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ARTICLE INFO ABSTRACT
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Tri-nanocomposite system of biocompatible polymers (gelatin/gum arabic) functionalized onto graphene-oxide
nanosheets for controlling the release of an anticancer, doxorubicin (DOX), was fabricated via green-
biosynthesis. Biocompatibility and nano-size stability of the tri-nanocomposite was characterized by SEM,
TEM, FTIR, XRD, and zeta-potential. Loading-efficiency, release-behavior and cytotoxic-activity of DOX-loaded-
composite in WI-38 normal-lung-fibroblast and A549 lung-carcinoma cells were investigated. High DOX-loading
(at pH 9.5), with pH-sensitive release from loaded-composite was achieved, with 25% and 77% DOX released, at
physiological pH 7.4 and cancerous pH 5.3, respectively. Stability of tri-nanocomposite system was confirmed
over 3-months storage at accelerated conditions, as presented by FTIR, XRD, TEM, zeta-potential and in-vitro
release assays. High proliferative inhibitory effect of DOX loaded-composite, on A549-cells, with minimal
toxicity on WI-38-cells, with ICsy values of 51.9 + 0.46 and 185+1.08 pg/mL, against A549 and WI-38,
respectively. Proposed tri-nanocomposite offers a novel combination of gelatin/gum arabic with graphene-

oxide for targeted drug-delivery and efficient anti-cancer therapy.

Introduction

Chemotherapeutics are commonly used for curing different types of
cancer by targeting the fast-growing cancer cells [1]. However, due to
the non-specific nature of anti-cancer drugs, they might attack those
healthy cells as well, resulting in the failure of conventional chemo-
therapy. The lack of selectivity of common anti-cancer drugs lead to
their most common side effects including; hair loss, vomiting, fatigue
and the risk of developing various infections [2]. In addition, multi drug
resistance is a main complication to effective chemotherapy, where
cancer cells develop resistance against cytotoxic drugs during or shortly
after commencement of therapy [3]. All these demerits associated with
chemotherapeutics extremely limit the development of new anticancer
drugs [4].

Consequently, providing innovative drug delivery systems with
novel drug carriers for the already available anti-cancer drugs, with
effective drug loading, is quite essential for targeting drug release into
the tumor environment [4-6]. Among the recent potential delivery
carriers are; polymeric particles [7], nanomaterials, microspheres [8],

dendrimers [9], liposomes [10], and carbon nanotubes [2]. Nano-
carriers allow the adjustment of drug release rate, alter drug distribution
in vivo, and enhance drug efficiency through encapsulation and ab-
sorption [2, 11].

Carbon based nano-materials including graphene oxide (GO) have
been considered as the most advanced vehicles for efficient delivery of
drugs and biomolecules [4, 12]. GO is a vehicle with good biocompat-
ibility, high surface area, low cost as well as high drug loading capacity
among other drug carrier groups [13]. GO exhibit large numerous
functional groups such as epoxy, hydroxyl and carboxyl groups [4]. GO
exhibits a p-conjugated structure, where efficient loading of drugs onto
GO nano sheets occurs by n-n stacking and van de Waals forces [4]. GO
has been used as an excellent nanocarrier for various model drugs, for
example ibuprofen and amoxicillin [14], heparin [15], 5-fluorouracil
[16], and doxorubicin [17].

Yet, major shortcomings of using GO for drug delivery is the presence
of craggy edges which might lead to the disruption of normal cells and
its possible aggregation on cell membranes resulting in its cellular
toxicity [18]. To overcome such limitations, GO nanoparticles are often
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functionalized, through chemical or physical attachment, with
biocompatible polymers, to reduce its cytotoxicity, enhance its solution
solubility as well as its stability under physiological conditions [18].
Polysaccharides based-nanomaterials have been developed as drug de-
livery vehicles, owning to their high stability, biodegradability, low
toxicity, and biocompatibility. Gelatin, gum Arabic, starch, chitosan,
cellulose, glycogen polyethylene glycol, poly-caprolactone, polylactic
acid and polyvinylpyrrolidone are examples of the most known poly-
mers functionalized onto GO sheets [19-21].

