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Nowadays, the concept of drug transmission is an important topic in the field of drug delivery research.
Drug delivery is the method or process of administering a pharmaceutical compound to achieve
a therapeutic effect in humans or animals. In this study, we report the development of a novel platform
for the loading and release of doxorubicin (DOX). It is based on porous reduced graphene oxide (prGO)
nanosheets and chitosan (CS) biocompatible polymer, where prGO can be dispersed in chitosan through
amide linkages. The loading and release of DOX on the CS-prGO nanocomposite were investigated by
voltammetry, FE-SEM, and FTIR and UV-Vis spectroscopy methods. We showed that chitosan-modified
prGO (CS-prGO) was an extremely efficient matrix. An efficient loading of DOX (86% at pH 7.00, time 3 h
and initial concentration of 0.5 mg mL™%) was observed on CS-prGO as compared to the case of prGO

Received 1 201 due to the presence of the —OH and —NH, groups of chitosan. At the normal physiological pH of 7.00,
Aig:;i% ;:hjgéypteom%er 2019 approximately 10% of DOX could be released from CS-prGO in a time span of 1 h; however, when
exposed to pH 4.00, 25% of DOX was released in 1 h. After 20 h, 18% and 62% of DOX was released at

DOI: 10.1039/c9ra04977k pH 7.00 and 4.00, respectively. This illustrates the major benefits of the developed approach for
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Introduction

Nowadays, the targeting and drug controllable properties are the
main concerns in cancer treatment;*” although they are highly
efficient, anti-cancer drugs are not specific to cancer cells, and
therefore, diverse side effects, including hair loss, nausea, vomit-
ing, fatigue and risk of developing infections, may emerge during
treatment.> Drug-delivery systems (DDS) have been created for
improving the therapeutic properties of drugs and are often in the
form of a drug-containing capsule. These systems release drugs in
specific amounts at a specific site; therefore, they affect the phar-
macokinetics and distribution of drugs.*

Thus, one of the main challenges is to find a suitable delivery
carrier.>® Currently, among various carriers including polymeric
particles,”® nanomaterials, microspheres,” dendrimers* and lipo-
somes,"* which are used as potential drug carriers, nanomaterials
demonstrate advantages for drug delivery.*"* Nanocarriers can
adjust the drug release rate, enhance the permeability of the bio-
logical membrane, change drug distribution in vivo, and improve
the efficiency of drug through encapsulation, absorption, and even
covalent crosslinking.'***
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Recent scientific evidence shows the potential uses of carbon
nanomaterials as therapeutic agents, systems for selective and
controlled drug release, and contrast agents for diagnosing and
locating tumors.® In recent years, significant efforts have been
directed towards the use of porous structures as drug loading
matrices due to their high surface area, tunable pore size and
well-defined surface architectures.'®"

Graphene oxide (GO) is a two-dimensional layered nano-
material with high surface area to volume ratio."® Porous
reduced graphene oxide (prGO) nanostructures are ideal
platforms for energy storage devices,'”*® electrochemical
sensing®** and the loading and triggered release of drugs.
Their high surface area together with abundant localized -
electrons on the surface of the nanosheets enables w-m
interactions with the aromatic part of the drugs, leading to
high loading capacity.*®

The functionalization of nanomaterials with biocompatible
polymers increases their stability under physiological condi-
tions.*** Polymeric nanomaterials are biodegradable and have
been developed as drug delivery vehicles. They possess some
advantages including improved encapsulation or solubilization
of drugs to protect and deliver them, the capability to deliver
different kinds of therapeutic drugs, biocompatibility, high
pharmacokinetics, slight clearance from the body, and high
endocytosis efficiency.>*>® Chitosan (CS) is a natural and linear
polysaccharide that has amino groups.” prGO can be evenly
dispersed in the chitosan matrix through the formation of
amide linkages between them through physical mixing.*®
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Doxorubicin (DOX) is one of the most effective chemother-
apeutic drugs used against solid tumors in the treatment of
several cancer types. DOX interacts with DNA through interca-
lation and causes changes in the chromatin structure.** DOX
can cause side effects such as cardiotoxicity and drug resis-
tance. Moreover, it is difficult to administer the drug intrave-
nously because of its low solubility in aqueous media.** Thus,
a -7t stacking interaction can be formed between the large -
conjugated structure of GO and the quinone structure of DOX.
Moreover, a hydrophobic effect contributed to the interaction
between GO and DOX.** In the present study, we reported
a novel nanohybrid formed by CS-prGO and DOX and charac-
terized it using cyclic voltammetry, FE-SEM, and FTIR and UV-
Vis spectroscopy methods. Furthermore, the loading and
release of DOX were investigated by UV-Vis spectroscopy. It is
believed that CS-prGO can have great potential as a drug
delivery system (Fig. 1).

