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1. INTRODUCTION

ABSTRACT: In this work, we developed and screened the
potential antitumor activity of a nanocarrier based on graphene
oxide (GO) and folic acid (FA) for the delivery of
chemotherapy drugs. GO was synthesized by the graphite
exfoliation process. FA was linked to PEG (4,7,10-trioxa-1,13-
tridecanediamine) to form FA—PEG, followed by coupling to
the GO surface. Camptothecin (CPT) was further adsorbed
on GO for use as a drug model in the delivery study. The
synthesis of the intermediate FA—PEG molecule and coupling
to GO for the formation of the GO—FA nanocarrier were
confirmed by basic and state-of-the-art characterization
techniques, including infrared (FTIR) spectroscopy, thermog-
ravimetric analysis (TGA), electrospray ionization (ESI) mass spectrometry, transmission electron microscopy (TEM), and
magic-angle spinning carbon-13 nuclear magnetic resonance (CP/MAS *C NMR) spectroscopy. FTIR spectroscopy showed a
significant reduction in the signal intensity of the carboxylic groups after the functionalization of GO with FA—PEG. TGA of
GO—FA revealed that approximately 20% of the functional groups were from FA—PEG. GO—FA indicated a high CPT loading
capacity (37.8%). In vitro studies confirmed prolonged drug release over 200 h. Acidic pH (5.0) slowed the release of CPT from
the nanocarrier compared to that at physiological pH (7.4). The toxicity screening of GO—FA and GO—FA + CPT was
investigated for two widely studied preclinical cell models: J774, a tumor cell with macrophage phenotype and high proliferation
rate; and HepG2, a tumor cell obtained from human hepatocellular carcinoma with folate transporters. The toxicity of the GO—
FA nanocarrier without drug loading was dependent on the cell type and presented no toxicity to J774 but high toxicity to
HepG2. The presence of FA in the nanocarrier loaded with CPT was crucial to achieve apoptosis in both tumor cell lines. In
addition, confocal microscopy revealed both the adhesion and internalization of the FITC-labeled GO—FA by the tumor cell
lines.
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functionalization and coating with molecules and polymers,
for the creation of drug delivery systems.>®

Graphene oxide (GO) is a two-dimensional nanomaterial
composed of single-layer sheets of sp* hybridized carbons, sites
of sp® hybridized carbons, and oxygenated groups, which can be
obtained from the oxidation and exfoliation of graphite.' This
nanomaterial has attracted much interest in several fields of
research, mainly due to its intrinsic physical—chemical,
mechanical, and structural properties.” GO has been extensively
studied for the delivery of drugs because it has a large
hydrophobic area that allows hydrophobic drug loading by
noncovalent adsorption via 7—7 stacking and interactions with
aromatic compounds.” The large GO surface and the presence
of oxygenated groups allow the development of a variety of
nanomaterial modification approaches, such as chemical
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Cytotoxicity tests have shown that GO exhibits a certain
degree of toxicity to cells, while the functionalization of GO
with biocompatible polymers, such as polyethylene glycol,
dramatically reduces the in vitro and in vivo toxicity.”® In this
way, the possibility of modifying the GO surface with a range of
functionalizations, both covalent and noncovalent, is an
important feature for successful biomedical applications. The
functionalization can increase the specificity of the nanomaterial

Received: December 11, 2017
Accepted: January 30, 2018
Published: January 30, 2018

DOI: 10.1021/acsanm.7b00324
ACS Appl. Nano Mater. 2018, 1, 922—932


www.acsanm.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.7b00324
http://dx.doi.org/10.1021/acsanm.7b00324

ACS Applied Nano Materials

and guide the nanocarrier through preferential sites of action,
increasing the potential for therapeutic use. Other advantages of
employing a nanocarrier as a drug delivery system is the
capacity to carry doses of the desired drug without considerable
loss and with prolonged drug release.”’’ In terms of
functionalization, GO has a great advantage over other
nanocarriers, mainly because the presence of a large amount
of carboxylic groups on its surface enables the coupling of
numerous molecules of interest over the amount possible with
other nanocarriers such as liposomes and solid lipid nano-
particles.'"'* In addition, a higher degree of functionalization of
GO can increase the nanocarrier functionality. Furthermore,
the process of GO functionalization is relatively simple
compared to that for other nanomaterials because activation
of the carboxylic groups present on the GO surface is easily
achieved with coupling agents [e.g, n-(3-(dimethylamino)-
propyl)-n-ethylcarbodiimide (EDC), n-hydroxysuccinimide
(NHS), and thionyl chloride (SOCL)]. In addition, robust
characterization techniques, such as nuclear magnetic reso-
nance, infrared spectroscopy, and thermogravimetric analysis,
among others, can follow and confirm the successful
functionalization of GO. For nanocarriers such as liposomes
and solid lipid nanoparticles, a high degree of functionalization
is difficult to achieve because the target molecules should be
coupled after the formation of the nanocarriers or added during
the production process of the nanomaterials. In the first case,
the nanocarriers may not present the necessary number of
coupling functional groups, leading to a low degree of
functionalization, and in the second case, the formulations
were not stable at high concentrations of the target molecules.
In addition, nanocarriers such as liposomes and solid lipid
nanoparticles have limitations in terms of encapsulation, mainly
due to the solubility of drugs in these matrices. GO sheets have
a higher surface area than these nanocarriers, and this feature
plays a crucial role in the high adsorption of molecules to the
GO surface. Another advantage of GO in relation to the above-
mentioned nanocarriers is the absence of high temperatures
during the drug loading process, which avoids possible
molecular degradation and allows the loading of thermally
sensitive drugs. In this manner, some authors have observed
high drug loading capacities and the sustained drug release of
functionalized GO.">"*