Gelatin (GL), a natural macromolecule, is generally used in various
fields including food and medicine. GL offers characteristic membrane-
forming ability, biocompatibility, and non-toxicity [22, 23]. Immobili-
zation of GL on graphene surface occurs via hydrophobic-hydrophobic
interactions, hence enhancing the stability of graphene dispersion [22].
GO acts as both an effective reinforcement filler and a biological acti-
vator in hydrophilic biopolymers such as GL, offering the bio-
polymer-GO nanocomposites great potential to be further developed in
biomedical fields [24].

In addition, Gum Arabic (GA) is a natural tree gum exudate that has a
complex polysaccharide structure and is well known for its biodegrad-
ability, biocompatibility and water solubility [25]. GA remarkable
rheological and emulsifying properties play critical role in stabilization
of GO [26], while its highly branched structure offers multiple carboxyl
(~COOH) and hydroxyl (-OH) groups for attachment with various drugs
[27, 28]. High solubility of GA in acidic medium (pH 4-5) and its milder
in highly alkaline solution (pH > 7) plays a crucial role as a drug de-
livery vehicle. Few reports of the use of GA as stabilizer for nanoparticles
are available [29, 30].

In this context, the thermodynamic compatibility of water-soluble
polysaccharides according to the Flory-Huggins interaction parameter
is a fundamental aspect to understand, to predict possible interaction
with cellular components [31-34]. Herein, the thermodynamic in-
compatibility between polysaccharides and cellular proteins should be
figured out to ensure that the polysaccharides drug carrier system will
deliver drug to its target site, without any side reaction affecting drug
activity [35].

Doxorubicin (DOX) is a commonly known first-line treatment for
various pathological conditions such as breast and lung cancers and
multiple myeloma. DOX recognized adverse side effects; include car-
diotoxicity, nephrotoxicity, alopecia, vomiting, leukopenia, and sto-
matitis [18]. Also, intravenous administration of DOX is quite difficult as
a result of its low solubility in aqueous media [2]. DOX Kkills cells by
preventing DNA replication and subsequent cell division [36]. Accord-
ingly, DOX operates when it is adequately transported into the nucleus
of cancerous cells. Nevertheless, most of the well-recognized drug car-
riers like liposomes and nanoparticles fail to migrate to the cellular
nucleus because of their large size, and hence affect the sufficient release
of their cargoes in the cytoplasm [37]. Thus, exploiting novel
nano-carrier fundamental ability in protecting DOX from degradation,
prolonging its circulation lifetime, reducing its dose, with subsequent
positive impact on its bio-distribution and pharmacokinetics is highly
recommended [38].

A few studies discussed efficient loading of anti-cancer drugs onto
GO nanosheets, in the presence of either GL [24] or GA [39] as bioactive
polymers. Yet, so far, no available data discussed combining both
characteristic functions of GL and GA for green decoration of GO
nanosheets. Herein, we developed a simple approach for the function-
alization of both GL and GA onto GO nanosheets, which open new op-
portunities for novel biopolymer based - GO composite in a wide range
of potential applications.

The aim of the present study was the preparation of a novel green
biocompatible nontoxic, GL-GA-GO tri-nanocomposite for loading DOX.
Characterization of unloaded and DOX loaded tri-nanocomposites via
scanning electron microscope (SEM), transmission electron microscopy
(TEM), Fourier-transform infrared (FTIR), ultra violet-visible (UV-Vis),
X-ray diffraction (XRD) and zeta potential analyses was conducted. In
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addition, evaluation of drug loading efficiency, in-vitro release at
different pHs and accelerated stability studies for DOX/GL-GA-GO
composites were carried-out. Cytotoxicity and therapeutic efficiency
assays in normal and cancer human lung cell lines were included.

Materials and methods
Materials

Doxorubicin hydrochloride (DOX) was purchased from Sigma-
Aldrich. Graphite powder was purchased from Shanghai Yifan
Graphite Co, China. Gelatin Bovine-B (GL) and Gum Arabic (GA) were
obtained from Sigma Aldrich, USA. Other chemicals and reagents
employed in the study were of analytical grade. Milli-Q purified water
(Millipore Corp., Billerica, MA, USA) was used for the preparation of
buffers and dissolution media.

