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ABSTRACT

Purpose Preparation of Nanographene oxide (NGO) - Gelatin
hybrids for efficient treatment of Neuroblastoma.

Methods Nanohybrids were prepared via non-covalent interac-
tions. Spectroscopic tools have been used to discriminate the chem-
ical states of NGO prior and after gelatin coating, with UV visible
spectroscopy revealing the maximum binding capacity of gelatin to
NGO. Raman and X-ray photoelectron spectroscopy (XPS) dem-
onstrated NGO and Gelatin NGO nanohybrids through a new
chemical environments produced after noncovalent interaction.
Microscopic analyses, atomic force microscopy (AFM) and scanning
electron microscopy (SEM) are used to estimate the thickness of
samples and the lateral width in the nanoscale, respectively.
Results The cell viability assay validated Gelatin NGO
nanohybrids as a useful nanocarrier for Carboplatin (CP) release

NGO (200 nm and 300 nm) did not enable CP to kill the cancer
cells efficiently, whilst the CP loaded Gel NGO 100 nm resulted
in a synergistic activity through increasing the local concentration
of CP inside the cancer cells.

Conclusions The nanohybrids provoked high stability and
dispersibility in physiological media, as well as enhanced the
anticancer activity of the chemotherapy agent Carboplatin (CP)
in human neuroblastoma cells.

KEY WORDS Anticancer activity - Gelatin - Nanohybrids -
Nanographene oxide - Neuroblastoma
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and delivery, without obvious signs of toxicity. The nano-sized ~ CP@Gel Gelatin loaded with carboplatin
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CP@Gel NGO  Gelatin coated Nanographene oxide
loaded with Carboplatin

CP@NGO Nanographene oxide loaded with
Carboplatin

CPT Camptothecin

DMEM Dulbecco’s modified eagle medium

DOX Doxorubicin

EDAX Energy dispersive X-ray analysis

FBS Fetal bovine serum

FWHM Full width at half maximum

Gel Gelatin

Gel NGO Gelatin coated nanographene oxide

GNS Graphene nanosheets

GO Graphene oxide

hMSCs Human mesenchymal stem cells

IMR-32 Human neuroblastoma cells

LE Loading efficiency

NGO Nanographene oxide

PAMAM Polyamidoamide

PBS Phosphate buffered saline

PEG Polyethylene glycol

Rho Rhodamine B

Rho@Gel NGO  Gelatin coated nanographene oxide
loaded with rhodamine B

RT Room temperature

SD Standard deviation

SEM Scanning electron microscope

SN-38 7-ethyl-10-hydroxycamptothecin

XPS X-ray photoelectron spectroscopy

INTRODUCTION

Graphene 1s a one-atom thick of ordinary carbon atoms tightly
packed into a two dimensional honeycomb like structure with
unique, desirable, and outstanding physical and chemical prop-
erties. It was reported for the first time in 2004 and awarded
Nobel Prize in physics in 2010 [1, 2]. Owning to its sp” hybrid
structure and high surface area, graphene can be covalently
decorated with oxygen containing functional groups and
distorted to graphene oxide (GO). The functional groups (epoxy,
hydroxyl, and carboxyl) alter the hybridization of graphene to
sp” and distributed randomly onto the basal plane and edges.
GO layers have a combination of sp” and sp® carbon atoms
making it hydrophilic depending on the oxidation reaction con-
ditions. The different hybridization - sp® and sp” - allows GO
sheets to be functionalized with a wide range of molecules via
covalent and/or noncovalent approaches [3-5]. For biological
purposes, GO functionalization with organic molecules is crucial
to optimize the stability in cell line media and to enhance the
biocompatibility profiles. For the first time, Zhang et. Al, func-
tionalized NGO with polyethylene glycol (PEG) for cellular

imaging and anticancer drug delivery [6]. The chemical conju-
gation of PEG with NGO - COOH wa covalent amide bond
allows the obtained NGO - PEG system to be highly stable in
aqueous media without any trace of agglomeration. In wvitro
biocompatibility experiments demonstrated an excellent cell via-
bility response and endorsed it as a novel nanocarrier material
for efficient drug delivery. Anticancer molecules, water soluble 7-
ethyl-10-hydroxycamptothecin (SN-38) and camptothecin
(CPT) were loaded on NGO - PEG vz noncovalent interaction
and revealed high stability in buffer solution.

