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Abstract—This work is dedicated to the synthesis of a GO@Fe;0,@DOX multifunctional nanocomposite
composed of graphite oxide, superparamagnetic iron oxide nanoparticles, and the drug doxorubicin. The
final product combines double magnetic and molecular targeting to tumor tissues. Superparamagnetic Fe;O0,
nanoparticles are first chemically deposited onto a surface of graphite oxide (GO) with the acquisition of a
double GO@Fe;0, composite. The material is then bound with the antitumor drug doxorubicin. The mor-
phology, phase composition, and magnetic and optical properties of synthesized samples are characterized
via thermal gravimetry, X-ray diffraction, magnetic susceptibility measurements, transmission electron
microscopy, and via UV-visible and Raman spectroscopy. The optimal ratio of graphite oxide, iron oxide,
and doxorubicin for the creation of a potential precursor of the new drug is established. The presence of doxo-
rubicin and iron oxide in the composite is confirmed, making it possible to use an external magnetic field for
targeted drug delivery towards the affected tissues. It is also shown that the composite retains its stability for

a month in solutions with physiological pH values.

DOI: 10.1134/51995078018020027

The development of new methods for the targeted
delivery of drugs will substantially improve the safety
and efficiency of their therapeutic effect. Materials
based on graphene and its derivatives, such as
graphene oxide, seem promising for solving this prob-
lem, whose extensive study has been initiated by Geim
and Novoselov [1]. Due to the unique honeycomb-
like structure composed of single layers of sp? hybrid-
ized carbon atoms, graphene possesses excellent heat
and electric conductivity, a large specific surface, and
biocompatibility [2—6]. Graphene and its derivatives
contain the 6-atom layers with a system of conjugate
bonds, enabling one to refer to these compounds as
planar aromatic macromolecules whose surface can be
immobilized with various macromolecular sub-
stances, including drugs, noble metals, and magnetic
materials in the form of nanoparticles [7—12]. The
presence of various oxygen-containing functional
groups (—COOH, —COH, —OH, =0), formed during
the chemical synthesis of graphene and graphite oxide
on the surface, favor the construction of chemical
bonds between a carbonaceous material and a DOX
drug containing the —NH, aminogroups.

An antracycline antibiotic—doxorubicin
(Cy;H,9NO,)—is used extensively in the treatment of
oncological diseases (Fig. 1). Nevertheless, its clinical

application is limited because of the noticeable side
effects caused by cardiotoxicity. The targeted delivery
of the medicament to the affected organ will allow one
to use smaller doses of the drug and, consequently, to
reduce side effects. This task can be solved through the
synthesis of composites that contain doxorubicin,
superparamagnetic iron oxide nanoparticles, and
graphite oxide.

A molecule of doxorubicin, including the amino-
group, is able to form a chelate complex with iron
oxide [13—17], which ensures strong chemical cou-

O OH OH
OH

CX T Jon

OCH;0 OH ¢ e

Fig. 1. Doxorubicin molecule.
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Table 1. Compositions and volumes of iron oxide and doxorubicin solutions

Composition of DOX@Fe;0,4, wt %

Fe;0,4 nanoparticle solution volume
(0.012 g/mL), uL

DOX solution volume
(1 mg/uL in phosphate buffer), uL

82% DOX—18% Fe;0, 14220 780
75% DOX—25% Fe;0, 14477 523
50% DOX—50% Fe;0, 14820 180

pling. The presence of superparamagnetic properties
in iron oxide nanoparticles will enable one to use the
external magnetic field for delivering the drug to the
affected organ.

The presence of graphite oxide in the composite,
which has a planar structure and developed surface,
will allow a large amount of iron oxide chemically
coupled with DOX to be sorbed on its surface. Fur-
thermore, oxygen-containing functional groups onto
the GO surface favor the additional formation of
chemical bonds between the aminogroups of doxoru-
bicin molecule and the carboxyl groups of GO.

This work is aimed at designing a multifunctional
structure that combines the double magnetic and
molecular targeting to tumor tissues. Superparamag-
netic Fe;O, nanoparticles were chemically deposited
onto the GO surface with the formation of GO@Fe;0,
nanocomposites. The successive coupling of the
material with doxorubicin (DOX) resulted in the final
GO@Fe;0,@DO0OX composite.