Experimental
Materials

Doxorubicin hydrochloride, phosphoric acid, sodium dihy-
drogen phosphate, disodium hydrogen phosphate, sodium
phosphate, hydrazine hydrate, potassium hexacyanoferrate(u)
and chitosan were purchased from Sigma-Aldrich and used as
received. Graphene oxide powder was purchased from Nano-
materials Pioneers, Iran.

Apparatus

Electrochemical measurements were performed using

a potentiostat/galvanostat (Metrohm Autolab, The Nether-
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consisting of Ag|AgCl|KCl; ; as the reference electrode,
a platinum wire as the auxiliary electrode and a GCE and
a DOX/CS-prGO-modified GCE as the working electrode was
employed.

FE-SEM images were obtained using an electron microscope
(MIRATESCAN-XMU, the Czech Republic) combined with an
EDS (Energy-Dispersive X-ray Spectroscopy) machine equipped
with a thermal field-emission emitter and three different
detectors.

UV-Vis spectra of the samples were obtained by a UV-Vis
spectrophotometer (UV-1900, Shimadzu Co., Japan). FTIR
spectra of GO and prGO were obtained by IR Tracer-100, Shi-
madzu Co., Japan.

Preparation of the porous reduced graphene oxide-chitosan
nanocomposite (CS-prGO)

Reduced graphene oxide (rGO) and porous reduced graphene
oxide (prGO) were prepared based on a study reported by Szu-
nerits.?>** Briefly, 5 mL of graphene oxide (GO) aqueous solu-
tion (1 mg mL ") was sonicated for 3 h at 25 °C. Then, hydrazine
hydrate solution (32 M, 1 mL) was added to the GO dispersed
solution followed by heating in an oil bath for 24 h at 80 °C. The
product was filtered, washed with water and dried in an oven at
100 °C. Next, 5 mg of rGO was sonicated in 5 mL of 30% H,0,
for 30 min and refluxed for 12 h at 60 °C. The product was
filtered and washed with water. For the preparation of the CS-
prGO nanocomposite, 1 mg of prGO was sonicated in 1 mL
water for 1 h. Then, 0.5 mL of CS (0.5 mg mL™" in 1% acetic
acid) was added to the prGO suspension solution and sonicated
for 30 min at 25 °C. The product was filtered, washed with water
and stored in a fridge for use.

Release

Fig. 1 Schematic for the preparation of the DOX/CS-prGO hybrid and its application in a drug delivery system.
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Fig. 2 FE-SEM images of prGO (a), CS-prGO (b) and DOX/CS-prGO (c).

Loading of DOX onto the CS-prGO nanocomposite and on-
demand release experiments

Herein, 1 mg of the CS-prGO nanocomposite was dispersed in
2 mL of 0.1 M phosphate buffer solution (PBS) for 30 min at
25 °C. Then, 0.5 mg of DOX was added to the CS-prGO dispersed
solution, and the mixture was continuously stirred for 3 h at
constant temperature and pH. The sample was then centrifuged
(relative centrifugal force of 8000 g for 15 min) to separate the
solid phase (DOX/CS-prGO). The obtained DOX/CS-prGO hybrid
was washed with water, dried overnight at room temperature
and stored in the fridge for use. The loading amount of DOX
onto the CS-prGO nanocomposite was calculated by the differ-
ence between the DOX concentrations of the initial DOX solu-
tion and the supernatant solution after loading. The
supernatant concentration was determined by UV-Vis spec-
troscopy at 480 nm.