The cell killing potency of NGO_PEG:SN-38 system was
similar to those of free SN38 molecules, while was found to be
higher than CPT - 11 (SN-38 prodrug) [7]. NGO - PEG
nanocarrier has revolutionized the field of cancer therapy, and
different anticancer agents and/or biomolecules like doxorubicin
(DOX) [7], ribonuclease A [8], Biotin [9], and Cyanine dye [7,
10] were efficiently loaded and tested. After Zhang report,
several studies have been published reporting the NGO
functionalization with different materials like heparin [11], dex-
tran [12], DNA [13], chitosan [14], gelatin [15], zero generation-
polyamidoamide [16], et.

In our study, we selected gelatin as the coating element for
NGO particles, since this polypeptide chain exhibits excellent
biocompatibility, biodegradability, and no cytotoxicity, and it
is widely explored as a functional material for pharmaceutical
and medical applications [15, 17, 18]. Gelatin functionalized
graphene nanosheets composite (GNS - gelatin) revealed ex-
ceptional biocompatibility and physiological stability. Their
cytotoxicity evaluation showed biocompatibility up to
200 pg/ml, and after DOX loading, high toxicity against
human breast cancer cells was recorded, proving that GNS -
gelatin can be considered an innovative and effective nano
carrier in biomedical studies [19].

Here, we investigated the NGO coated gelatin (Gel NGO),
prepared va a fast and facile method, as a nanohybrid system for
carboplatin delivery in an i zitro model consisting of Human
neuroblastoma cells (IMR-32). Different spectroscopic and mi-
croscopic techniques have been used for size esimation and to
mmprove functionalization, and the biological effects of drug and
carrier extensively investigated. The ultimate aim of the study is
to enhance the carboplatin efliciency by loading onto Gel. NGO
nanohybrid.

The carrier is expected to increase the local concentration
of the drug next to the cells, allowing drastic reduction of
therapeutic dose, and thus the toxic side effects.

MATERIALS AND METHODS
Preparation of NGO and Size Reduction

NGO particles were synthesized by a modified hummers
method [20]. Briefly, 1.0 g graphite (99.99%, —200 mesh,
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Alfa Aesar) and 50.0 g NaCl (Sigma Aldrich, Germany) were
ground for a few minutes using hand mortar and pestle. The
ground graphite was suspended in distilled water to dissolve
NaCl then removed by filtration. The collected graphite was
mixed with 23 ml HySO,4 (96% w/w, Sigma Aldrich,
Germany) overnight (H,SOy intercalating graphite layers).
Afterward, intercalated graphite suspension was placed in an
ice bath to preserve the reaction temperature below 5°C
(exothermic reaction). Subsequently, 3.0 g KMnO4 (VWR,
Germany) was added gradually with stirring to achieve graph-
ite oxide. The resultant product was sonicated for 3 h and
stirred for 30 min at 35°C and 45 min at 50°C respectively.
Subsequently, 46 ml distilled water was poured to the mixture
and stirred for 45 min at 98-105°C. Thereafter, the product
was cooled down to room temperature, and then 40 ml dis-
tilled water and 10 ml 3% HyOy (VWR, Germany) was added
to reduce the residual permanganate and manganese dioxide
to soluble manganese sulfate. The suspension was filtrated and
washed three times with HCI (5% w/w Sigma Aldrich,
Germany) and warm distilled water (40°C) to remove unfa-
vorable materials. The resulting material was cracked in water
under optimized conditions using a horn-tipped ultrasonic
probe (BANDELIN ultrasonic, max. power of 25 — 60%) at
28 Watt for 2 hours, in order to reduce the dimensions (lateral
width and thickness) of exfoliated GO sheets [16].