EXPERIMENTAL

Reagents. Reagents were medium-flake graphite,
KMnO, (chemically pure), H,SO, (concentrated
chemically pure), H;PO, (85%, chemically pure),
H,0, (30%), Na;C¢Hs0O; sodium citrate (chemically
pure), NH; (concentrated), H,O (distilled), C,H;OH
(Ferein, 95%), H,C,0, (pure), FeSO, - 7H,0 (chem-
ically pure), FeCl; - 6H,0 (pure), doxorubicin hydro-
chloride (TEVA, Netherlands), and phosphate buffer
solution with pH 7.5.

Preparation of the buffer solution. A buffer solution
of 50 mM KH,PO, and 2 mM MgSO, was used. It was
prepared in 1 L of distilled water by solving 6.85 g of
KH,PO, and 0.24 g of MgSO,. The pH of the solution
was adjusted to a value of 7.5 with dry KOH sodium
hydroxide pellets (approximately 8 pellers or 1.7 g).
The buffer solution was stored at a temperature of
+4°C, allowing one to maintain its stability for 1—
2 months.

Synthesis of graphite oxide. Graphite oxide was
synthesized in accordance with the improved Ham-
mers method [5]. For this purpose, 1.5 g of medium-
flake graphite was poured into 180 mL of 98% sulfuric
acid and 20 mL of 85% orthophosphic acid with stir-
ring. Nine grams of potassium permanganate was then
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added in a slow manner. The temperature of the final
solution was below 35—40°C. The solute was stored at
a temperature of 50°C for 12 h and diluted carefully
with 10 mL H,O0, (30%). After the solution was
cooled, it was dissolved with H,SO, (5%) taken in the
same volume as the cooled solution. Ten grams of
H,C,0, was gradually added to the blend with stirring,
and the solution changed color from dark brown to
pail green. After this, the blend was stored for 12 h at a
temperature of 50°C, transforming into a yellow-
brown solution that was subjected to 30 min of the
multiple room-temperature centrifugation at a rate of
6000 rpm. The supernate was poured out after each
centrifugation, and the precipitation was rinsed with
distilled water and reexposed to centrifugation. The
process was stopped when the pH of the supernate
reached 6—7. The sample was further exposed to 2 days
of sublimation drying on a Labconco 7948030 (United
States) sublimator at a pressure of 0.7 mbar in a tem-
perature range of —20 to +20°C.

Preparation of Fe;O,(Na;C,H;0,) iron oxide.
Magnetic Fe;O0, iron oxide nanoparticles were
obtained in accordance with the technique [9]. For
this, 2.234 g of FeSO, - 7H,0 and 4.348 g of FeCl; -
6H,0 salts were solved in 17 mL of water. After that,
180 mL of 4% ammonium solution was added in the
blend, which immediately acquired a black color. The
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Fig. 2. X-ray diffractogram of medium-flake graphite.
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Fig. 3. X-ray diffractogram of graphite oxide synthesized
by the modified method.

particles in the resulting solution were appreciably
attracted to the magnet. In order to stabilize them,
45.2 g of Na;C¢H;O, - 2H,0 diluted in 200 mL dis-
tilled water was added to the solute, which was then
subjected to 30 min of heating to 80°C in continuous
stirring. The final solution was placed in an ultrasonic
bath for 20 min to disperse the magnetic particles.

Synthesis of DOX@Fe;O, composite. In order to
find the optimal composition based on doxorubicin
and iron oxide, various composites were studied in the
present work (Table 1).

The required compositions were obtained by add-
ing the DOX solution to the corresponding volume of
iron oxide nanoparticles and exposed to 10 min of
ultrasonic treatment. The solutions were rich orange.

Synthesis of DOX@GO composite. The DOX@GO
sample was prepared by mixing 15 mg of DOX with
75 mL of GO solution (1.66 M), and the solute was
then adjusted to a volume of 15 mL with a phosphate
buffer solution (pH 7.5). The final solution was placed
onto a magnetic stirrer for 12 h at room temperature.

Synthesis of GO@Fe;0,@D0OX. A GO@Fe;0,@D0OX
sample was prepared by mixing 75 uL of GO and
274 mL of Fe;0, solution with 15 mg of DOX powder
(the DOX/Fe;0, weight ratio was 82/18). The mixture
volume was adjusted to 15 mL with a phosphate buffer
solution (pH 7.5) and was placed on a magnetic stirrer
for 12 h at room temperature.