Chemotherapies are based on the injection or ingestion of
drugs with systemic action. However, the pharmaceutical
industry has spent much effort in the development of systems
able to increase the target specificity of anticancer drugs and
reduce undesired effects of the systemic treatment.'>'® In this
context, the functionalization of nanocarrier surfaces has arisen
as a viable alternative to improve the delivery efficacy of drugs
to specific sites and reduce the dose of the administered drugs.
Encouraging results were obtained with screening tests
performed in vitro and in vivo using nanomaterials function-
alized with folic acid (FA)."”~*° FA is a molecule with high
affinity for tumor cells, inducing the internalization of
nanomaterials.”** This occurs because tumor cells sequestrate
FA, the main donor of methyl moieties, and deregulate their
gene expression by the DNA methylation mechanism. In brief,
the hypermethylation and hypomethylation of DNA can lead to
the silencing of essential cellular genes, triggering a disordered
mitotic recombination and promoting genomic instability.”>**
These events can be precursors of cancers and are fundamental
for disease progression. In this work, we employed HepG2
hepatocellular carcinoma cells because the liver is the main
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reservoir of folate and folate derivatives,”> and thus, GO—FA
nanocarriers can be of interest for the treatment of liver cancer.
Notwithstanding, these cells express low levels of FA receptors,
but they do express reduced folate carriers (RFCs), the major
transporter for folates in mammalian cells and tissues.””*” The
mouse macrophage J774 is a tumor cell obtained from
reticulum sarcoma. This cell has a macrophage-like phenotype
and high capacity for proliferation. The particular interest for
this cell is that J774 can actively internalize nanocarriers
independently of the folate receptors and transporters. In
addition, the above-mentioned cells are preclinical in vitro
models widely reported in the literature, which permit
comparison of the toxicity profile to other low-dimensional
drug nanocarriers.

The development of nanocarriers functionalized with FA is a
promising strategy for the effective delivery of drugs for
chemotherapy. The developments of imaging systems™ and
therapeutic agents 7 are examples of using nanomaterials
functionalized with FA for cancer treatment studies. In this
work, we demonstrated the essential steps for the production of
GO functionalized with FA for drug delivery. We employed
basic and state-of-the-art characterization techniques to confirm
nanocarrier functionalization. We also examined the dynamic
release of drugs from the nanocarrier in two physiological
conditions using sink condition and camptothecin (CPT) as a
model drug. In addition, a systematic toxicity screening of the
nanocarrier was performed in vitro for two tumor cell models,
which enabled us to elucidate the role of functionalization in
the tumoricidal activity.

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials were used for the
nanocarrier synthesis and functionalization: natural graphite powder
(98%) (Synth), potassium permanganate (KMnO,, 99.0%) (Synth),
sulfuric acid (H,SO4, 95.0—-98.0%) (Synth), hydrochloric acid (36.5—
38.0%) (Synth), hydrogen peroxide (30.0%) (Synth), sodium
hydroxide (NaOH, >99.0%, pellets) (Synth), ethanol (Synth),
phosphorus pentoxide (P,O5) (Sigma-Aldrich), potassium persulfate
(K;S,04 99.0%) (Sigma-Aldrich), folic acid (FA) (Sigma-Aldrich), n-
(3-(dimethylamino)propyl)-n-ethylcarbodiimide (EDC) (Sigma-Al-
drich), N,N’-dicyclohexylcarbodiimide (DCC) (Sigma-Aldrich), n-
hydroxysuccinimide (NHS) (Sigma-Aldrich), nitric acid (Synth),
4,7,10-trioxa-1,13-tridecanediamine (PEG) (Sigma-Aldrich), di-tert-
butyldicarbonate (BoC,0) (Sigma-Aldrich), chloroform (CHCI,)
(Synth), dichloromethane (CH,Cl,) (LSChemicals), sodium sulfate
(Na,SO,) (Vetec), dimethyl sulfoxide (DMSO) (Synth), ether
(ET,O) (Synth), trifluoroacetic acid (Neon), N,N-dimethylformamide
(DMF) (Vetec), phosphate buffer (Sigma-Aldrich), acetic acid
(Synth), polysorbate 80 (Tween 80—T80) (Makeni Chemicals),
polyvinylidene fluoride (PVDF) membrane filters (0.22 um)
(Millipore), dialysis tubing (12—14 kDa) (Fisherbrand), a filtration
system, a condenser, a round-bottom flask, and a hot plate.

2.2. Preparation and Characterization of GO. GO was
synthesized according to the modified Hummers method.' First, 4.4
mL of sulfuric acid was preheated to 80 °C, and 0.8 g of K,S,0; and
0.8 g of P,O5 were added to the flask, followed by the addition of
natural graphite powder (1.0 g). The system was kept under constant
stirring for approximately 4.5 h. Then, 170 mL of deionized water was
slowly added to the flask, and the reaction was kept under stirring
overnight. The next day, the system was filtrated with a PVDF
membrane (0.22 ym) and washed with deionized water until reaching
a neutral pH. The obtained pretreated graphite was dried at room
temperature overnight. Afterward, 40 mL of sulfuric acid was added to
a cooled flask (=10 °C) in a dry ice bath. The pretreated graphite was
added to the flask, followed by the slow addition of 5.0 g of KMnO,.
The temperature was raised to 35 °C, and the reaction was kept under
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stirring for 2 h. After this step, the temperature was decreased to —10
°C. A volume of 77 mL of deionized water was added to the flask, and
the temperature was maintained below 50 °C. The reaction was
continued for another 2 h at room temperature. Then, 230 mL of
deionized water and 4 mL of H,0O, were sequentially added to the
flask, and the system was allowed to settle for 2 days. The supernatant
was removed, centrifuged at 3000 rpm for 30 min at room
temperature, and washed with 500 mL of 10% (v/v) HCL
Subsequently, the solid was washed with deionized water by
centrifugation at 15000 rpm at 4 °C for 30 min. The resulting
material was subjected to dialysis for 10 days, lyophilized, and stored.
Finally, GO suspensions were obtained by dispersing the solid in
deionized water with sonication in an ultrasonic bath (Cole Parmer
8891).