The NGO suspension was separated into different sizes via
sucrose density gradient centrifugation [16, 21]. Briery, gra-
dient sucrose solutions (20—60% w/v, Sigma Aldrich,
Germany) were dropped gently into the bottom of centrifuged
tube with exact volume. On the top of 20% sucrose, 335 ml
NGO particles were added, the tube directly centrifuged
under controlled conditions (5,880 g for 5 min) using
BECKMAN COULTER, Allegra 64 R centrifuge. Along
the tube, three visualized zones were produced - rinse thor-
oughly with distilled water to remove sucrose - and separated
as three uniform sizes (NGO 100 nm, NGO 200 nm, and
NGO 300 nm) for gelatin functionalization and carboplatin
drug loading.

Preparation of Gel_NGO Nanohybrids

20 pL of Gelatin (Sigma-Aldrich, Germany) was added to a
solution of NGO (1 mg ml™"). The mixture was continuously
stirred for 2 hours at R'T and the resultant material, labeled
Gel NGO, was collected after centrifugation at 5,880 g for
2 min. To remove unbound gelatin, sample underwent three
water dispersion/centrifugation cycles and the final material
was dried overnight at 35°C.

Carboplatin Loading

In separate experiments, 20 pL of Carboplatin (1 mM, Pfizer,
US) was mixed with 1 mg ml™' NGO and Gel NGO and
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stirred at RT for 2 hours. Thereafter, the products, labeled
CP@NGO, CP@Gel NGO, were collected after centrifuga-
tion at 5,880 g for 2 min and dried under vacuum in presence
of PyOs5 to constant weight. The loading efficiency percent
(LE%0) was calculated by UV—vis analysis of supernatant ac-
cording to Eq. (1) :
LE(%) = % x 100 (1)
where C; and Cy are the concentrations of drug in the
loading solution and in the supernatant of centrifugation,
respectively.
The calculated LE% values are listed in Table S1 (See SI).

Cell Culture and Viability Assay

Human Neuroblastoma cell line (IMR-32) were obtained
from ATCC (CCL-127™) and Human Mesenchymal Stem
Cells (hMSCs), which are primary and non-malignant cells,
were obtained from Lonza. Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS, Lonza, Milan, Italy). 1% L-gluta-
mate, and 1% penicillin / streptomycin (all chemicals pur-
chased by Sigma-Aldrich). Cells were grown as a monolayer
in a humidified atmosphere at 37°C and in 5% COy. NGO,
CP@NGO, Gel NGO, and CP@Gel NGO were prepared
for cell culture media (stock solution 1.0 mg ml™' CP equiv-
alent concentration) and stored at RT. Clinical grade
carboplatin (1 mM, Pfizer, US) was acquired from the local
pharmacy and stored at RT. Treatment effects on IMR-32
cell growth inhibition were measured on the basis of metabolic
activity of cells using an Alamar blue assay and spectrophoto-
metric analysis. Briefly, cells were plated in clear transparent
96-well plates at an optimized cell density of 5 10" cells.ml ™
(10" cells well ") 48 h prior to treatment.

Cells were then treated with either single compounds or
their combinations and effects on cell growth assessed 24 h
later.

Fluorescence Microscopy

Rhodamine B (Rho, Sigma-Aldrich, Germany) was loaded on
Gel NGO as follows: 0.01 mg of Rhodamine B was mixed
with 50 mg Gel NGO 100 and stirred at RT for 2 h.
Thereafter, the product was purified from unloaded Rho by
ultracentrifugation at 5,880 g for 2 min and dried under
vacuum in presence of PoOs5 to constant weight.