In order to inspect the behavior of the DOX in a
composite containing graphite oxide and iron oxide, a
solute of doxorubicin was prepared in a phosphate
buffer solution (pH 7.5). The DOX concentration in
the buffer was 1 mg/mL. The reference sample was
produced in 15 mL of the phosphate buffer solution by
diluting 15 mg of doxorubicin with adding 274 uL of
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Fig. 4. X-ray diffractogram of Fe;O,4, produced using
sodium citrate.

the Fe;0, solution with a concentration of 0.012 g/mL
and 1.5 mg of graphite oxide (the DOX/Fe;0, weight
ratio was 82/18 because of the confirmed presence of
doxorubicin in the composite for this composition).
The sample was then treated in an ultrasonic bath
for 20 min.

Characterization methods. Optical absorption
spectra were recorded on a PerkinElmer Lambda 950
(PerkinElmer, United States) scanning UV/Vis/nIR
spectrophotometer.

The electron diffraction analysis and thorough
inspection of the microsctructure were conducted via
transmission electron microscopy (TEM) on a LEO
912 AB Omega microscope with a LaB4 cathode at an
accelerating voltage of 100 kV (Carl Zeiss, Germany).
The electron diffraction patterns were acquired with a
265-mm-long camera using metal gold as a reference.

Thermogravimetric analysis (TGA) and differen-
tial thermal analysis (DTA) were implemented on a
Netzsch STA 409 PC/PG (Netzsch, Germany) ther-
moanalytical installation in air in platinum crucibles
over a temperature range of 40—800°C at a heating rate
of 5°C/min (the sample weight was 20—40 mg).

The X-ray diffraction (XRD) study was performed
on a Rigaku D/MAX 2500 (Rigaku, Japan) diffrac-
tometer in the Bragg—Brentano geometry with a rotat-
ing anode (CuKo radiation). The diffractograms were
recorded in the step scan mode in the angle range of
20 = 2°—80° with a 20 increment of 0.02° at an expo-
sure time of 2 s per point. The data were processed
using the conventional WinXpow software package.

The Raman spectroscopy measurements were
made on an InVia Reflex (Renishaw, Great Britain)
spectrometer in the confocal mode using a red He/Ne
laser (excitation wavelength of 632.8 nm and power of
20 mW) and a green Ar laser (wavelength of 514.4 nm

Nos. 3—4 2018
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Fig. 5. (Color online) (a) TGA and DSC and (b) mass spectroscopy data of graphite oxide.

and power of 50 mW). The neutral density filter power
for spectra was 100%. The acquisition time was 10 s.
The setup was aligned using single-crystal silicon slabs
as the reference. The Raman spectra were recorded
over a wavenumber range of 100—3200 cm~". The laser
power was controlled by the light-absorbing filers in
the optical path.

The magnetic experiments were carried out on a
Faraday balance magnetometer fabricated at the Insti-
tute of Solid State Chemistry of the Ural Branch of the
Russian Academy of Sciences. For this, the Fe;0,
nanoparticle solution with a concentration of
0.012 g/mL was used. The magnetization of the sam-
ple was measured at a temperature of 7= 293 K at var-
ious values of the magnetic field during the field sweep
from 0 to 15000 Oe, from 15000 to —15000 Oe, and
from 15000 to 15000 Oe (in the hysteresis loop acqui-
sition mode). The precision of the magnetic moment
measure was 3%, and the accuracy in determining the
applied magnetic field was =100 Oe.
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RESULTS AND DISCUSSION

X-ray diffraction analysis. The X-ray spectrogram
of the precursor of medium-flake graphite (Fig. 2)
exhibits a high-intensity (002) signal at 20 = 26.2°,
which corresponds to the interplane distance of 3.4 A.
The X-ray diffractogram of GO evidences a lack of the
reflex at 20 = 26.2° and the emergence of a peak at
26 = 10.3°, which indicates graphite oxidation and an
increase in the interplay distance to 8.6 A in the sam-
ple, caused by the embedding of oxygen-containing
groups and water molecules (Fig. 3). The pronounced
broadening of (001) reflex for GO evidences a rela-
tively small coherent domain (CD) size in the direc-
tion normal to the sheet plane.