2.3. Synthesis and Characterization of FA—PEG. FA—PEG was
synthesized according to Sahu,*° Mohapatra,"’1 Frasconi,®” and Dhar’
with some modifications. For this, BoC,0 (3 mmol, 0.65 g) was
dissolved in 15 mL of chloroform (CHCI,) cooled to 0 °C and added
dropwise under stirring to a solution of 30 mmol (6.61 g) of PEG in
30 mL of anhydrous CHCl;. The reaction was kept under stirring at
room temperature for 24 h. Then, the solvent was removed under
reduced pressure, and the obtained gummy oil was diluted in 60 mL of
CH,Cl,. The organic phase was washed four times in 300 mL of a
highly concentrated saline solution (NaCl), dried with anhydrous
sodium sulfate (Na,SO,), and filtrated with filter paper, and the
solvent was removed under reduced pressure.

In another step, 1.13 mmol of FA (0.50 g) was dissolved in 25 mL
of DMSO; 20 mL of pyridine containing 1.13 mmol of DCC (0.23 g)
and 2.26 mmol of NHS (0.26 g) were added, and the reaction was
kept under mild stirring in the dark for 24 h. On the following day, the
mixture was filtrated with a 0.22 ym PVDF membrane to eliminate
reaction byproducts. FA-NHS was precipitated with a mixture of
ether and ethanol and washed several times with ether. Then, 0.69
mmol of FA-NHS (0.37 g) was dissolved in 20 mL of DMSO, and
1.50 mmol of PEG—Boc (0.48 g) was added. The mixture was kept
under stirring for 24 h in the dark. The next day, ether and ethanol
were added to the reaction mixture, and a yellow precipitate was
formed. This precipitate was washed with ether, mixed with S mL of
trifluoroacetic acid (TFA), and stirred at room temperature for S h.
TFA was removed under reduced pressure, and the yellow precipitate
was dissolved in 1S mL of DMF. Ether and ethanol were added again
to precipitate the solid, which was then washed with ether. The
following steps were performed to eliminate the folic acid that did not
react with PEG—Boc. The yellow precipitate was dissolved in 30 mL of
ethanol; the solution was centrifuged, and the supernatant was filtrated
through a 022 ym PVDF membrane. Afterward, ethanol was
evaporated, and the resultant precipitate was washed with ether and
dissolved in 25 mL of deionized water. This solution was centrifuged
again and filtrated. The supernatant was lyophilized for 3 days.

The obtained compounds were characterized by electrospray
ionization mass spectrometry in positive ion mode (ESI-MS)
(Micromass Quattro MicroTM API from Waters), hydrogen nuclear
magnetic resonance ('H NMR) spectroscopy (Avance 500 mHz
spectrometer), and infrared (FTIR) spectroscopy (FTLA 2000
spectrometer). This information can be found in the Supporting
Information (Figures S1—S12).

2.4. Functionalization of GO with FA—PEG. A mass of 50.0 mg
of GO was completely dispersed in 50 mL of DMF (1.0 mg mL™")
using an ultrasound bath. EDC (0.2 g) and NHS (0.2 g) cross-linking
reagents were added, and the mixture was allowed to stand for 24 h in
the dark. This reaction mixture was filtrated to eliminate excess of
EDC/NHS, and after this, GO-NHS was dissolved in 15 mL of DMF.
For this reaction, FA—PEG (0.2 g) was added and agitated for 24 h in
the dark. Then, GO—FA was washed with deionized water, using
centrifugation and a vacuum pump, and dialyzed for 2 days to
eliminate residual solvent. Part of the obtained material was stored in
suspension, and the other part was lyophilized and stored at room
temperature in a vacuum desiccator. Figure 1 illustrates the performed
functionalization steps.
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Figure 1. Scheme of GO functionalization with FA—PEG using EDC
and NHS cross-linking reagents.

GO and GO-FA were characterized using the following
techniques: (i) Magic-angle spinning carbon-13 nuclear magnetic
resonance (CP/MAS "*C NMR) spectroscopy in the solid state using
a Bruker Avance II" spectrometer NMR 300 MHz. The data were
analyzed with TopSpin 2.1 software. (ii) Thermogravimetric analysis
(TGA) was performed with approximately 4.0 mg of dried GO and
GO—FA. The thermal decomposition of the nanomaterials was
analyzed under nitrogen flux at a heating rate of 10 °C min™" between
30 and 1000 °C wusing a TA Instruments SDTQ600 model
thermobalance. (iii) FTIR analyses were performed using KBr pellets
in an FTLA 2000 spectrometer over the range 400—4000 cm™" with a
resolution of 4 cm™ and 32 scans. (iv) For observation of the
morphology, GO and GO—FA were dispersed in deionized water at a
concentration of 10.0 g mL™", deposited on a grid, and maintained in
a desiccator for 24 h. The morphologies of GO and GO—FA were
observed by TEM using a Zeiss LIBRA 120 microscope coupled to an
Omega Filter spectrometer with an accelerating voltage of 80 kV.

2.5. Loading Capacity (LC%) and Loading Efficiency (LE%) of
CPT in GO and GO—FA. CPT was loaded on GO and GO—FA by a
simple, noncovalent, and n—r interaction method. The drug was
dissolved in DMSO (5.0 mg mL™"), then mixed with deionized water
and GO (0.5 mg mL™") and GO—FA (0.5 mg mL™") dispersions
separately. The proportion of GO and GO—FA to CPT was
maintained in a 1:1 (w/w) ratio. The dispersion was sonicated for
10 min and kept under agitation for 24 h protected from light. The
next day, for the removal of excess of CPT from GO + CPT and GO—
FA + CPT, the dispersions were filtrated (Millipore Filtration System),
washed three times with methanol and deionized water in a 1:1 (v/v)
ratio, and sequentially washed with deionized water, followed by the
dispersion of GO + CPT and GO—FA + CPT in deionized water.
During the drug loading and washing processes, the volumes of
deionized water and deionized water/methanol were maintained
constant to the original solution. For determination of the drug
loading efficiency (LE%) and the loading capacity (LC%), 0.1 mL of a
GO + CPT or GO—FA + CPT dispersion was mixed with 1.0 mL of
chloroform (CHCl;) and submitted to 1 min of sonication in an
ultrasound bath. After sonication, 3.9 mL of methanol was added to
the dispersions, and then, the mixture was submitted to an additional
10 min of sonication. The dispersions were centrifuged at 14 000 rpm
for 10 min (Eppendorf Centrifuge 5424), and the presence of CPT in
the supernatant was verified by UV—vis spectroscopy at 360 nm
(Shimadzu model UV-1650-PC spectrometer). LE% is defined as
(weight of the drug loaded on GO/weight of the drug initially added)
X 100, and LC% is defined as (weight of the drug loaded on GO/
weight of GO/GO-FA) X 100, as shown by eqs la and 1b,
respectively.