Cells were incubated for 6 h with Rho@Gel NGO in
complete cell culture media and subsequently washed three
times in PBS and imaged. The microscopy measurements
were performed on a Zeiss LSM780 Quasar laser scanning
microscope, using a 40X water immersion objective 1.2 N.A.
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(Zeiss, Germany). Rhodamine was excited with the 561 nm
emission line of a diode pump solid state (DPSS) laser.
Fluorescence was detected between 592—696 nm. A z stack
of the fluorescence signal was acquired with an interval width
of 0.55 pm and superimposed over the transmission image.
The pinhole was set to 1 Airy Unit.

Morphology and Structure Characterization

Scanning Electron Microscope (SEM) images were obtained
using a FEI, NOVA NanoSEM 200 with an accelera-
tion voltage of 15 kV. Atomic Force Microscopy (AFM)
images were acquired using Digital Instruments Veeco,
NanoScope IIla, operating in the tapping mode. The
images were examined using WSxM software designed
by Nanotech Electronica (Madrid, Spain) [22]. A Shimadzu
UV—vis-NIR, MPC — 3100 Model, Dual beam spectrometer
with PbS photomultiplier detector were used for UV — vis
measurements. Raman spectra were recorded on a Thermo
Scientific, DXR Smart Raman with an excitation laser wave-
length of 532 nm.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out in an ultrahigh vacuum system (<10™? mbar)
equipped with a hemispherical electron analyzer SPECS
PHOIBOS 100. Photoelectrons in all XPS measurements
were excited with non-monochromatic Mg Ka (1253.6 ¢V)
radiation and analyzed with a constant pass energy of 15 ¢V.
The X-ray source was run at a power of 300 watts.

Statistical Analysis

In cell viability assays, three independent experiments
were performed in quadruplicate. The statistical values
were expressed as means and the standard deviation
(SD) was taken as the error. Statistical significance was
assessed by one-way analysis of variance followed by
post-hoc comparison test (Tukey’s test). Significance
was set at p<0.01.

RESULTS AND DISCUSSION

Synthesis, Characterization, and Functionalization
of NGO

Pristine graphite oxide sonicated and centrifuged under typi-
cal conditions produced three samples of NGO particles
named as L1, L2, and L3. An elemental micro-analysis
(EDAX -Energy Dispersive X-ray analysis) revealed the pres-
ence of carbon and oxygen atoms without contaminations (see
Figure S1 in the SI). The statistical analysis of the three layers
discloses three sizes of NGO particles at 100 nm, 200 nm, and

300 nm respectively. The functional groups of exfoliated
NGO particles are able to coordinate with the non-polar
amino acid chains of gelatin via non-covalent interac-
tions (Fig. 1), such as van der Waal, H - bonding,
hydrophobic - hydrophobic, electrostatic, steric exclu-
sion, efc. [15, 18]. The terminal amine NHy group in
gelatin macromolecule is an electron donating group,
driving electrons toward nucleophilic ring opening reac-
tion [4]. CP, an anticancer drug agent particularly used
for solid tumors, was loaded onto NGO sheets through
non-covalent incorporation [16].

Figure 2 (a—c) exhibit SEM images of the three different
sized NGO samples, in panel d, the statistical data of about
250 pristine NGO particles of the three samples revealed the
lateral width at 100 nm, 200 nm, and 300 nm, respectively.
Figure 3 (a—c) show AFM images of the three different sized
NGO samples (the thickness of selected particle is shown
below each image). The statistical analysis of about 250 par-
ticles of the three samples confirmed the thickness of pristine
NGO particles as appeared in Fig. 3 panel g. The thickness for
all samples is approximately 3.4 nm and the number of NGO
sheets is ca. 6 (assuming an interlayer distance of 0.7 nm) [23].
Fig. 3 (d-f) represents Gel NGO samples with clear change in
particles thickness after coating by gelatin, the statistical data
revealed that the thickness of coated NGO samples increased
up to 12 nm (Fig. 3 panel h). The clear difference in images
contrast - compering with pristine NGO samples - could be
considered as another evidence for effective gelatin
interaction.

