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Introduction: Cancer is the second leading cause of death globally and is responsible,
where about 1 in 6 deaths in the world. Therefore, there is a need to develop effective
antitumor agents that are targeted only to the specific site of the tumor to improve the
efficiency of cancer diagnosis and treatment and, consequently, limit the unwanted systemic
side effects currently obtained by the use of chemotherapeutic agents. In this context, due to
its unique physical and chemical properties of graphene oxide (GO), it has attracted interest
in biomedicine for cancer therapy.

Methods: In this study, we report the in vivo application of nanocomposites based on
Graphene Oxide (nc-GO) with surface modified with PEG-folic acid, Rhodamine B and
Indocyanine Green. In addition to displaying red fluorescence spectra Rhodamine B as the
fluorescent label), in vivo experiments were performed using nc-GO to apply Photodynamic
Therapy (PDT) and Photothermal Therapy (PTT) in the treatment of Ehrlich tumors in mice
using NIR light (808 nm 1.8 W/cm2).

Results: This study based on fluorescence images was performed in the tumor in order to
obtain the highest concentration of nc-GO in the tumor as a function of time (time after
intraperitoneal injection). The time obtained was used for the efficient treatment of the tumor
by PDT/PTT.

Discussion: The current study shows an example of successful using nc-GO nanocompo-
sites as a theranostic nanomedicine to perform simultaneously in vivo fluorescence diag-
nostic as well as combined PDT-PTT effects for cancer treatments.

Keywords: graphene oxide, photodynamic therapy, photothermal therapy, cancer treatments,
nanomedicine, nanocomposites based on graphene oxide, nanoparticle-based drug delivery
systems, theranostic

Introduction

In medical nanotechnology applications, a unique class of nanoparticles is designed to
make both cancer diagnosis and therapy, providing the so-called theranostics strategy.
Cell surface cancer receptors recognize nanoparticles bearing these ligands, thus
allowing better nanoparticles absorption of cancer cells. The rapid growth of nano-
technology toward the development of nanomedicine agents holds great promise for
overcoming several limitations of traditional cancer treatment.' Nowadays, Carbon-
based materials (graphene, carbon nanotubes, fullerenes, quantum dots, etc.) have
demonstrated suitable properties for biomedical application, such as excellent optical
properties (eg emission properties), high mechanical resistance, low toxicity, and good
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biocompatibility. In addition, they are also ideal for the
supply of drugs that can achieve efficient drug loading
through m-m stacking.>* These carbon materials showed
large specific surface areas and a tunable cavity, which can
be used as efficient carriers to deliver hydrophobic photo-
sensitizers (PS) used in Photodynamic Therapy (PDT) with
a high drug load, a controlled release, and a tumor-targeting
effect by functionalizing the surface.’

Various drug delivery approaches are capable of disper-
sing hydrophobic PS in an aqueous solution such as lipo-
somes, polymeric micelles, gold and silica nanoparticles and
carbon-based materials have been used to overcome the
barrier in clinical use.®” Carbon-based materials combined
with PS have shown an extraordinarily enhanced anticancer
effect in a single platform upon light irradiation owing to the
photothermal effect of graphene and synergist effect of PS.’
Some studies show results of the covalent or non-covalent
functionalization of some PS used in Photodynamic Therapy
on the surface of Graphene Oxide (GO) and nano-GO
obtained PDT/PTT effects con IR irradiation.* Light-
activated PDT and PTT using NIR (around 850 nm) have
been shown as a great promise for efficient tumor elimina-
tion in nanomedicine. The literature reports the use of NIR
based on nanoparticles for tumor elimination.'®'*

The design of Nanoparticle-Based Drug Delivery Systems
(DDS) for cancer treatment has included a tumor-targeting
ligand unit, which can specifically recognize cancer receptors
on the cell surface. This strategy induces endocytosis
mediated by the receptor, intending to minimize systemic
toxicity and the side effects of conventional chemotherapy.
Currently, targeted ligands such as arginine-glycine-aspartic
acid, folic acid (FA), biotin and antibodies have been inserted
into Carbon-based DDS and shown to improve therapeutic
responses both in vitro and in vivo.'® Folic acid receptor (FR)
has been demonstrated overexpressed on the cell membrane
of a series of solid tumor cells, including breast, ovarian, and
non-small cell lung cancers. Thus, the conjugation of FA in
nanoparticles can be an excellent approach for the selective
drug delivery in tissues that express FR.

Due to the potential use of Graphene in Photothermal
Therapy (PTT), which converts NIR light into heat,'®!”
a large number of papers have used PEGylated GO as
a carrier for anti-cancer treatment and have shown promis-
ing results in vitro and in vivo.'®*? Kalluru et al developed
a bio-compatible GO-PEG-folate nanomaterial-mediated
photodynamic therapeutic (NmPDT). It was reported
in vitro and in vivo experiments, which showed that
NmPDT could sensitize singlet oxygen formation to

perform PDT and PTT, using NIR light (980nm 0.36W/
cm?).?? In vivo studies have shown features of PEGylate
GO such as highly efficient passive tumor targeting and
relatively low retention in reticuloendothelial system.'®*?