The X-ray diffraction analysis of iron oxide (Fig. 4)
reveals that the sample is not single phase and, as well
as the Fe;0, phase, it contains FeEOOH. Nevertheless,
this impurity phase does not contradict the goal of the
present work, because FeOOH is also known by its
magnetic properties and can be used for the creation of
a composite with doxorubicin and graphite oxide.
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Fig. 6. (Color online) Hysteresis loop of the Fe;04 sample.

Fig. 7. TEM image of GO from dispersion in propanol-2 (0.0001 g/mL).

Thermogravimetry data. The TGA curve of the GO
sample during heating from 40 to 800°C evidences two
main stages of weight loss. The first one ends at
around 200°C and is accompanied with a slight exoef-
fect. The weight loss in this temperature range is about
30%, and, according to the mass-spectrometry data of
releasing gases, the main products are water, CO,, and
SO,. The presence of gaseous sulfur oxide seems to be
due to the chemical prehistory of synthesized GO,
because its production involved high amounts of con-
centrated sulfuric acid. The second stage ends at
approximately 550°C and manifests itself by a pro-

NANOTECHNOLOGIES IN RUSSIA  Vol. 13

nounced exoeffect with the release of carbon dioxide
and monoxide and a weight loss of 80% of the initial
value. The heating of the GO sample to 800°C results
in a total weight loss of 91.2% (Fig. 5). Since carbon is
the basic component of the sample, the DSC curves
and temperature dependence of the release of carbon
dioxide are almost identical.

Magnetic properties. The saturation magnetization
M(H) normalized to the sample weight as a function of
the field for the magnetic liquid of iron oxide exhibits
reversible and nonlinear behavior, and the remain
polarization is almost zero (Fig. 6). Both these facts

Nos. 3—4 2018
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Fig. 8. (Color online) Transmission electron microscopy (TEM) data of (a) Fe;04, (b) GO@Fe;0,@DOX, and (c) statistical pro-

cessing of optical micrographs of the Fe;O0,4 sample.
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Fig. 9. (Color online) Optical absorption spectra of doxo-
rubicin and iron oxide solutions in various ratios.
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unequivocally confirm the production of Fe;O4-con-
taining superparamagnetic nanoparticles.

Transmission electron microscopy. As is seen from
TEM optical micrographs, the thickness of individual
GO sheets is from 2 to 18 nm, which corresponds to
approximately 50 layers in the sample (Fig. 7). The
dark spots in micrographs are assumed to be the traces
of manganeze dioxide not completely removed during
the rinsing of the sample. It is thus natural that MnO,
nanoparticles remained invisible for XRD.

It is obvious from TEM images of iron oxide and
the GO@Fe;0,@D0OX composite that Fe;0,
nanoparticles are composed of well-faceted cubic
crystallites with an average size of about 8§ nm (Fig. 8).

UV-visible spectroscopy data. Optical spectroscopy
is a powerful tool for the analysis of doxorubicin-con-
taining composites, thanks to the fact that pure doxo-
rubicin exhibits the absorption maxima at 480 and
500 nm. The inspection of absorption spectra of 50%
DOX—-50% Fe,0O, and 75% DOX-25% Fe;O, sam-

2018
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Fig. 10. (Color online) Optical absorption spectra of
(a) pure doxorubicin solutions and (b) doxorubicin—
graphite oxide composite.
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Fig. 12. (Color online) Raman spectrum of GO synthe-
sized via the modified Hammers method.

ples reveals no absorption maxima that could be typi-
cal of doxorubicin, indicating a lack of DOX in these
composites. A blurred maximum at 600 nm arises in a
82% DOX—18% Fe;0, composite (Fig. 9), evidencing
the formation of doxorubicin complexes with Fe3*
ions_as follows from [18]. One can therefore assume
that the formation of doxorubicin complexes with iron
oxide takes place at the weight ratio of 82/18.

An analysis of the optical absorption spectra of
doxorubicin composites with GO in the ratio of DOX
(15 mg)—GO (1.5 mg) confirms the formation of the
composite and encapsulation of doxorubicin into a

NANOTECHNOLOGIES IN RUSSIA Vol 13
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Fig. 11. (Color online) Optical absorption spectra of solu-
tions of double and triple composites containing doxoru-
bicin, iron oxide, and graphite oxide.
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Fig. 13. (Color online) Raman spectrum of the
DOX@Fe;0,4 composite.