UV Visible Spectroscopy

UV visible spectroscopy was used to estimate the amount of
gelatin coating NGO particles [15]. Initially, standard gelatin
solutions 2.0, 1.0, 0.8, 0.6, 0.5, 0.4, 0.3, 0.2 and 0.1 mg ml™'
were prepared in distilled water, followed by stirring at 40°C
for complete dissolution. The absorbance of gelatin solutions
were recorded (Fig. 4a, inset figure represents the calibration
curve of gelatin for binding capacity calculation). 10 mg ml™'
NGO solution was allowed to react with gelatin at different
concentrations at 40°C with stirring for 2 hours. As reported
in the experimental section, the final product, labelled
Gel NGO, underwent three water dispersion/centrifugation
cycles in order to remove unbound gelatin. Unbound gelatin
was collected and metered to exact volume for binding capac-
ity calculation. The binding capacity (q) can be estimated by
the following equation (2).

o= Ly )

m

Where q (mg mg ") is the amount of gelatin bound onto
NGO, Cy (mg mlfl) the initial gelatin concentration, and C,
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Fig. I Schematic illustration of
CP@Gel NGO preparation: (1)
Chemical oxidation exfoliation
reaction and size reduction, (2)
coating by gelatin, and (3) CP
loading
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the concentration of unbound gelatin at equilibrium (estimat-
ed from the calibration curve of gelatin standard solution
presented in Fig. 4a), V is the total volume of mixture
(10 ml) and m is the mass of NGO (10 mg). As shown in
Fig. 4b, the maximum capacity of gelatin to NGO is 4/1
(w/w) (Table 1). A slight change appeared at different NGO
sizes: NGO 100 nm consumed more gelatin molecules than

Fig. 2 (a—c) SEM images of
pristine NGO 100 nm, 200 nm,
and 300 nm respectively. (n.b.: the
samples were deposited on silicon
substrates for measurements. (d)
Histogram of pristine NGO
particles at different sizes deduced
from SEM images

@ Springer

NGO 200 nm and NGO 300 nm, and the result indicated
that NGO 100 nm (with more edges) can have more efficiency
to bind with gelatin molecules. The efficiency of coating (%)
can be estimated by using the following Eq. (3).

_Ce
x 100 (3)
0

C
Coating Efficiency (%) = 0
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Fig. 3 (a—c) AFM images of
pristine NGO 100 nm, 200 nm,
and 300 nm respectively. (d—f) Gel
NGO 100 nm, 200 nm, and

300 nm nanohybrids respectively
(n.b.: samples were deposited on
silicon substrates for
measurements. (g and h)
Histograms of the observed NGO
particles at different sizes and Gel

NGO nanohybrids respectively. = — ] __“
The data deduced from AFM E 3 E 3 E 34
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Raman Spectroscopy

Raman spectroscopy is used to study the vibrational regimes
of graphite, pristine NGO and Gel_ NGO nanohybrids [24,
25]. Fig. 5a shows the characteristic bands of graphite at 1,
360, 1,578, and 2,705 cm™ ', corresponding to the D-,; G-, and
9D-band respectively. The sp? carbon skeletal disorder in-
duced D-band due to the presence of oxygen rich groups; this
band is presumed to be a key for emphasizing the oxidation