W,
LE% = [%) x 100
Wepr (1a)
W,
LC% = (ﬂ] x 100
GO (1b)

Here, Wepr, Wepr, and W are the weight of the drug initially added,
the weight of the drug adsorbed to GO, and the total weight of GO,
respectively.
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Figure 2. TEM images of GO (A) and GO—FA (B). (C) FTIR spectra of camptothecin (CPT) and nanocarriers not loaded (GO and GO—FA) and
loaded with the drug (GO + CPT and GO—FA + CPT). TGA analysis of GO (D), FA—-PEG bonded molecules (E), and GO—FA (F).

2.6. In Vitro Release Study of CPT from GO + CPT and GO—
FA + CPT. In vitro release studies were performed according to the
sink condition method. For this, 3.0 mL of preprepared GO + CPT
and GO—FA + CPT dispersions (Section 2.5) were added to dialysis
membranes (Spectra/Por; MWCO: 3.5 kDa). The loaded membranes
were immersed in 100 mL of PBS buffer (pH 7.4) or acetate buffer
(pH 5.0) containing 1% (v/v) Tween 80, a nonionic surfactant, to
maintain the sink condition. The loaded membranes were maintained
at 37 °C, and samples were taken at predetermined intervals. After
each sample was taken, the same volume of the corresponding buffer
was added to the system to maintain a constant volume. The amount
of released drug present in the dispersion medium was determined by
UV—vis spectroscopy, as described before. The percentage of released
drug was calculated in relation to the total of CPT obtained in the
previous item. The analyses were performed in triplicate.

2.7. Toxicity Assessment for the Tumor Cell Lines. The tumor
cell lines used in this study were obtained from BCRJ cell bank (Banco
de Células do Rio de Janeiro, Rio de Janeiro, Brazil). Prior to the
toxicity tests, tumor macrophages J774 were cultivated in cell culture
bottles with RPMI 1640 medium containing 10% of fetal bovine serum
(FBS), and HepG2 cells were cultivated in DMEM with high glucose
containing 10% of FBS. The cells were cultivated under 5% CO,, 5%
O,, and balanced N, with 80% humidity at 37 °C. The general
procedures adopted for the toxicity assessment of GO, GO—FA, and
the CPT-loaded nanocarriers are described below. Approximately 1 X
10° cells were plated in 24-well sterile microplates and allowed to
adhere for 24 h. The next day, the cell culture medium was replaced by
a new medium containing the dispersed nanomaterials, both with and
without CPT loading, and then, the microplates were incubated in a
cell culture chamber for 24 h. The following concentrations were
tested: 13.6 pug ml™" GO, 18.4 ug mlI™' GO—FA, and 20 uM CPT.
Cells without exposure to the nanocarriers were considered negative
controls, and CPT (20 M) alone was used as a positive control. After
24 h of exposure, cell death was analyzed with a commercial annexin
V/propidium iodide (PI) kit available for flow cytometry (BD
Biosciences). In this assay, the cell supernatant was removed from each
well and separated from the cells. The adherent cells were detached
from the microplate with a nonenzymatic cell dissociation buffer
(Sigma). Afterward, both cells and supernatant were mixed and

925

centrifuged for 10 min at 1500 rpm at 10 °C. After that, the cell pellet
was suspended in a staining buffer (BD Biosciences), incubated for 15
min with annexin V—FITC antibodies and PI (propidium iodide), and
protected from light exposure. Apoptosis and necrosis of the cells were
analyzed by flow cytometry (FACS Canto II, BD Biosciences). The
obtained data were analyzed by FlowJo V10 and FACSDiva (BD
Biosciences) software. The percentages of early apoptosis and late
apoptosis/necrosis were plotted using Origin 8.5 software (Origin-
Lab). The GO—FA stability in cell culture media was investigated as
well. For this, GO—FA (18.4 ug mL™") was dispersed with ultrasound
bath in deionized water, RPMI 1640 supplemented with fetal bovine
serum (FBS), and DMEM rich in glucose supplemented with FBS.
Digital images of the dispersions were acquired during 7 days (Figure
S13).

2.8. Investigation of the Interaction of FITC-Labeled GO—FA
with the Tumor Cell Lines. For an investigation of the interaction
between GO—FA and the tumor cells, the nanocarrier was
functionalized with fluorescein 5(6)-isothiocyanate (FITC) (>90%
Sigma), a fluorescent dye with an excitation at 490 nm and emission at
525 nm. For this, ~1.5 mg of FITC was dissolved in 1.0 mL of
deionized water, which was then slowly added to 10.0 mL of a GO—
FA dispersion (0.5 mg mL™") and kept under stirring for 24 h
protected from light. The following day, the dispersion was washed
several times with deionized water, using centrifugation (14 000 rpm,
30 min) and a filtration system (Millipore system and 0.22 yum PVDF
membrane), until the nonadsorbed FITC was eliminated. To analyze
the GO—FA/cell interaction, the cells were cultured in wells
containing glass slides for confocal microscopy, RPMI medium, and
10% FBS, and with the dispersed GO—FA + FITC at a nontoxic
concentration. The cells were incubated under 5% CO,, 5% O,, and
balanced N, at 80% of humidity and 37 °C. After exposure, the RPMI
medium was removed, and the cells were washed with phosphate
saline buffer (PBS). Both cells were incubated with Hoechst 33342
(BD Pharmigen) for DNA staining and appropriate cell localization.
After 30 min of incubation, the cells were visualized by confocal
microscopy (TCS, SPS II, Leica).
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3. RESULTS AND DISCUSSION