Indocyanine Green (ICG) is a widely used NIR-
sensitive photothermal and photodynamic agent and is
a water-soluble tricarbocyanin dye that also offers diag-
nostic features by biological staining. It is clinically
approved but has a low plasma half-life (t;»,=3—4 min),
weak aqueous stability, lack of target-specific and concen-
tration-dependent aggregation.* The covalent functionali-
zation of ICG over GO can avoid some of these indicated
limitations. These NIR-absorbing hybrid nanomaterials
have shown a remarkably improved in vitro cancer cell-
targeted photothermal destruction compared to free ICG.**

All studies based on graphene oxide present in the
literature show promising results in vivo, especially when
focused on PTT against cancer. However, there is little
literature on in-depth image-based studies and cancer
treatment based on PS-functionalized PEG+GO nanocom-
posites with a ligand to achieve efficiency in both fluores-
cence diagnosis and cancer treatment, using photothermal
and photodynamic therapies. This study aims to design
biocompatible nanocomposites, GO+PEG with targeted
ligand Folic Acid (FA) and Rhodamine B as fluorescence
image agent, and GO+PEG-FA and Indocyanine Green
(ICG) as treatment cancer agent, which allow the study
of synergism between PTT and PDT effects.

Materials and Methods
Syntheses of Graphene Oxide (GO)

GO was prepared and characterized following preview
report.”> 2’ The oxidation time of graphite was increased,
in order to obtain GO sheets with smaller lateral dimen-
sions. Briefly, approximately 1 g of graphite (Sigma-
Aldrich, 98.4% of the flakes with a particle size of
100 mm) and 0.76 g of sodium nitrate (Merck, 99.9%
purity) were added in a reaction flask and dispersed them
in 35.0 mL of concentrated sulfuric acid (Synth, 98.0%
purity), leaving the mixture under stirring for 15 minutes
in an ice bath. After this period, small portions of potassium
permanganate (Synth, 99.0% purity) were added to com-
pleted 4.50 g, for a period of 1 hour, keeping the mixture
under stirring and low temperature (ice bath). Then the
reaction was at rest of 7 days. After this period, 100 mL
of 0.28% of sulfuric acid aqueous solution was added
slowly, for 1 hour and the mixture was kept under stirring
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for another 2 hours. Forthwith, 3.00 mL of 30% hydrogen
peroxide (Sigma-Aldrich) was added slowly and the mix-
ture was stirred for another 2 hours. To finish the GO
preparation, the final dispersion was washed three times
with aqueous 10% hydrochloric acid aqueous solution
(Synth, 37% purity), neutralized and purified by repeated
dialysis (MWCO 15 kDa) in ultrapure water. The final
concentration of the purified GO dispersion was 3 mg/mL

Synthesis of nc-GO

Synthesis of CDI-Activated PEG-4000 (PEG-CDI)
The PEG-CDI synthesis was performed by modifications
described in the literature.”® Poly (ethylene glycol) 4000
(Sigma Aldrich — 2.0 g, 0.5 mmol) was dissolved in 10 mL
of dry acetonitrile and added to an excess of N,
N-Carbonyldiimidazole (CDI Sigma Aldrich — 0.257 g, 5
mmol) in dry acetonitrile (10 mL). The mixture was
allowed to stir under a nitrogen atmosphere and at room
temperature for 2 hours. After that, the synthesis was kept
under stirring for another 4 hours. The solution was con-
centrated and purified in the presence of ethyl ether,
repeating the process three times for the withdrawal of
unreacted CDI. The PEG-CDI was dried in a desiccator
and the white powder resulting from the synthesis was
carried out 'H-NMR (‘H-NMR 500 MHz Agilent
Technologies - 500/54 Premium Shielded) and FTIR
(Spectrometer Nicolet 6700/GRAMS Suite, 4 cm ™' resolu-
tion) analysis.

Synthesis of Amino-Terminated PEG (PEG-NH,)

2.0 g of PEG-CDI was dissolved in 10 mL of dry acetoni-
trile and 1.5 mL of 1,2-ethylenediamine was added drop-
wise to the solution. The reaction was kept overnight. The
unreacted ethylenediamine was removed by rotary eva-
poration and the product was mixed with ether. The pro-
cess was repeated three times and the PEG-NH,, dried in
a desiccator and the white powder was carried out
"H-.NMR ('"H-NMR 500 MHz Agilent Technologies -
500/54 Premium Shielded) and FTIR (Spectrometer
Nicolet 6700/GRAMS Suite, 4 cm™ ' resolution).”®

Synthesis of Folate-Conjugated PEG-NH, (PEGFA)

The polyethyleneglycol amine (PEG-NH, - 03 g;
7.5x107° mol), folic acid (FA - 30 mg; 0.068 mmol),
N-Hydroxysuccinimide (NHS —17 mg; 0.148 mmol) and
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC -
31 mg; 0.148 mmol) were mixed in 10 mL DMSO
(dimethyl sulfoxide) with 0.034 mL Et;N (triethylamine).

The mixture was stirred overnight under nitrogen atmo-
sphere. The mixture was centrifuged with 20 mL of deio-
nized water to separated EDU and the supernatant was
purified by dialysis with further lyophilization.*®

Preparation of GO+RhodB, GO+PEGFA-RhodB and
GO+PEGFA+ICG Nanocomposites

Firstly, PEG-FA was linked into GO surfaces, where
10 mg GO was dispersed in 10 mL of deionized water,
and 60 mg PEG-FA, 20 mg EDC and 20 mg NHS were
added.”® The reaction was maintained for 24 hours in
shaking and at room temperature. To remove the unreacted
polymer on the GO surface, the GO-PEGFA was centri-
fuged at 8000 rpm for 45 minutes. The synthesis product
was dispersed in water for the dye insertion. The adsorp-
tion of RhodB in both samples (GO+RhodB and GO
+PEGFA+RhodB) was performed following the protocol
established by Estevdo et al with some modifications.?’
For this case, 10 mg of GO+PEGFA or GO was dispersed
in deionized water, and the RhodB stock solution was
diluted in DMSO. For 1% (w/w), 0.1 mg of RHB was
added in the GO+PEGFA and GO and kept under stirring
for 24 hours, protected from light. In the end, the GO
+PEGFA+RhodB and GO+RhodB nanocomposites were
centrifuged at 8000 rpm for 45 minutes and the super-
natant was collected for quantification in UV-Vis. GO
+PEGFA+ICG was performed in a similar process, but
the ICG encapsulation was about 5% (w/w). For this,
0.5 mg of indocyanine green was added in the GO
+PEGFA and kept under stirring for 24 hours, protected
from light. The GO+PEGFA+ICG were centrifuged at
8000 rpm for 45 minutes and the supernatant was collected
for quantification in UV—Vis.