To determine the release of DOX loaded onto CS-prGO, 1 mg
of the DOX/CS-prGO hybrid nanocarrier was dispersed in 1 mL
of PBS solution and placed in the inner dialysis tube, which was
dialyzed in 15 mL of PBS solution at pH 4.00 and 7.00. The
released DOX was determined by UV-Vis absorbance at 480 nm.

Preparation of the DOX/CS-prGO hybrid-modified electrode

The as-prepared 1 mg of DOX/CS-prGO hybrid was dispersed in
1 mL of water for 30 min. After polishing the GCE with alumina
powder, 5 uL of the DOX/CS-prGO hybrid was drop cast onto the
GCE surface and dried in the oven at 60 °C. Then, the DOX/CS-
prGO/GCE was immersed in 0.1 M PBS (pH 7.00) for cyclic
voltammetry measurements.

Results and discussion
Characterization

Raman analysis of prGO was performed (see ESI, Fig. S11), and
the results revealed the introduction of defects into the gra-
phene framework. The intensity ratio of D and G bands (Ip/I) of
prGO has been determined 0.98; its value for prGO is higher
than that for rGO in literature®* due to the presence of unre-
paired defects after the removal of oxygen-containing functional
groups and the creation of pores. Furthermore, porous struc-
tures of prGO were evaluated by a tunneling electron
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microscope (TEM). As illustrated in Fig. S2,f uniformly
distributed nanopores with 4-6 nm diameter were observed,
indicating the hydrolysis of epoxy groups to hydroxyl groups,
and the breaking of the C-C bonds resulted in porous
structures.>

The morphology of CS-prGO before and after the loading was
characterized by FE-SEM. Fig. 2 displays the FE-SEM images of
prGO, CS-prGO, and DOX/CS-prGO. As observed, the surface of
prGO is smooth. In contrast, the surface of CS-prGO appears
slightly coarse, indicating that most of prGO is relatively well
dispersed in the chitosan matrix. Agglomeration was not
observed in the case of CS-prGO. It was observed that during the
preparation of the CS-prGO composite, the chitosan macro-
molecule separated the prGO sheets and prevented the
agglomeration of prGO. In addition, the electron pair on the
nitrogen atom of chitosan in the protonated form strongly
interacted with prGO. Similar results have been reported
earlier.”*>* Moreover, stacking and protuberances were
observed on the surface of the DOX/CS-prGO nanohybrid,
obviously indicating that DOX had been immobilized onto the
CS-prGO composite. The -OH, -NH, and ~-COOH groups on the
CS-prGO nanocomposite formed hydrogen interactions with
the -OH and -NH, groups of DOX. Moreover, there were -7
stacking interactions and hydrophobic effect between DOX and
CS-prGO in the nanohybrid.

Fig. 3A shows a comparison between the cyclic voltammo-
grams of 0.1 mM DOX at the GCE and those of CS-prGO and
DOX/CS-prGO-modified GCE in 0.1 M PBS (pH = 7.00).
Compared to DOX at the GCE, a pair of well-defined redox peaks
with significant enhancement was obtained for the DOX/CS-
prGO-modified GCE. It appears that the interaction between
the CS-prGO nanocomposite and DOX is because -7 stacking
facilities electron transfer. Moreover, Fig. 3B depicts the CV
curves of the GCE modified with the DOX/CS-prGO nanohybrid
in 0.1 M PBS (pH 7.00) at various scan rates. As observed, the
peak currents enhanced with the increasing scan rate. Accord-
ing to the plot of the anodic and cathodic peak currents versus
the scan rate (Fig. 3C), the anodic and cathodic peak currents
are linearly proportional to the potential sweep rate, indicating
that the electrode process is surface-controlled over the selected
range of potential scan rate. Therefore, the presence of DOX on
the CS-prGO nanocomposite was confirmed.