3.1. Characterization of GO and GO—FA. The TEM
images in Figure 2A,B show the morphology of GO before and
after functionalization with FA—PEG, respectively. The
presence of transparent sheets of GO (Figure 2A) indicates
that the employed oxidation method was efficient to exfoliate
and oxidize the graphite. In Figure 2B, dark sheets of GO
functionalized with FA—PEG are observed. Despite the
different composition of GO—FA, no morphological alterations
were observed, revealing that the functionalization method used
is an efficient alternative to link FA to structures such as GO.

The FTIR spectra for GO and GO—FA are shown in Figure
2C. For GO, the wide and intense band observed at 3406 cm™!
was assigned to vOH, and the bands at 1730, 1623, 1222, and
1054 cm ™! were assigned to vC=0, vC=C, vCO, and vCOC,
respectively.**"*° The reduction of the carboxylic band at 1730
cm™" in the GO—FA spectrum provides additional confirmation
of FA—PEG functionalization. Instead, we observed an intense
band at 1639 cm™, resulting from the combination of the
formation of an amide bond between GO and FA—PEG and
vC=C. Moreover, FA—PEG presents amide groups, which
contribute to the increase in the intensity of this signal. Other
bands attributed to GO—FA are observed at 3415 cm™ (vOH),
1384 cm™' (SOH/S6CH), and 1088 cm™ (vCN), along with
several bands between 1088 and 1639 cm™.

TGA analysis was employed to estimate the degree of
functionalization of GO with FA—PEG. This analysis was not
performed in synthetic air because GO decomposition occurs at
the same temperature as FA—PEG decomposition. However,
under nitrogen atmosphere, it was possible to obtain an
estimate of the degree of functionalization, since FA—PEG
decomposition occurs at a different temperature than GO
decomposition under these conditions. Figure 2D—F presents
the TGA and DTGA analysis of GO and GO—FA.

Figure 2D highlights a thermal event between 148 and 261
°C, which corresponds to the thermal decomposition of the
oxygenated functional groups of GO. Figure 2E presents a
thermal event between 232 and 505 °C. The same thermal
event was observed for FA—PEG and corresponds to the
thermal decomposition of the functional groups of this
molecule. The observed mass loss was 12.0% and 32.3% for
GO (Figure 2D) and GO—FA (Figure 2F), respectively. The
difference between these mass losses is approximately 20.3%,
which corresponds to the functional groups of FA-PEG
coupled to GO. This value can be considered an estimative of
the degree of functionalization of GO with FA—PEG, since the
carbon mass of FA—PEG does not decompose under nitrogen
atmosphere.

The characterization results showed that the functionaliza-
tion methodology was very efficient in coupling FA—PEG to
GO. On the basis of the literature results, it was possible to
perform a detailed study of the chemical nature of the
nanomaterials and molecules obtained in this work. CP/MAS
BBC NMR spectroscopy was employed to provide insight into
the chemical and structural changes of GO after functionaliza-
tion with FA—PEG. Figure 3A,B shows the CP/MAS "*C NMR
spectra of GO and GO—FA, respectively.

The GO spectrum (Figure 3A) matches the reported spectra
in the literature.>” "' Chemical shifts were observed at 59.33,
70.40, 104.39, 124.94, 161.86, and 191.11 ppm, attributed to
epoxy (C—O—C), hydroxyl (C—OH), lactol (O—C—0),
sp” carbon, carboxylic (O—C=0), and ketone (C=O0)
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Figure 3. CP/MAS C NMR spectra of GO (A) and GO—FA (B).
The 3C chemical shifts in these spectra show the chemical bonds and
high degree of functionalization of GO with FA—PEG.