All nc-GO were characterized by Atomic Force
Microscopy (Bruker Dimension Icon AFM) with tapping-
mode, silicon tip spring constant 40 N/m and, oscillation
frequency of 320 kHz. Dynamic Light Scattering (DLS)
and zeta potential measurements were performed at 25°C
with nanoparticles dispersed in aqueous solution using
a Malvern Zetasizer Nano-ZS90, which uses a 4 mW He-
Ne laser operating at 633 nm at an angle of detection of
173°. The photoluminescence measurements were per-
formed at room temperature on a Cary Eclipse, Agilent
technology spectrofluorometer and a Varian Cary® 50
UV-VIS system spectrophotometer.

Other techniques, including Infrared Spectroscopy FTIR
(Spectrometer Nicolet 6700/GRAMS Suite, 4 cm-1 resolu-
tion), UV-Vis (Shimadzu UV3600 spectrophotometer),
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fluorescence emission (SpectraMax M3) and Raman spectro-
scopy (Renishaw RM2000, laser HeNe and 632.8 nm wave-
length) were adopted to characterize the nc-GO.

DPBF Quenching Experiment
1.3-Diphenylisobenzofuran (DPBF) was
a singlet oxygen trapping agent with a strong absorption

utilized as

of light, around 410-420 nm and emission of blue fluor-
escence. DPBF reacts with ;0 to form o-dibenzoylben-
zene, which does not absorb visible light. The decrease in
DPBF absorbance reflects the amount of ;O* generated.*®

5 uM DPBF and 25 pg/mL of nc-GO were mixed in
Tween 80 solution and irradiated with an 808 nm laser (1.8
W/em?) at different time intervals, and the DPBF absorbance
at 418 nm was measured using a UV-VIS spectrophotometer
(Cary Eclipse, Agilent technology spectrofluorometer and
a Varian Cary™ 50 UV-VIS system spectrophotometer).”'
All the measurements were performed in air-saturated solu-
tions and temperature control of light irradiation.

Subcutaneous Tumor — Ehrlich Model

All in vivo study was performed in agreement with the
Brazilian laws and the Ethics Committee on Animal Use
(CEUA) of the Institute of Physics of Sao Carlos, USP-
Brazil (protocol number 2,540,100,717 with an amend-
ment approved on Feb 28, 2018).

Tumor-bearing mice (4.5-weeks old, 20 ¢ 25 g, male)
were prepared by injecting 100 uL of Ehrlich tumor cells
(10° cells) subcutaneously into the left leg of mice.>* The
growth was followed until the tumors reached approxi-
mately 150 £50 mm® in volume.

In vivo Fluorescence Spectra Study Using

Rhodamine B

The nanocomposites GO+RhodB, GO-PEGFA-RhodB and
GO-PEGFA-ICG were dispersed in mechanical agitator,
vortex, and then placed at 37°C all night before the treat-
ments. Solutions of GO+RhodB, GO-PEGFA-RhodB and
GO-PEGFA-ICG were injected intraperitoneally (1.5 mL
volume) in the animals within the tumor-induced. To
determine the time of maximum GO+RhodB, and GO-
PEGFA-RhodB concentration in the tumor, the emission
spectrum of the RhodB was obtained with its maximum
band emission range of 578 nm (excitation of 520 nm).
For the GO-PEG-ICG nanocomposite and ICG free mole-
cule, the emission spectrum of ICG was obtained exciting
with 780nm laser a 60 mW/cm?. A prototype developed by

the Laboratory of Technological Support of Institute of
Physics of Sao Carlos of University of Sao Paulo was
used to obtain the spectrums. This prototype consists of
a laser coupled to a “Y” type fiber that delivers and
collects light from the tissue, taking it to
a spectrophotometer (USB2000, Ocean Optics®, USA).
Three animals per group were used, and the emission
spectra were obtained every time interval during the 72h
after injection. In each animal, the emission spectrum was
collected in several points on the tumor area.

When obtaining the spectra, a variable intensity of skin
autofluorescence was observed in the mice, so the ratio
between the signal of each molecule (RhodB and ICG)
intensity and the skin autofluorescence band was obtained
(F/Fs). The F/Fs value was plotted as a function of time to
determine the best drug-light interval.

In vivo Photothermal and Photodynamic
Therapy

Tumor mice models were prepared identically, as
described above, to observe the in vivo PTT-PDT effects
of GO+RhodB, GO-PEGFA-RhodB and GO-+PEGFA
+ICG under illumination. The diameters of each tumor
were measured using a caliper and the volume was calcu-
lated considering a cube. The procedures were performed
when the tumors reached an average initial volume of
0.15 cm® (range between 0.11 and 0.18 ¢cm?). Five animals
were used in each group, and the control groups were
analyzed: only saline, only light, only GO and only ICG.
The nanocomposites GO-+RhodB, GO+PEGFA+RhodB
and GO+PEGFA+ICG were dispersed in mechanical agi-
tator, vortex, and then placed at 37°C all night before the
treatments.