RSC Adv., 2019, 9, 30729-30735 | 30731
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Fig. 3 (A) Cyclic voltammograms of 0.1 mM DOX at the GCE (a) and CS-prGO (b) and DOX/CS-prGO (c) modified GCE in 0.1 M PBS (pH 7.00) at
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Fig. 4 UV-Vis spectra of prGO (a), CS (b), DOX (c) and DOX/CS-prGO
(d).

The real electrochemical active surface area of the prGO/GCE
and CS-prGO/GCE was determined by initially plotting the peak
current as a function of the square root of the scan rate for
[Fe(CN)g]*~ (5 mM); then, from the slopes of these graphs and
using eqn (1), the active area surface was calculated as follows:

A = slope/(268.6 x % x D2 x ©)

1)

99

Transmittance %
™ ©
© &~

2]
H

79

; (B) cyclic voltammogram of the DOX/CS-prGO modified GCE in 0.1 M PBS (pH 7.00) at the scan rates of (a) 10, (b) 25, (c) 50, (d) 75 and

where 4 is the electrochemical active surface area (cm?), 7 is the
number of electrons transferred (n = 1), D is the diffusion
coefficient of [Fe(CN)¢]'~ and C is the concentration of
[Fe(CN)]*~. Contrary to the prGO/GCE with an active surface
area of 0.19 cm?, the CS-prGO/GCE showed an increased surface
area (A = 0.23 cm?). The significantly higher electroactive area
of the CS-prGO/GCE as compared to that of the prGO/GCE
recommends CS-prGO as an efficient nanocarrier for many
therapeutic drugs such as DOX.

The formation of the DOX/CS-prGO hybrid was confirmed
by UV-Vis spectroscopy in the range of 350-600 nm (Fig. 4);
no absorption peak was observed for prGO and chitosan in
this range, whereas the absorption peak of the free DOX was
observed at 476 nm. The DOX/CS-prGO hybrid showed
a characteristic absorption peak of DOX at 483 nm; thus, the
UV-Vis spectra confirmed the formation of the hybrid.
Moreover, the absorption peak of DOX after hybridization
with CS-prGO showed a red shift (476 nm shifted to 483 nm)
due to the ground-state electron donor-acceptor interaction
between DOX and CS-prGO.%>"~*°

Fourier transform infrared spectroscopy (FTIR) was used to
verify the loading of DOX onto CS-prGO (Fig. 5). In the spectrum
of prGO, we observed C=O (carbonyl/carboxyl) groups at
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Fig. 5 FTIR spectra of prGO (red), CS-prGO (violet) and DOX/CS-prGO (black).
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1743 ecm™ ', C=C (aromatics) at 1642 cm™ ', C-O (carboxyl) at
1459 cm ™', (epoxy) C-O group at 1249 cm™ " and C-O (alkoxy) at
1045 cm™". The broad absorption band at 3442 cm ™" is related
to the hydroxyl group. Moreover, in the spectra of CS-prGO, the
peaks at 3445, 1633, 1463, 1260 and 1069 cm ' correspond to
the prGO peaks, and dominant peaks were observed at 1069 and
1575 em ™', corresponding to the absorbance of the glucosidic
bond, stretching vibration from C=0 of -NHCO- and the N-H
bending of NH,. Fig. 5¢ shows the FTIR spectrum of the DOX/
CS-prGO hybrid. The characteristic peaks at 2921, 1712, 1633,
1461, and 1066 cm ' were assigned to quinone and ketone
carbonyl groups.***' Moreover, the peaks at 1253, 998 and
886 cm ™' were due to the stretching bands of the C-O-C
groups,** the primary amine NH, wag and the N-H defor-
mation bonds, respectively.** These dominant peaks overlapped
with the peaks of CS and prGO. The peak of the -OH group had
a small shift to the lower band and reached a value of
3431 ecm™'. The additional absorbance bands and bond width
of the peaks in the spectrum of DOX/CS-prGO confirm the
effective loading of DOX onto CS-prGO.