groups, respectively. The large amount of these oxygenated
groups and carboxylic groups is essential in the functionaliza-
tion process. The GO—FA spectrum indicates several chemical
shifts related to the GO and FA—PEG molecules used in the
functionalization process (Figure 3B). An excellent signal-to-
noise ratio was observed, indicating the high degree of
functionalization with FA—PEG. The chemical shifts of the
epoxy (C—O—C), hydroxyl (C—OH), sp* carbon, carboxylic
(O—C—0), and ketone (C—O) groups were observed at
61.59, 70.05, 129.23, 163.28, and 109.62 ppm, respectively. An
intense chemical shift was not observed for lactol, indicating
that the chemical structure of GO changes after functionaliza-
tion. The presence of other chemical shifts is due to FA-PEG
coupling to GO. The chemical shifts observed in the CP/MAS
BC NMR spectra can be divided into four characteristic
chemical shift regions, assigned to alkyl C (0—4S ppm), O/N
alkyl C (45—110 ppm), aromatic C (110—160 ppm), and
carboxyl/carbonyl C (160—-220 ppm).”*~* In the GO—FA
spectrum, the chemical shift at 29.91 ppm was attributed to the
CH, alkyl group of FA and CH, alkyl groups of PEG, and the
chemical shift at 37.26 ppm was attributed to the other CH,
alkyl group of FA (Figure 3B). This attribution is based in the
FA spectrum given in the literature® ™" and the FA and FA—
PEG CP/MAS "*C NMR spectra (Figure S9). As shown in the
Supporting Information, the chemical shift in the FA-PEG
spectrum at 29.60 ppm probably corresponds to the chemical
shift at 29.91 ppm in the GO—FA spectrum, and the chemical
shift in the FA—PEG spectrum at 36.84 ppm possibly
corresponds to the chemical shift at 37.26 ppm in the GO—
FA spectrum. In Figure 3B, the intense peak at 70.05 ppm is in
the region of N/O alkyl chemical shifts and originated from the
CH,—O— and CH,—NH,/CH,—NH structures of
PEG.*** The chemical shifts corresponding to the C-
substituted aromatic carbons occur in the region 110—140
ppm, while those for O- and N-substituted aromatic carbons
occur between 140 and 160 ppm.”~* Therefore, we can
conclude that the chemical shifts at 151.17 and 155.12 ppm are
due to the N-substituted aromatic carbons from the FA
moieties.”””" The chemical shift at 172.80 ppm was attributed
to both the carbon in the amide group of the FA structure and
the bond formed between FA—PEG and GO."™” These
chemical shifts demonstrate that the employed functionaliza-
tion method was efficient to bond FA—PEG to GO.
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3.2. Loading Capacity (LC%), Loading Efficiency (LE
%), and Drug Release Study of GO + CPT and GO—FA +
CPT. Camptothecin (CPT) is a well-known hydrophobic
antitumor drug and can be used for testing nanocarriers in
delivery studies. This molecule was selected as a model drug to
evaluate the loading capacity (LC%) and loading efficiency (LE
%) of the GO—FA nanocarrier. CPT is absorbed on the surface
of the GO sheets through hydrophobic interactions and 7—n
stacking between the aromatic rings of both systems. The steps
for loading the nanocarrier with CPT included dissolving the
drug in DMSO, followed by addition to GO or GO—FA
dispersions, and then keeping this mixture under stirring for 24
h. Excess CPT that was not absorbed to the aromatic plane of
GO and GO—FA was removed by washing with a deionized
water/methanol mixture, followed by several washings with
water. The loading was confirmed by the presence of
characteristic absorption bands in the FTIR spectrum (Figure
2C). CPT (99% purity) presents several intense characteristic
absorption peaks in the FTIR spectrum. The main character-
istic bands were observed at 3431, 1741, 1652, 1600, and 1157
cm™", These bands correspond to vOH, carbonyl stretching of
the cyclic ester (lactone), vC=0O (pyridone), vC=C, and
vC—C(=0)—O0, respectively.””>* These bands were also
observed in the functionalized nanomaterials, which confirms
the adsorption of CPT on the GO—CPT and GO—FA + CPT
nanocarriers (Figure 2C).

For the quantitative analysis and estimation of CPT loading
on the GO and GO—FA nanocarriers, the loaded nanomaterials
were dissolved in methanol and sequentially submitted to
sonication and centrifugation. After these steps, the supernatant
was analyzed by UV—vis spectroscopy at 360 nm. In this
procedure, the adsorbed drug leached from the nanomaterial
surface permitted comparison with the amount of drug initially
added (LE%) per weight of GO (LC%). Table 1 shows the LC
% and LE% of GO + CPT and GO—FA + CPT.

Table 1. Percentage of CPT Loading to the Nanocarriers (n
=3)

LC (%) LE (%)
GO + CPT 52.3% (+1.0%) 53.2% (+1.0%)
GO-FA + CPT 37.8% (£0.5%) 32.6% (+0.4%)

The values of LC% and LE% were similar because of the
ratio (w/w) of CPT to GO or GO—FA was 1:1. GO + CPT
exhibited a higher LC% and LE% than GO—FA + CPT. These
results clearly indicate that CPT was successfully loaded on GO
and GO—FA.

The functionalization of GO with FA—PEG reduced the
interaction between the GO sheets and CPT. The LC% and LE
% of GO—FA + CPT were lower than those of GO + CPT.
The presence of PEG chains increased the GO surface
hydrophilicity, reducing the distance between the aromatic
rings of GO and CPT. This phenomenon may diminish the
available number of aromatic sites at which the drug can
interact, since the sites are partially covered by FA—-PEG
molecules. Furthermore, the degree of loading of these
nanomaterials was higher than that of other nanocarriers,
such as liposomesss"% and solid lipid nanoparticles,‘w’58 which
is a great advantage over conventional nanocarriers because a
higher concentration of drugs can be delivered. For liposomes
and solid lipid nanoparticles, the drug should be dissolved or
added inside a matrix during the drug loading process. Because
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of the limited solubility of hydrophobic drugs in these matrices,
the loading capacities are generally smaller than those observed
for GO and GO—FA. In addition, a considerable amount of
drug is lost during the synthesis of liposomes and solid lipid
nanoparticles.

The interaction of CPT with the surface of GO and GO—FA
can be affected by changes in the pH. Therefore, release studies
were performed at pH 7.4 and 5.0, which correspond to
physiological pH and the pH found in lysosomes (acidic
organelles of cells), respectively. Water dispersions of nano-
materials, such as GO and GO—FA, are a favorable environ-
ment for loading hydrophobic drugs that contain aromatic rings
because of the poor solubility of the drug in the dispersion
media and the strong 7m—n interactions between the drug
molecules and GO. Then, use of nonionic surfactants for
hydrophobic drug release assay is largely employed in
pharmaceutical studies because of dramatically increasing the
solubility of drugs in the media and allowing the molecules to
be released from the nanocarrier.”” In this way, a nonionic
surfactant was added to the receptor medium (1% Tween 80)
in such a way that CPT was very soluble (sink condition) and
could be released from the GO and GO—FA surface. This
method was employed to estimate the release profiles of the
CPT-loaded GO and GO—FA in vitro. This was an indirect
measure of the interaction strength between the drug and the
nanocarriers (Figure 4).

100
80
<
> 60
]
o 404
©
20
—@— GO-FA+CPT (pH 7) —@— GO+CPT (pH 7)
0_ —&— GO-FA+CPT (pH 5) —&— GO+CPT (pH 5)
0 50 100 150 200
Time (h)

Figure 4. In vitro release kinetics of CPT-loaded GO and GO—FA at
pH 7.4 and 5.0 (n = 3).