300nm 200 nm 100 ';"" ;
Gel_NGoO nanohybrids ¥

E—2

through the increment of band width and integrated intensity
as shown in Fig. 5b. The G-band of graphite, sp” (C-C) bond
appeared at 1,578 cm™ ' is an interesting band by virtue of
both its position and full width at half maximum (FWHM).
NGO 100 nm revealed a significant change during oxidation
in FWHM and intensity ratio I (D/G) to 0.9, as a result of
oxygen incorporation [24]. The 2D-band at 2,705 cm™ " de-
noted the second order of D-band and the number of
graphene layers, the functional groups on graphene basal plan
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Fig. 4 a UV-vis absorption spectra of gelatin solutions at different concentrations (a -i): 2.0, 1.0, 0.8, 0.6, 0.5, 0.4, 0.3,0.2, and 0.1 mg.ml ™" respectively (inset:
calibration curve of gelatin) b Binding capacity of gelatin coated NGO particles at different sizes. Blue curve represents the percent efficiency of Gel NGO 00 nm

or edges reduced this band due to high structural dis-
order and exfoliation. Gel NGO at different sizes show
no considerable change in comparison with pristine
NGO, however the Raman shift in the G-band position
by ca. 25 cm™' could be considered as an indication for
functionalization (Fig. 5 (c—e¢)).

X-ray Photoelectron Spectroscopy

The chemical state of pristine NGO and Gel NGO
samples at all sizes were characterized using high resolu-
tion XPS. The Cls, Ols and Nls exhibit different com-
ponents, indicating that these elements have different
chemical environments (the peaks were fitted with
Gaussian-Lorenzian mixed function). As shown in
Fig. 6a, the Cls peaks appeared at 284.3, 285.6, 286.7,
287.3, and 288.5 ¢V are ascribed to sp? hybrids (C -C /
C=C), hydroxyl (—OH), epoxy (C-O-C), carbonyl (C=
O) and carboxyl (COOH) groups [16, 26]. The Cls
spectra of CP@NGO 100 nm, Gel NGO 100 nm, and
CP@Gel . NGO 100 nm revealed the same oxygen
groups as shown in Fig. 6 (b—d). However NGO coated
gelatin nanohybrid generates two prominent peaks for C-

N and C (O)-N bonds at 286.4 and 287.2 ¢V, respec-
tively, showing binding energies closed to those of C-OH
and C=0 [4, 27]. These finding are consistent with the
Nls XPS spectra (Fig. 7a). As shown in Fig. 6 (e-h), the
Ols XPS spectra of pristine and functionalized NGO
were fitted to three main peaks around 531.2, 532.07,
and 533.01 eV. These peaks are assigned to carboxyl,
epoxide and hydroxyl groups and provide further infor-
mation [16]. The Cls and Ols peak intensities of pris-
tine NGO reduced drastically after coating by gelatin, as
a result of deoxygenation. Figure 7b shows the Pt4f (7/2)
and Pt4f (5/2) peaks originated from the immobilization
of Platinum in the CP-loaded samples, confirming the
non-covalent interactions between drug and with NGO
[16, 28, 29]. The XPS spectra of NGO 200 nm,
100 nm, and functionalized materials exhibit analogous
trends due to their structural similarity (see Figure S1-S5
in SI).

Biological Characterization

IMR-32 Human Neuroblastoma cells were selected as a mod-
el for evaluating the efficiency of the proposed nanohybrids to

Table | Binding capacity (q) of

gelatin coated NGO particles and Gel NGO ratio (wh) q(mgmg™)* GGLNGO 100 nm
percent efficiency (% efficiency)*
Gel NGO Gel NGO Gel NGO
300 nm 200 nm 100 nm
[l 0.98 0.95 0.97 98.7
2:| 1.92 1.93 1.94 96.1
*data are expressed as mean. SD 41 326 34 3.55 81.5
within 5% 6:1 3.73 3.88 4.05 62.2
q value and coating efficiency were 8:1 3.88 4.2 44 48.5
calculated according to Egs. 2 and 3, 10: 1 4.06 43 455 40.6

respectively
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Fig. 5 Raman spectra of D, G, and 2D bands for (@) Graphite (b) pristine NGO
100 nm, and (c-e) Gel NGO 100 nm, 200 nm, and 300 nm respectively

act as carriers for carboplatin, an anticancer drug widely used
for the treatment of various cancer. Here, we explore the
strategy of noncovalent modification by loading onto a hy-
brids nanocarrier, with the aim to enhance the anticancer
efficiency of the drug.