The animals were anesthetized with an intraperitoneal
injection of ketamine (30 mg/kg) and xylazine (13 mg/kg)
solution and the tumor region was trichotomized. When
the concentration of each GO solution in the tumor was
maximum (obtained as described in the section in vivo
fluorescence spectra study), the tumor area was irradiated
with the 808 nm laser (1.8 W/cm?) for 5 min. The thermo-
graphic FLK-Ti400 camera (Fluke®, Everett, EUA) was
used to acquire surface temperature information during
irradiation time at 0, 1, 2, 3, 4, and 5 min. The evaluation
of intratumoral temperature was performed using a needle
thermocouple (29 gauge, T-type; Physitemp Instruments)
inserted in the tumor and the acquisition was performed
every second during all irradiation time. The average
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temperatures were plotted as a function of NIR irradiation
time.

The follow-up of the tumors varied between 13 and 40
days depending on the clinical condition presented by the
animals. The animals were euthanized when the treated
tissues were completely healed or when the tumor reached
sufficient volume to cause suffering to the animal.
Euthanasia was performed by an overdose of anesthesia
with intraperitoneal injection of ketamine (90 mg/kg) and
xylazine (39 mg/kg) solution. The ratios between the var-
iation of treated and initial tumor volumes (V-Vy/Vj) were
calculated and, then, normalized by the number of follow-
up days, which was named as R values ((V-Vo/V,) days).
Figure 1 shows a self-explanatory graphical summary of
the present study.

Results and Discussion

Synthesis and Characterization of GO
and nc-GO

The nc-GO composites were characterized by atomic force
microscopy (AFM) (Figure 2). As displays in Figure 2A for
GO sheet, the height profile along the small lines indicated

that the thickness of the GO is about 2.5 nm, suggesting the
sheet is multi-layered. The GO lateral size was approxi-
mately 1.2 um. In Figure 2B-D the GO+RhodB, GO
+PEGFA-RhodB and GO+PEGFA+ICG nanocomposites
were obtained with a thickness of around 16.0; 16.0; 20.0
nm, respectively, and a lateral size of around 600 um for the
three nanocomposites. The result was expected because the
AFM image of GO there was no distortion and its thickness
(3.2 nm) showed only the presence of GO sheet. On the
other hand, in the GO+RhodB nanocomposite, where
a uniform thickness value was obtained, only the presence
of GO and RhodB were found, in comparison with the
presence of PEG-4000 and the RhodB fluorescent marker
and ICG photosensitizer, found in the GO+PEGFA-RhodB
and GO+PEGFA-ICG nanocomposites, which allowed
non-uniform thickness. In PEG-composites is evident
a kind of distortion of the AFM images of each of the
nanocomposites.

The lateral size and zeta potential measurements were
important when it came to nanoparticles and surface mod-
ifications. As can be seen in Table 2 and Figure S4, GO
sheet showed a wide range of lateral sizes of 200 nm with
an apparent aggregation around 1170 nm according to the

Graphene Oxide Nanocomposite For Theranostics

Geen light irradiance  In vivo fluorescence specira

........ GO+RhodB
e GO+PEGFA+RhodB
ae GO+PEGFA+ICG

0 10 20 30 40 50 60

Ehrlich tumor in mice Time (hours)
Red light irradiance Photodynamic Therapy
Photothermal Therapy

Ehrlich tumor in mice Mice after the treatment

Figure | In vivo fluorescence spectra and treatment of tumor based on GO-nanocomposites.
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Figure 2 Characterization of nc-GO nanocomposites by AFM image and height profiles along the panel lines. (A) GO. (B) GO+RhodB. (C) GO+PEGFA+RhodB and (D)
GO+PEGFA+ICG.
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Table | Roughness Data for nc-GO. Rq: (RMS Roughness) is the
Root Mean Square Average of the Profile Heights Over the
Evaluation Length

Roughness Rq (nm) Surface Area (um?)

GO 0.7 0.28
GO+RhodB 8.1 0.18
GO+PEGFA+RhodB 6.7 0.13
GO+PEGFA+ICG 79 0.29

AFM image (Figure 2A). The low uniformity of the lateral
size of the GO sheets is a characteristic of the synthesis, no
technique was used to separate the sheets by the lateral
sizes. When RhodB was adsorbed, an increase of size
nanocomposite could be observed, with a notable decrease
in the percentage of nanocomposite in aggregation. When
adding the PEGFA (PEG-4000 anchored folate molecules),
the RhodB and ICG, there was an increase of the nano-
composite evidencing the modification of GO sheet
(according to the AFM image Figure 2B-D).

An analysis of surface roughness allowed a study of
PEGFA, ICG and RhoB on the surface of GO sheets
compared to the pure GO sheet. The surface roughness
values of GO, GO+RhodB, GO+PEGFA+RhodB and GO
+PEGFA+ICG were obtained and shown in Table 1. As
expected, the roughness of the nc-GO was between 6.73
and 8.1 nm, which confirms the presence of PEGFA,
RhodB and ICG on the GO surface. Pure GO presented
a roughness of 0.688 nm.