CPT release from the nanocarriers occurred slowly and was
time-dependent in all experiments. However, the release was
faster at pH 7.4 than at pH 5.0, which demonstrates the pH-
dependent drug release. A possible explanation for this behavior
is that, at pH 7.4, the CPT lactone ring is readily hydrolyzed
and converted to the open carboxylate form.*>°" This form is
more soluble in water than the lactone ring form, which
facilitates the release of CPT to the medium. Furthermore, the
lactone ring can increase the interaction between the drug and
the aromatic rings of GO, which retards the CPT release from
the nanocarrier. Yang et al. showed that CPT in the lactone ring
form plays a fundamental role in the antitumor activity and
found that CPT in the carboxylate form is inactive against
various tumor cells.””> However, in acidic environments, the
carboxylate form is again converted to the lactone form, and
CPT becomes active against tumor cells.””** According to the
observed release kinetics, CPT interacts more strongly with
GO, as GO + CPT showed a slower release profile than GO—
FA + CPT under the same pH conditions. This observation

DOI: 10.1021/acsanm.7b00324
ACS Appl. Nano Mater. 2018, 1, 922—932


http://dx.doi.org/10.1021/acsanm.7b00324

ACS Applied Nano Materials

A

J774
|

I
Bright field

Control

GO-FA

FITC

1
Hoechst Merged

Control

GO-FA

Figure S. Confocal images of J774 (A) and HepG2 (B) cells exposed to FITC-labeled GO—FA nanocarriers without drug loading. The white arrows
indicate the J774 cells with internalized FITC-labeled GO—FA. The black arrows indicate the FITC-labeled GO—FA nanocarriers adhered to the

HepG2 surface.

agrees with the results and discussions of the LC%, in which we
found the highest loading capacity for GO + CPT. For GO—FA
+ CPT, the CPT release reached 83% after 48 h, and after 100
h, it reached a plateau at which approximately 100% of the drug
was released to the medium. At pH 5.0, the same nanomaterial
released 48% of the drug after 48 h, which is approximately
1.73-fold slower in relation to the same time-point observation
at pH 7.4. After 100 h, 60% of CPT was released to the
medium, and at this time point, the drug release was reduced.
For GO + CPT, at pH 7.4, the drug release reached 56% after
48 h and reached a plateau after 200 h, at which 90% of the
drug was released to the medium. At pH 5.0, this nanocarrier
presented the slowest release. After 48 h, 29% of the CPT was
released, while at 200 h, only 41% was released from the
nanocarrier. These results indicate that CPT has a stronger
interaction with the GO surface than the GO—FA surface. In
summary, the interaction of CPT and release from the
nanocarriers were modulated by the pH changes, due to the
equilibrium reaction between carboxylic groups and lactone
rings of the drug as previously described.
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These results show a different release profile than those
reported in the literature. Kavitha et al. observed a faster CPT
release mechanism at acidic pH (acetate buffer, pH 5.0—-5.5)
than at neutral pH (PBS buffer, pH 7.4).°%° This effect was
attributed to the increased hydrophilicity and higher solubility
of CPT at lower pH. The authors suggested that, at low pH, the
nitrogen in CPT is protonated, and the hydrophobic
interactions between the drug and the functionalized GO are
reduced, which increases the CPT solubility in the dispersion
medium. However, these authors did not mention the use of
surfactants in the receptor medium (sink condition); in
addition, GO was functionalized with polymers, which may
be one of the reasons for the different CPT release profile.

3.3. In Vitro Toxicity of GO—FA Nanocarriers and the
Model Drug for the Tumor Cell Lines. The interaction of
GO—FA with the tumor cell lines was first verified by confocal
microscopy. For this, the nanocarrier labeled with FITC was
incubated with the following cell lineages: a mouse macrophage
tumor cell line (J774) and a human hepatocellular carcinoma
cell line (HepG2). The images depicted in Figure SA highlight
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the interaction of nanocarriers with J774 cells, while those in
Figure 5B highlight the interaction with HepG2 cells.

Particularly for GO, its planar shape and large available
surface area contribute to its adhesion on cell membranes.*®
This intimate interaction can maximize drug delivery and
enhance the antitumor activity. HepG2 cells are highly adherent
to substrates and present a well-spread morphology, which
facilitates the interaction between GO—FA and their surface
(black arrows). Considering the internalization of GO—FA by
J774, Luna et al. observed that this cell presents a high uptake
capacity of GO nanomaterials.’” In Figure SA, the internalized
labeled nanocarriers can be observed (white arrows).

CPT-based drugs, such as irinotecan hydrochloride (Camp-
tosar), are approved by the FDA (U.S. Food and Drug
Administration) and can be found on the market. According to
the National Institute of Health (NIH), Camptosar has been
used for the treatment of colorectal and metastatic cancers. The
basic toxic mechanism of CPT to cells is the inhibition of an
enzyme essential for DNA replication, called topoisomerase I
(topo I). This drug stabilizes the cleavable complex between
topoisomerase I and DNA, resulting in DNA breaks, inhibition
of DNA replication, and cell death by apoptosis.®®

Apoptosis, well-known as “programmed cell death”, is a
process characterized by a metabolic cascade of caspase
enzymes and transcription factors that induce DNA fragmenta-
tion, collapse of the nucleus envelope, and cytoskeleton
disassembly. Cells with triggered apoptosis form large vesicles
(apoptotic bodies) and present in their surface a particular
phospholipid called phosphatidylserine that signalizes and alerts
neighboring cells. These are characteristics of early apoptotic
events. Otherwise, late apoptosis is an irreversible condition
characterized by complete cytoskeleton dismantling, cell
permeation, and fragmentation. The advantages of apoptosis
induction in tumor cells rely on the capacity to avoid an
inflammatory response occasioned by other cell death
mechanisms.”” Necrosis, however, can be characterized by
acute damage to cell membrane and consequent lysis. Late
apoptosis and necrosis were not distinguished by the employed
assay method, and they were treated as cell death. Considering
this, we explored the antitumor effects of CPT loaded in the
GO—FA nanocarriers and their counterparts. The tested
concentrations were 7.0 ug mL™! (20 uM) of CPT, 13.6 ug
mL™! of GO, and 18.4 ug mL™" of GO—FA nanocarriers. For
the control experiments, CPT and the nanocarriers without
drug loading were tested at the same concentrations described
above. Figure 6A—D highlights the early and late apoptosis/
necrosis events triggered by the nanocarriers with and without
CPT loading. Similar capital letters indicate that there were no
significant differences in the early apoptosis events, and similar
lower-case letters indicate that no significant differences were
observed in the late apoptosis/necrosis events.

