(b)). Whereas, it is worthy of
note that no obvious toxicity is found at all tested
concentrations of MGC without drug loading (Fig. 7C(a)), since
the cell growth rates with MGC are the same as that of the
medium control, proving that the conjugation of B-CD has
greatly reduce cytotoxicity and enhance the biocompatibility
of the nanocarrier. It can draw a conclusion that MGC is
biocompatible and efficient to provide a probable secure
vehicle for drug delivery and cancer therapy.

4. Conclusions

In summary, B-CD functionalized graphene oxide-magnetic
nanocomposite is successfully constructed by an efficient
layer-by-layer assembly method, which could be firstly served
as nanocarrier for targeted delivery of stereoisomeric
anticancer drugs, DOX and EPIl. The MGC5 containing the most
B-CD (21.18%) shows higher loading capacity for DOX (909.09
mg/g)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (A) CLSM images of MCF-7 cells incubated with 20 pg/mL MGC (a) and MGC/FITC
(b) at 37 °C for 2 h, respectively. (left) bright-field image; (middle) dark-field image;
(right) merged image. The excitation wavelength was 485 nm and the emission was
collected at 590 nm (FV1000 CLSM, 60 objective lens). (B) CLSM images of MCF-7 cells
after incubation with MGC/DOX (a) and MGC/EPI (b) for incubation time of 0.5h, 1 h, 4
h and 8 h (FV1000 CLSM, 20 objective lens). (C) Relative cellular viability of MCF-7 cells
after treatment with various concentrations of MGC (a), MG (b), MGC/DOX (c) and
MGC/EPI (d).

than EPI (781.25 mg/g), owing to the formation of different
complex constructions with B-CD. The MGC can be internalized
into the cell cytoplasm rapidly, and more DOX than EPI could
be efficiently released from MGC in acidic cytoplasm of cancer
cells based on the pH-dependent accelerated release. The DOX
loaded MGC reveals a remarkably higher potency to kill MCF-7
cells than that of EPI, while the blank MGC shows no
cytotoxicity. Therefore, the MGC nanohybrid could be an
excellent candidate for targeted delivery of stereoisomeric
anticancer drugs for biomedical applications.
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