We analyzed the zeta potential (Table 2) and noted that
the GO sheets presented negative charge due to the car-
boxylic groups on the surface and that there was only
a small drop in the potential when the surface was modified,
which may show that there was modification at superficial.
Imani et al also found changes in size of the rGOs when
surface polymers were added, in addition, a small drop in
zeta potential was also observed when PEG was added.*

The PEGFA was obtained by 3 synthetic routes. The
products of all steps were characterized by 1H NMR and
FTIR and the precursor PEG for comparison. The 1H

spectrum of PEG (Figure SIA-

supplementary

Table 2 Particle Size and Zeta Potential of nc-GO

information) showed the typical displacements at & 3.72
ppm of the CH2 hydrogens most external to the polymer
structure, & 3.37 ppm of the CH2 external to the PEG and
0 3.54 ppm referent to CH2 more internal to the polymer.
The F127-CDI revealed characteristic low-field signals
6.98 ppm and 7.63 ppm related to the aromatic hydrogens
of the structure, as can be seen in Figure SI1B.
The second step resulted in F127-NH2, as seen in
Figure SIC. In addition to the PEG peaks, the character-
istic peaks of ethylenediamine appeared in 6 1.70 ppm of
the external CH2, 6 3.09 ppm of the internal CH2, 6 1.50
ppm of the NH2 and a discrete signal 6 3.92 ppm of the
NH internal. After AF insertion (Figure S1D), the char-
acteristic peaks of the aromatic rings appeared at 6.65,
7.51 and 8.59 ppm; in addition to the disappearance of
the NH2 peak (1.50 ppm), thus confirming the folic acid
presence.”® The FTIR analyzes (Figure S2) showed, as
well as in 1H NMR, that the PEG structure was main-
tained at all steps, however, because the structural mod-
ification was only at the ends of the polymer, FTIR was
not sensitive to discern the modification peaks.
Functionalization of GO with folic acid-modified PEG
was carried out by EDC/NHS coupling agents in which
the carbonyl is activated to carry out the peptide bond.
Then, the molecules of interest (RhodB and ICG) were
adsorbed and all nc-GO and were characterized by UV-
Vis, fluorescence, FTIR, size and zeta potential. The
adsorption efficiencies of the interest molecules were
calculated by the molar absorptivity, as can be seen in
Table 3. Encapsulation efficiency was performed by eval-
uating the difference between the absorptivity of the
supernatant of the resulting solution after centrifugation
and the standard absorptivity of the RhodB or ICG
molecule.

RhodB and ICG were loaded onto GO and GO
+PEGFA by simply mixing dye solutions in DMSO and
protected from light. After removing the non-adsorbed
molecules by centrifuge, GO+RhodB, GO-+PEGFA
+RhodB and GO+PEGFA+ICG, high absorption of the
RhodB and ICG was evidenced. A high Doxorubicin

Samples Lateral Size (nm) Zeta Potential (mV)
GO 200.6 + 39 (51%) 1179 + 331.4 (49%) —559 % 14
GO+RhodB 483.9 + 162 (95%) 4977 + 619.3 (5%) —55.1 £ 19
GO-PEGFA-RhodB 619.7 £ 132 (73%) 4859 = 710.6 (27%) —462 £ 13
GO-PEGFA-ICG 860 * 176 (76%) 5166 + 492 (24%) =510+ 11
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Table 3 RhodB and ICG Loadings Used During the Adsorption (Nominal) and After Washing Procedures (Actual)

Samples Nominal Loading (mg/10 mg GO) Actual Loading (mg) Efficiency of Molecules Adsorptions (%)
GO+RhodB 0.1 0.091 91.2
GO+PEGFA+RhodB 0.1 0.083 83.0
GO+PEGFA+ICG 0.5 0.480 96.0

adsorption on the surface of the NGO-PEG was also
observed by Zhang et al evidencing this nc-GO as good
carriers of drugs.”®

nc-GO Optical Properties

Fundamental optical properties of GO and nc-GO were
characterized by UV-Vis absorption and fluorescence emis-
sion spectra (Figure 3). Two absorption peaks were
observed in the GO, one in 246 nm and another in 293 nm
that correspond to the m-m* transitions of the aromatic
C-C carbons and n-n* transitions of the C-O bonds,
respectively.®* Graphene was satisfactorily oxidized and
the peaks were maintained in the nc-GO, but with less
intensity, which indicates binding/adsorption related to the
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insertion of PEGFA and the dyes. As can be seen in
Figure 3A, RhodB showed a characteristic peak at 553
nm, when in aqueous solution and low concentrations.
After adsorption of RhodB on the GO sheets and GO-
PEGFA nanocomposite, there was a bathochromic shift at
561 nm and 556 nm, respectively. This red shift may be
related to interaction of the aromatic rings plane with GO
surface or PEG entanglement on the surface, which can
explain different displacements.” In addition, Estevio
et al reported the same bathochromic shift when inserted
in MCM41, as well as the possible aggregate formation.?’
These aggregates may be present due to decreased fluores-
cence emission intensity when RhodB was adsorbed on GO
and GO+PEGFA, as can be observed in Figure 3C. When
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Figure 3 (A and B) absorption and (C and D) emission spectra of the respective nanoparticles. All spectra were performed at the same concentration, 0.05 mg GO/mL.
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Figure 4 Photoluminescence of nc-GO. (A) GO. (B) GO+RHB. (C) GO+PEGFA+RhB.

ICG was analyzed, we can observe through UV-Vis
(Figure 3B) and fluorescence spectra (Figure 3D) that the
dye was not available as monomers in the nanocomposites.
It can be seen from the studies of Rotermund et al that ICG
can form J-type aggregates, shifting the peak to near infra-
red (900 nm), outside the UV-Vis detection field used, but
may still be available for use in treatments.*®

The photoluminescence spectra of nc-GO are showed
in Figure 4. The photoluminescence of GO (Figure 4A)
was obtained at different excitations and display fluores-
cence under several wavelength irradiations. Redshift is
present, depending on the excitation. Jin et al observed
that under specific critical limit sizes, GO can show per-
manent photoluminescence arising from quantum confine-
ment effects.’” Figure 4B and C show a strong emission of
RhodB (578 nm) that can be observed in the emission
spectra of the nanocomposite GO-+RhodB and GO
+PEGFA+RhodB where a
observed around 625nm produced by the presence of the
GO. For the GO+PEGFA+ICG nanocomposite, no photo-
luminescence spectrum was observed when excited at

low-intensity band was

various wavelengths, in agreement with found in

Figure 3D (emission absorption).