Neither the GO nor the GO—FA nanocarriers induced
significant early or late apoptosis/necrosis in the J774 cells
(Figure 6A). CPT alone induced 39% of early apoptosis and
2.5% of late apoptosis/necrosis after 24 h of exposure (Figure
6B). GO + CPT induced approximately 40.9% of early
apoptosis and 16.1% of late apoptosis/necrosis. In contrast,
the most pronounced effects were observed for the cells
exposed to GO—FA + CPT, with 57.2% of early apoptosis and
23.4% of late apoptosis/necrosis after 24 h (Figure 6B). The
observed differences between GO + CPT and GO—FA + CPT
may be due to the fact that J774 cells can actively internalize
high amounts of GO nanomaterials, but for GO—FA in
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Figure 6. Percentages of early and late apoptosis/necrosis of J774 cells
not exposed and exposed to the GO and GO—FA nanocarriers (A)
and exposed to CPT or the nanocarriers loaded with CPT (B). Early
and late apoptosis/necrosis percentages of HepG2 cells not exposed
and exposed to the GO and GO—FA nanocarriers (C) and exposed to
CPT or the nanocarriers loaded with CPT (D). The capital letters
compare early apoptosis, and the lower case letters compare late
apoptosis/necrosis (P < 0.05).

particular, the receptor-mediated internalization triggered by
FA probably increased nanocarrier endocytosis.

GO did not induce high levels of early apoptosis in the
HepG2 cells (Figure 6C). However, GO—FA induced
significant late apoptosis/necrosis to those cells (55.4%)
(Figure 6C). The drug alone induced 19.2% and 18.2% of
early and late apoptosis/necrosis, respectively. Interestingly, the
GO + CPT effect was reduced by approximately half compared
to CPT alone (Figure 6D). GO—FA + CPT induced low levels
of early apoptosis (5.6%) but considerable levels of late
apoptosis/necrosis (53.5%), as observed in Figure 6D. Again,
the presence of FA on the GO surface demonstrated its
importance in the toxicity to the tumor cell lines. As previously
mentioned, the ability of HepG2 cells to spread increased the
available cell surface for GO—FA attachment (as observed in
the confocal images in Figure SB).

Comparison between the two widely used preclinical cell
models permitted us to distinguish the cell death induced by
the nanocarriers. In addition, the designed study permitted the
elucidation of the role of FA functionalization on the GO
surface in the tumoricidal activity of the nanocarriers. Ranji-
Burachalo et al. observed that FA functionalization was essential
for the antitumor activity of inorganic metallic nanoparticles.”’
Furthermore, a similar nanocarrier based on folic acid
conjugation to GO developed by Tian et al. showed efficient
CPT delivery and apoptosis induction on HeLa tumor cells.”

The GO—FA stabilities in RPMI 1640 and DMEM high-
glucose cell media were investigated during 7 days in the
presence of fetal bovine serum (FBS). The same concentration
of the in vitro toxicity tests was used (18.4 pg mL™"). The
images of each dispersion can be found in the Supporting
Information (Figure S13). The nanocarrier was considered
partially stable in both cell culture media. During the
functionalization of GO with FA—PEG, PEG alone, other
molecules and/or nanoparticles, GO can be reduced.*® The
“loss of oxygenate groups” and “reconstitution of aromatic
rings” can decrease the GO stability in aqueous media. In this
work, the intensity of the chemical shift of 129 ppm,
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represented by the graphitic sp* domain, increased (Figure 3B).
In addition, after functionalization of GO with FA—PEG, the
FTIR spectroscopy showed a decrease in the intensity of the
signal of carboxylic groups (Figure 2C). Probably, this
reduction of GO after functionalization with FA—PEG can
decrease the nanocarrier stability in the cell media.

4. CONCLUSION

We demonstrated that graphene oxide functionalized with folic
acid (GO—FA) can be an alternative nanocarrier to liposomes
and solid lipid nanocarriers for the delivery of hydrophobic
antitumoral drugs, with perspectives for the future cancer
treatment. The employed characterization techniques demon-
strated that GO was efficiently functionalized with FA—PEG.
CP/MAS *C NMR spectroscopy presented intense and
characteristic signals of FA—PEG coupled to GO—FA. The
thermal decomposition obtained by TGA analysis indicated
that GO was highly functionalized with FA—PEG. The
morphology of the GO sheets was not altered after
functionalization with FA—PEG, as indicated by TEM. Both
GO and GO—FA showed a high loading capacity and loading
efficiency. However, GO—FA promoted prolonged and
sustained camptothecin release. The release studies also
demonstrated that drug release from the nanocarrier was
slower at acidic pH (endosomal pH) than at physiological pH.
The preclinical screening tests indicated that GO—FA was
efficiently internalized by J774 cells and strongly adhered to the
surface of HepG2 cells. The GO—FA + CPT nanocarrier
promoted tumor cell death by apoptosis, but early and late
apoptosis/necrosis were dependent on the cell type. In
addition, FA was essential for promoting apoptosis in both
cells. Additional in vitro and in vivo experiments will be
performed to understand the nanocarrier selectivity and action
for other preclinical tumor models. We believe this work will
improve the knowledge of research groups for the development
of new low-D nanocarriers functionalized with FA and their
applications for drug delivery and cancer treatment.
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