CP was loaded with an efficiency of almost 100% for all
samples (see Table 1 in SI), with Gel not significantly effecting
the LE (%) at the selected concentration.

For the biological characterization, all the samples were
tested at 5 pg ml ' CP equivalent concentration, correspond-
ing to a nanohybrid concentration of 25 pg/ml'. Any drug
carrier and biomaterial proposed for use in biomedicine needs
to strictly address the biocompatibility issues [30, 31]. The
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Fig. 7 (a: 1-4) N1sXPS spectra of a b

pristine NGO 100 nm, :ﬁpl —— Dats

CP@NGO, Gel_ NGO, and —nc e waae

CP@Gel_NGO respectively. (b: e (1) sum

|—4) Pt4f XPS spectra of pristine (1)

NGO 100 nm, CP@NGO, Gel
NGO, and CP@Gel NGO,
respectively

Intensity (a. u.)
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absence of any trace of toxic effect on non-malignant cells is
the ideal behavior for biomaterials, and in this work we used
hMSCs as an effective i vitro model for healthy cells, since
their metabolic pathways confers them high susceptibility to
foreign compounds and biomaterials [32, 33]. In our previous
work [16], the activity of NGO on hMSCs at a concentration
of 100 pg ml~
toxicity of the pristine NGO, and even at the concentration
tested here (25 pg ml™"), a cell viability value lower of ca. 30%
is recorded, highlighting the need to functionalize the NGO
surface before any kind of biological application (Fig. 8a). The

" was analyzed: the results showed a very high

toxicity results from both the generation of oxygen reactive
species and the physical stress associated with the interaction
of lipid cell membranes [34].

The suitability of the proposed strategy of the NGO
functionalization with Gel was proven when considering the
recorded biocompatibility of the Gel NGO samples.
Interestingly, as shown in Fig. 9, Gel is able to reduce the

™™

./\'“ )

(3

(2)
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) ,j \ \ @)
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Binding energy (e.V)

400 402
Binding energy (e.V)

toxicity of all sized NGO due to the formation of a protein
shell around the nanoparticles, allowing an easier NGO dis-
persion and preventing any kind of damage on the cell surface.
The possibility to greatly increase the biocompatibility of any
sized NGO by Gel coating is a key advantage when compared
with the previously developed Polyamidoamide (PAMAM)
functionalization [16], where a significant reduction of toxicity
was recorded only for lower sized samples. This could be
related to the high molecular weight of the protein, allowing
a more cfficient NGO coating, and thus a considerable re-
duction of toxic reactions on the cell surface. As expected, Gel
alone did not affect the cell viability, while it was found to
reduce the activity of CP. The CP efficiency is reduced by
almost 50%, since it moves from 41 to 62% for CP and
CP@Gel, respectively (Fig. 8b). When considering the activity
of the CP@Gel NGO samples, the strong dependency be-
tween the efficiency and the size of the carriers is clearly

evident. Gel. NGO 300 and Gel NGO 200 were found to

Fig. 8 The Cell viability of h(MSCs @ 120 b 120
(a)and IMR 32 cells (b) after 24 h of Mesenchymal Cells IMR-32 Cancer Cells
incubation 100+ s b 100 + e e T P i
Gel (25 pg/ml) ° Gel (25 pg/ml)
3; 80- NGO (25 pgiml) 3; 80+ CP (5 pgimi)
= 60 = 60- .
T 40- S 40- -
S
> 20- 20.
0 o \ m v \ \ P
O e e e
co™ “% A0 o Lol c
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Fig. 9 Cell viability of NGO nanohybrids loaded CP

do not significantly modify the drug activity, as assessed by the
recorded cell viability close to that of the free form of the drug.
Gel NGO 100 denotes a completely different behavior,
since in this case the activity of the CP is almost
doubled, with a cell viability of 41 and 23%, for CP
and CP@Gel NGO 100, respectively. The size depen-
dency of the carrier efficiency is strictly related to their
ability to interact with cells, and this is in agreement
with data in literature showing that lower sized NGO are able
to strongly interact with the cell environment with a more
efficient delivery of the hosted drug.