Characterization of GO and nGO

Composition and Structure

FTIR spectra were also performed when PEG and dyes
were added. As showed in Figures S2 and S3, the changes
in pure GO were subtle but perceptible. The GO FTIR
indicated the presence of OH (3437 ¢cm ') and C =
C (1626 cm ') functional groups.”® When RhodB was
absorbed, these signals were less intense due to the adsorp-
tion of this molecule on the GO surface. PEGFA was
added for the nc-GO on the GO surface through the
EDC/NHS coupling agents. The appearance of signal in

1650 cm ™' was observed, referring to the NH-CO group,
as well as the decrease of intensity relative to the GO
functional groups. In addition, the subtle presence of
peaks related to the PEG functional groups (C-H, C-O,
O-H) between 1250 and 900 cm ' was noted.”®>®

The nc-GO structures were examined by using the
Raman spectrum (Figure 5), in which there were two
bands, D and G at 1329 and 1606 cm ', respectively.
The typical features in Raman spectra are the G and
D band, the G band is usually assigned to the E2g phonon
of C sp” atoms, while the prominent D band is an indica-
tion of disorder corresponding to defects associated with
vacancies, grain boundaries and amorphous carbon
species.®” In Figure 5, the intensity ratio (Ip/lg) of
D band to G band of GO, GO+PEGFA+ICG, GO
+PEGFA+RhodB and GO+RhodB were about 1.04, 1.15,
1.23 and 1.4, respectively. Chen et al founded that both
carboxylation and PEGylation did not destroy the aromatic
structure of nGO,*® but, as can be observed, the presence
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of PEG and FA allows an increase in the Ip/Ig ratio. This
increase was more considerable with the presence of
RhodB, fluorescent marker, although RhodB is adsorbed
not covalently on the surface of Graphene. There was no
significant difference in the Ip/Ig ratio of the GO+PEGFA
+RhodB, GO+PEGFA+ICG, according to Lv et al.*!

DPBF Quenching Experiment

Quenching of 1.3-Diphenylisobenzofuran (DPBF) in the pre-
sence of nc-GO nanocomposites was used to evaluate whether
nc-GO mediated PDT effects can effectively eliminate tumor
in mouse using 808nm laser (1.8 W/cm?). In Figure 6, it was
observed the DPBF photooxidation from nc-GO nanocompo-
sites for similar concentrations nc-GO nanocomposites and the
monoexponential curve A = Ao exp (x/1) fitting the decay data
the time constants T [min] for DPBF photobleaching.>' The
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Figure 6 DPBF absorbance (418nm) monoexponential decay curves for nc-GO
nanocomposites: GO+PEGFA+ICG, GO+PEGFA+RhodB, GO+RhodB and GO,
using 808 nm light 1.8 W/em? and 5 uM DPBF, [nc-GO]= 25 pg/mL.
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generation of 'O, by nc-GO nanocomposites was confirmed
by DPBF quenching studies, where the optical absorbance of
DPBF at 418 nm decays continuously upon 808 nm irradiation
of the solution in the presence of nc-GO nanocomposites.
There was a faster photo-oxidation (13.60+0.5 and 12.96+1.1
min) in GO and GO+RhodB concerning nanocomposites GO
+PEGAFA+ICG, GO+PEGFA+RhodB (18.72+1.2 and 17.64
+0.9 min). In the absence of GO, the DPBF solution did not
exhibit any noticeable decay in absorbance. Romero et al
performed a sodium azide pre-treatment and found that the
quenching of DPBF is mostly GO mediated PDT effects.*®

The presence of PEGFA could prevent a better interaction
between the nc-GO and the DPBF molecules, generating
a longer decay time of the nc-GO with PEGFA compared to
the nc-GO without PEGFA. No significant difference in the
decay time of the nc-GO formed by photosensitizer ICG and
RhodB dye was observed, possibly because there is a poor
interaction between DPBF and ICG due their
hydrophobicity.

to

In vivo Fluorescence Spectra Study

In the present study, GO presented low intrinsic emission
intensity of fluorescence and, therefore, the fluorescent
emitted by RhodB adsorbed on the surface of the GO
was used in the GO+PEGFA+RhodB and GO+RhodB
nanocomposites to detect their fluorescence (F). RhodB
presents a maximum band of 578 nm (wavelength excita-
tion 500 nm, 60 mW/cm?).

The F/Fs ratio was obtained, relating Fs to the skin
autofluorescence band and Figure 7A shows the F/Fs
values for GO+RhodB, GO+PEGFA+RhodB and GO
+PEGFA+ICG. GO+RhodB obtained the maximum value
of the F/Fs ratio on the tumor at the 5th hour after injection
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Figure 7 In vivo fluorescence spectra. (A) nc-GO nanocomposites. (B) ICG. The curves were obtained by averaging the results of the fluorescence measurements in

tumors in mice (n = 3). In each tumor were obtained 3 different measurements.
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via peritoneal into the mice, which indicated the maximum
concentration of nanocomposites in the tumor. For GO
+PEGFA+RhodB nanocomposite, the time of maximum
fluorescence was about 3 hours, 2 hours shorter that GO
+RhodB without PEG. The PEG has higher tumor target-
ing and the nanocomposite accumulation in the tumor
showed to be faster.”> Folate moieties can recognize the
target at tumor sites and Ehrlich cells are a derivative of
breast cancer, which is well known to have overexpression
of folate receptors on the cell membrane.** The maximum
value of the F/Fs ratio intensity, as expected, was observed
in the GO+RhodB nanocomposite, since the presence of
PEG, forming the GO+PEGFA+RhodB nanocomposite. It
was possibly due to the lateral size because 27% of GO+
PEGFA+RhodB has a size of around 5 pm in relation to
5% of GO+RhodB that has the same lateral size (reference
Table 2). Those, as mentioned earlier, can influence the
concentration of nc-GO in the tumor.