Loading of DOX onto the CS-prGO nanocomposite

The amount of DOX loaded onto the CS-prGO nanocomposite is
determined based on the standard curve of DOX absorbance to
its concentration at 480 nm (Fig. 6A). The loading percentage of
DOX onto the nanocomposite was calculated using the
following equation:

Loading% = [(Cin¢ — C5)/ Cine] x 100

where Cj,: and Cj are the initial concentration and the super-
natant concentration of DOX after loading, respectively.

Fig. 6B shows the percentage of loaded DOX onto prGO and
CS-prGO in 0.1 M PBS (pH 7.00) at room temperature and
shaking time of 3 h. As shown, the amount of DOX loaded onto
the CS-prGO nanocomposite was high as compared to that in
the case of prGO. The result implies that CS-prGO forms
stronger hydrogen bonds with DOX than prGO due to the
presence of the -OH and -NH, groups of chitosan.

This journal is © The Royal Society of Chemistry 2019
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(A) The calibration curve of DOX absorbance vs. its concentration. (B) Comparison of the loaded DOX percent onto prGO and CS-prGO.

The effect of the pH of the PBS solution on the loading
percentage of DOX at room temperature and shaking time of 3 h
was investigated, and the results are shown in Fig. 7A. The
results showed that in the pH range from 3.00 to 7.00, the
loading amount of DOX increased. Therefore, the natural
medium is favorable for loading DOX. This may be due to the
strongest hydrogen bonding interaction of -OH, -NH, and
—-COOH of CS-prGO with -NH, and -OH of DOX. Under acidic
and basic conditions, the loading amount of DOX was
decreased due to different degrees of hydrogen bonding
attributed to the -NH, and -COOH groups of CS-prGO and
DOX, respectively.

Fig. 7B shows the effect of the shaking time on the loading
amount of DOX onto CS-prGO in 0.1 M PBS (pH 7.00) at room
temperature. The results showed that in the range of 0.5-5 h
shaking time, the loading percent of DOX increased with time.
The improvement was observed in the time range of 0.5-3 h and
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Fig. 7 (A) The effect of the pH of the PBS solution on the loading

percent; (B) effect of shaking time on the loading percent; and (C) the
release percent of DOX from CS-prGO in the PBS solution with pH
4.00 and 7.00.
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decreased when the shaking time exceeded 3 h due to the
degradation of DOX in the aqueous solution. Therefore, the
optimum loading time of 3 h was selected for the loading of
DOX onto CS-prGO.

On-demand release of DOX from the DOX/CS-prGO hybrid

Fig. 7C shows the release behavior of DOX from CS-prGO at
different times in the 0.1 M PBS solution at pH 4.00 and 7.00. As
found, 10% of DOX loaded onto CS-prGO was released after 1 h
at pH 7.00, whereas 25% of DOX was released at pH 4.00. As
discussed in the effect of pH on the loading of DOX, the
hydrogen binding between DOX and the CS-prGO nano-
composite at pH 7.00 is strong, and the resulting release of DOX
is low. Moreover, in acidic pH, DOX is protonated and water
soluble; thus, the release of DOX is much higher than that
under neutral conditions. After 20 h, 18% and 62% of DOX was
released at pH 7.00 and 4.00, respectively.

Conclusions

In this study, a novel and efficient nanocarrier based on porous
reduced graphene oxide and chitosan polymer (CS-prGO) was
developed. The results showed that the CS-prGO nanocarrier
could form the DOX/CS-prGO hybrid due to hydrogen bonding
interaction with DOX. An efficient loading of DOX (86% at pH
7.00 and time 3 h) was observed onto CS-prGO as compared to
that in the case of prGO. It was found that CS-prGO formed
stronger hydrogen bonds with DOX than prGO due to the
presence of the -OH and -NH, groups of chitosan. In addition,
the release experiments showed that the release rate of DOX
from CS-prGO at pH 7.00 was slow, whereas a faster release rate
in an acidic environment at pH 4.00 was observed. Therefore,
the design of a novel hybrid nanocarrier based on the CS-prGO
composite may provide a successful potential application for
many therapeutic drugs, especially DOX, for clinical treatment.
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