GO shell, because of the similarity of spectra from
pure DOX and composite (Fig. 10).

Figure 11 displays optical spectroscopy data
acquired on triple and double doxorubicin-containing
composites.

All absorption maxima of doxorubicin are observed
in the presented spectral data. This means that one
makes it possible to create not only double composites
based on doxorubicin and graphite or iron oxides, but
also more complex triple systems composed of mag-
netic nanoparticles, graphite oxide, and doxorubicin.
These materials retain the specific physical and chem-
ical properties in accordance with their components.
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Fig. 14. Raman spectrum of GO@DOX (Ip/lg =
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Fig. 15. Raman spectrum of GO@Fe;0,@DOX (Ip/Ig =
2429/2097 = 1.16).

It is worth noting that aqueous GO@Fe;0,@D0OX
composite solutions in the phosphate buffer are quite
stable (there are no visible changes in a sample after
one month), which makes them promising for practi-
cal use.

Raman spectroscopy is the most sensitive to high-
symmetry covalent bonds with a small or missing
dipole moment. Since the C—C bonds are entirely in
accordance with this criterion, Raman spectroscopy is
able to detect any of the finest structural changes in
GO, being thus a highly valuable method for this
study.

Figure 12 shows a Raman spectrum of graphite
oxide applied onto a silicon slab, where the character-
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istic bands of a Si-substrate arise at 521.5 cm~!. There
are also modes typical of graphene oxide and other
carbon materials, such as G (1596 cm™') and D
(1358 cm™!). The 2D band range exhibits several peaks
(2D, D + G), which evidence the incomplete struc-
ture and the presence of defects. Both bands are due to
second-order resonant Raman scattering. This is a
fundamental difference between graphite oxide and
graphene, which gives the pronounced bands (G and
2D) at 1580 and 2690 cm~! at a low-intensity D mode.

The I/ 15 area ratio of spectral components can be

considered the sp?/sp> carbon fraction ratio in the
material. Thus, the intensity ratio is inversely propor-
tional to the domain size of graphene sheets and is
directly proportional to the defect concentration.
For the graphite oxide used in this work, the /I,/I;
ratio is 0.88.

The Raman spectrum of doxorubicin/iron oxide
composites (82/18, wt %) includes the characteristic
bands of the drug, whose positions match those
reported in the literature (Fig. 13), evidencing the
presence of DOX in the double composite. The results
are consistent with UV-visible spectroscopy data and
confirm the formation of double DOX@Fe;O, com-
posite (Fig. 13).

It is worth mentioning that the Raman lines of
doxorubicin at 1408—1517 cm~! cover the range of D
and G bands that are intrinsic of graphite oxide.
Therefore, in the case of GO@DOX and
GO@Fe;0,@DO0OX composites with graphite oxide,
the presence of doxorubicin can be concluded from
bands arising at lower wavelengths, e.g., from a line at
462 nm associated with —C—C=0 bond, which is
characteristic of doxorubicin as well (Figs. 14, 15).

The Raman spectra of doxorubicin encapsulated in
graphite oxide and being part of the triple composite
contain the characteristic band of doxorubicin at
462 nm, which proves the presence of the drug in the
composite with graphite and iron oxides. Further-
more, the Ip/l; ratio increases to a large extent in
comparison with initial graphite oxide, testifying to
the additional transition of some carbon atoms to the
sp3-hybridization state. This phenomenon can refer to
the formation of bonds between carboxyl groups in
graphite oxide and aminogroups in doxorubicin,
which is expected to improve the stability of the triple
composite.

CONCLUSIONS

A GO@Fe;0,@DOX triple composite based on
graphite oxide, an iron oxide nanoparticle, and the
drug doxorubicin was produced in the present work.
Since it combines magnetic and drug components,
this material is considered bifunctional. Graphite
oxide with a biocompatible surface contains a large
number of functional groups that favor chemical cou-
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pling with the doxorubicin antibiotic. Superparamag-
netic iron oxide particles are suitable for the hyper-
thermic treatment of oncological diseases and the tar-
geted delivery of doxorubicin in the external magnetic
field immediately to the affected organ. In the future,
the use of the proposed nanocomposite will allow the
controllable delivery of doxorubicin, and negative
effects on the body will thereby be reduced.
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