In addition, we observed fewer fluorescence signal in
the GO+PEGFA+RhodB nanocomposite due to the possi-
bility of aggregation. For these two nanocomposites, the
animals were monitored by the maximum time of 55
hours. The F/Fs rates observed in Figure 7A were directly
related to the presence of GO in the tumor, and the fluor-
escence emission measurements were obtained directly at
some points on the tumor.

No significant fluorescence emission was observed in
the GO+PEG+ICG nanocomposite (Figure 7A), but the
emission spectrum of free ICG was observed and showed
the maximum accumulation in the tumor after around 5
hours (Figure 7B). To perform nc-GO-mediated PDT/PTT
experiments in vivo, the same dynamics were considered
in all RhodB-based nanocomposites, since GO is predo-
minant in tumor distribution.

GO intrinsic fluorescence emission was not used for
in vivo fluorescence spectra study due to the low emission
intensity. However, several authors have done it, for exam-
ple, Li et al showed that graphene oxide could exhibit two-
photon excitation induced luminescence and act as an
in vitro fluorescent marker upon photoexcitation by
a femtosecond laser.** Kalluru et al demonstrated that GO-
PEG-folate could act as a single photon excitation induced
in vitro fluorescent cellular marker. However, the fluores-
cence emission quantum yields are meager under such ultra-
low laser power excitation (the excitation power intensities
of 488 nm and 533 nm are 2 mW/cm?).?> Some authors
have found it difficult to quantify the intrinsic fluorescence
of GO due to light absorption and scattering by biological

tissues, varied in size, and possible photobleaching.***> For
in vivo fluorescence spectra study, it was possible to visua-
lize the fluorescence emission using an ultralow led irradi-
ance (500 nm 60 mW/cm?), which is simpler and low cost

compared to a laser source.

In vivo nc-GO Mediated PDT/PTT
Experiments

nc-GO nanocomposites were injected by intraperitoneal
route in mice, and the illumination was performed using
an 808 nm laser (1.8 W/cm?) for 5 minutes to evaluate the
effectiveness of destruction of tumors mediated by PDT/
PTT. Although not visualized in Figure 3A, Graphene has
the ultrabroad absorption spectrum in all visible spectra,*®
and for this reason, a light source of around 800nm was
used for GO excitation.

Upon laser irradiation, the “only light” group already
showed a thermal effect, with a temperature increase of
about 20°C. However, with the introduction of the mole-
cules, a significant increase in temperature in relation to
the light effect was observed. Tumor with GO+PEGFA
+ICG under illumination exhibited the highest intratu-
moral temperature elevation with AT of 40°C (t = 5 min
of irradiation), compared to the GO+PEGFA+RhodB, ICG
and GO+RhodB nanocomposites, where AT obtained were
35, 31 and 30°C respectively (Figure 8A, measures with
the thermocouple). Therefore, although the temperature
variation was primarily due to the presence of GO
+PEGFA+RhodB, the ICG photosensitizer also caused
a massive temperature increase with this irradiance.
However, when the molecule was conjugated (GO
+PEGFA+ICG), the temperature increase was much
higher, which means that the quantity of ICG molecules
adsorbed on GO sheets was high, due to the high surface
area of GO. This can be observed in Table 3 where it is
observed that the efficiency of adsorption molecules (ICG)
was 96% causing more significant thermal damage for the
treated tissue of GO+ PEGFA+ICG.

Figure 8B shows examples of thermographic images of
Ehrlich tumors during the application of only light (light
control group) or the treatments mediates by GO+PEGFA
+ RhodB and GO+RhodB nanocomposites, all with 5
minutes of illumination. The tumor with GO+PEGFA
+RhodB nanocomposite showed a higher temperature
rise compared to tumors containing GO+RHB and light
only.
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Figure 8 (A) Intratumoral temperature rise profiles as a function of irradiation time for ICG+LIGHT, GO+RhodB, GO+PEGFA+RhodB and GO+PEGFA+ICG
nanocomposites. (B) Photothermal images of mice under different time irradiations (I1-5 min) for ONLY LIGHT, GO+RhodB, GO+PEG+RHB systems. In | min the
complete image of the mouse is observed, in 2-5 min it is observed that the mice were covered with aluminum foil and only the tumor to be irradiated is exhibited. nc-GO

dose= 20mg/kg.

Although a lower fluorescence emission had been
observed in the PEGFA-based (GO+PEGFA+RhodB) if
GO+RhodB nanocomposite, GO
+PEGFA+RhodB presented a higher increase in tempera-

compared to the

ture. This enables us to conclude that, although the lower
fluorescence signal due to aggregation, the presence of
PEGFA showed a higher concentration of GO in the
tumor such that, when irradiated with IR light, there was
a greater increase in temperature.

All tumors were followed during different days after
each treatment, depending on the healing process and

suffering of the animal. This follow-up time is an

important parameter, since the longer the time for the
animal’s euthanasia, the slower was the tumor growth
and the more efficient was the treatment, even when
there was a recurrence. The control groups (only saline,
only light, only GO and only ICG) were observed and
presented similar results with the continuous growth of
the tumor.