The complex interactions between nanomaterial and cells
have been reviewed extensively in the literature in view of the
potential use of nanoparticles as intracellular transporters
[35]. These interactions include electrostatic adsorption of
nanoparticles on to the cell membrane, followed by their
internalization into the cells. Many mechanism have been
proposed, e.g., penetration through an energy-independent
non-endocytotic pathway, endocytosis and phagocytosis
[36]. In our study, optical microscopy shows some black spots
on the cells incubated with the NGO (Fig. 10b). Furthermore,
cells treated only for 6 h with NGO, washed three times with
PBS, detached and pelleted by centrifugation show a black
pellet, typical color of the NGO (Figure S6 in SI). On the

other side, cells treated with the free Gelatin, washed in PBS
and centrifuged show a normal white pellet.

To further characterize the biological behavior of
Gel NGO 100, suitable confocal microscopy experiments
were performed. At first, we demonstrated that marker
remained absorbed onto the surface of graphene
nanohybrids until the end of biological experiments by
suitable releasing experiments (data not shown) [37];
then IMR-32 cells were incubated with Rhodamine B
loaded Gel NGO 100 for 6 h and imaged (Fig. 11).
Our pictures clearly showed that the NGO were able to
be internalized by the cells. Moreover it is interesting
that the presence of the NGO was detected only in the
cytoplasm, and not in the nucleus, after 6 h of
incubation.

The whole of the biological data denote the ability of the
carrier to increase the local concentration of the drug inside
the cell environment, thus resulting in enhanced activity.
Studies related to targeting behavior are expected to further
increase the clinical applicability of the proposed nanohybrid,
since the presence of Gel offers functional groups (e.g. hetero-
atoms in the protein side chain) able to undergo different types
of chemical functionalization with targeting units. Anyway,
the key result of the present study is the characterization of the
synergistic activity between Gel NGO 100 and CP, which is
of tremendous importance when considering potential clinical
applications, since it is possible to dramatically reduce the
drug doses, with the advantages of reducing systemic side
effects. Furthermore, a potential enhancement of the drug
desired properties such as increased water solubility, cellular
uptake, and targeted delivery, can be obtained. In conclusion,
it can be hypothesized the development of a combination
therapeutic protocol involving the use of the proposed
nanohybrid carrier.

CONCLUSION

Biocompatible NGO coated gelatin nanohybrids could be
used as an operational CP delivery vehicles for the treatment

Fig. 10 Optical microscopy images of IMR 32 cells (a) incubated for 6 h with Gel (b) and Gel NGO (c)
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Fig. Il Fluorescence microscopy

IMR-32 incubated without Rho@Gel NGO |

IMR-32 incubated with 25 pg/mI Rho@Gel NGO |

images of IMR 32 cells incubated for
6 h with Gel NGO. Scale bar
10 um

Transmitted Image

Fluorescence Image

Merged Image

of IMR-32 human Neuroblastoma Cells. The interaction of
NGO particles with Gel has been obtained through
noncovalent chemistry. The lower sized NGO 100 nm coated
with gelatin exhibits excellent stability and biocompati-
bility in cell culture media according to their potency to
interact with cellular membrane. A synergistic activity
between CP and carrier was recorded, as suggested by
the enhanced efficiency in killing cancer cells.
Interestingly, the cell viability was not affected by
Gel NGO, confirming that the recorded anticancer ac-
tivity is related to an increased local concentration of the drug
within the cells environment, thus resulting in enhanced ac-
tivity. Further investigation should be done to this regard, but

@ Springer

the data reported have evidenced a very promising starting
point for further research by chemists, nanotechnologists,
biologists and oncologists.
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