The mice image examples (Figure 9) show the fol-
low-up of mice treated using the PDT/PTT techniques
based on the ICG, GO+PEGFA+RhodB, GO+PEGFA
+ICG nanocomposites. The groups GO+PEGFA
+RhodB and GO+PEGFA+ICG under illumination
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Figure 9 The representative mice images showing the sizes of tumors at pre-treatment day, 5th, and euthanasia day under 808 nm, 1.8 W/cm? for: light, ICG, GO+PEGFA

+RhodB and GO+PEGFA+ICG mice groups.

caused the most significant damage in the tumor due to
the thermal effect, as these tumors presented larger and
thicker crusts 5 days after procedures. In addition, all
tumors showed almost complete tissue healing and hair
regrowth on the day of euthanasia (between 18 and 20
days after treatments).

The ratio between the variation of final volume and
the initial volume (V-Vo/Vo) was normalized by day’s
number of follow-up “R”. The higher the R value, the
shorter was the time until the tumor reaches a large
volume. The comparison was made among the groups:
ONLY LIGHT (as a control) and treatment with ICG,
GO+RhodB, GO+PEGFA+RhodB and GO-+PEGFA
+ICG nanocomposites under illumination (5 animals
per group). The values for R were 1.03, 0.48, 0.42,
0.32 and 0.19, respectively. These values and the
tumor volumes are summarized in Table 4.

Table 4 - R parameter for comparing all groups: ONLY
LIGHT, ICG, GO+RhodB, GO+PEGFA+RhodB and GO
+PEGFA+ICG nanocomposites.

The control group “only light”, due to its high power,
already caused an increase in temperature and could cause
damage to the tumor. With long follow-up, incomplete
treatments were analyzed based on the size of the tumor,
at least 13 days until 42 days after treatment. Meanwhile,
tumor regrowth was analyzed. With the value of R, it is
clear that the use of ICG or GO for PTT and PDT showed
an individual effect similar, with a greater result GO
+PEGFA+RhodB, since preferential accumulation in the
tumor region was expected. The combination of therapies
(GO+PEGFA+ICG) presented the best result, showing
a reduction and impediment of tumor growth including
total treatment in 20% of animals.

Despite almost all animals showed residual tumor,
there was a clear delay in the tumor growth of the
treated groups compared to the controls and, mainly,
that this residual tumor was located outside the illumi-
nated region. Thus, although there was no complete
treatment with just one session, increasing the treated
area or performing multiple sessions could lead to
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Table 4 Tumor Volumes of Only Light, GO+RhodB, GO+PEGFA
+RhodB and GO+PEGFA+ICG Groups

Experimental Group Vo (cm?) V(em®) | p— (V;Z;)\V/VU
ONLY LIGHT 0.15+0.06 | 3.0+20 1.03
ICG 0.1 £0.06 | 1.2+08 0.48
GO+RhodB 0.18£0.07 | 1.0£1.0 0.42
GO+PEGFA+RhodB 0.13+0.06 | 1.0+03 0.32
GO+PEGFA+ICG 0.16 £0.08 | 0.7 £ 0.6 0.19

complete treatment of the animals. The combination of
therapies showed greater efficiency in the treatment of
tumors, showing further reducing and preventing tumor
growth.

This increase in the therapeutic effect using GO + PEGFA
+ ICG was due to both the photodynamic and photothermal
effects, which act together in biological tissue. When light
interacts with this compound that accumulates more in the
tumor due to the presence of PEGFA, it achieved both effects
of the two compounds simultaneously. One of the possibilities
is that the photothermal effect was enhanced due to the photo-
dynamic effect that preceded it, whose two molecules present
at the beginning of the radiation, when the doses of light
promoted changes in the energy state. From the photodynamic
effect, with the high absorption of molecules, there was an
increase in the local temperature, which would already happen
with the presence of one or another molecule, but it was
increased in these conditions (as shown in Figure 7). In another
direction, the gradual increase in temperature dilates the tumor
microvessels, increasing tissue oxygenation and, therefore,
improving the photodynamic effect in the region. Thus,
ajoint reaction occurred, where the photothermal effect ampli-
fied the photodynamic effect, which in turn amplified the
photothermal effect, resulting in the best therapeutic response
found.

Conclusions

Herein, a simple non-covalent approach was taken to immo-
bilize the ICG hydrophobic photosensitizer by n-n stacking
in graphene oxide covalently linked with Polyethylene
Glycol-Folate (PEGFA) to produce GO+PEGFA+ICG.
Taking advantage of the broad near-infrared absorption (-
600-1200 nm) of Graphene and the ICG photosensitizer (808
nm), it was facilitated the induction of PTT/PDT with
a single excitation wavelength. GO+PEGFA was linked
with the fluorescent label Rhodamine B (RhodB), to obtain
in vivo fluorescence imaging with 500 nm wavelength

excitation. We used the strong optical absorbance of GO
+PEGFA+RhodB and GO+PEGFA+ICG (nc-GO nanocom-
posites) as the theranostic agent, achieving tumor ablation
after intraperitoneal administration and 1.8 W/cm? intensity
NIR laser irradiation on the tumor. The fluorescence images
of RhodB were performed in the tumor in order to obtain the
highest concentration of nc-GO as a function of time (after
intraperitoneal injection). The time obtained was used for the
efficient treatment of the tumor by PDT/PTT. The present
study evidences the successful use of nc-GO nanocomposites
as a theranostic nanomedicine to simultaneously exercise the
diagnosis of fluorescence in vivo through the combined PDT-
PTT effects using an infrared light of 1.8 W/ecm? for future
clinical treatments against cancer. Efficiently localized nc-
GO improves retention at tumor sites and selective effect,
opening a new avenue for the search for nc-GO-based anti-
tumor agents that comprise a wide range of possibilities
regarding the future of the medical field.
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