Dimethyl sulfoxide (DMSO) was obtained from Loba Chemie, India.
Human cell lines used namely; WI-38 (normal fibroblasts derived from
lung tissue) and A549 (lung carcinoma) were obtained from “The
Regional centre of Mycology and Biotechnology”- Al-Azhar University,
Egypt. MTT “3-(4,5-dimethylth—iazol-2-yl)—2,5-diphenyltetrazolium-
bromide” was acquired from Bio-basic, France. Griess reagent was ac-
quired from Sigma-Aldrich, USA.

Methods

Graphene oxide (GO) synthesis

GO was prepared according to hummer's method with minor
modification [40]. Sulphuric acid and phosphoric acid were mixed and
stirred for 5 min in a ratio of 9:1. Addition of graphite powder (0.225 g)
to 30 mL of mixed acids solution was carried out, under stirring condi-
tion. Followed by slow addition of 1.32 g potassium permanganate and
mixture was continuously stirred for 6 h till the solution change into
dark green. For the removal of excess potassium permanganate,
hydrogen peroxide (0.675 mL) was slowly added, with stirring for 10
min. GO washing was carried out using 12% hydrochloric acid for three
times followed by five times washing with distilled water. GO was dried
overnight using vacuum oven at 105 °C.

Preparation of GL-GA-GO tri-nanocomposite

Tri-nanocomposite was prepared via a green synthesis method as
follows; equal weights (1 g) of both gelatin (GL) and gum arabic (GA)
were dispersed in 100 mL distilled water using mechanical homoge-
nizer. On the other side, 0.01 g of GO was dispersed in distilled water
and homogenized by an ultra-sonication prop for 10 min (Ultrasonic
Processors Ve 505, USA). The previously prepared solutions were mixed
under magnetic stirring at 1500 rpm for 1 h at 70 °C.

DOX loading onto the GL-GA-GO composite

The loading of DOX was carried out as follows; an aqueous DOX
solution (10 mL) was dispersed in 10 mL of tri-nanocomposite. 0.1 M of
HCI or NaOH solution was added for adjusting pH of the mixture in
ranges of 5.5 till 9.5 [4]. The homogeneous mixture was shaken (tem-
perature-controlled shaking water-bath, Lab-Line, USA) overnight at
25 °C for successful DOX loading onto the GL-GA-GO tri-nanocomposite.
Collection of loaded composites (denoted as DOX/GL-GA-GO) was done
after several centrifugation (9000 rpm) and washing with water with the
same pH value till the supernatant became colourless [4]. Collection of
supernatants was done and free DOX was calculated via UV-VIS spec-
trometry at 480 nm. The final purified DOX/GL-GA-GO composites were
freeze-dried and stored at —20 °C in dark before use. With the purpose of
optimizing DOX loading, actual DOX concentration was changed from
0.25 to 2.5 mg/mL, at pH condition of 9.5.

Actual DOX loading and loading efficiency were evaluated according
to the following equations:
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Actual DOX loading% = Mt/Mc x100% (€D)

DOX loading efficiency% = Mt/Mox100% (2)

Mt, Mc, and Mo signify the mass of DOX loaded onto GL-GA-GO tri-
nanocomposite, GL-GA-GO tri-composite and initial DOX used,
respectively.

Characterization of DOX /GL-GA-GO tri-nanocomposite

SEM. The surface of the prepared tri-nanocomposites was inspected
using field emission scanning electron microscope (FE-SEM), with en-
ergy dispersive X-ray analysis (EDX) [Model Quanta 250, FEG (Field
Emission Gun); Netherlands], with accelerating voltage 30 KV.

TEM. Transmission electron microscopy (TEM) coupled with selective
area electron diffraction (SAED) (Model JEM2010, Japan) were used to
investigate particle size and morphology of unloaded and DOX loaded
GL-GA-GO tri-nanocomposites. Particle size distribution of DOX loaded
composite analysed by TEM ImageJ processing software.

FTIR. Structural changes of studied samples were investigated by
Fourier-transform infrared (ATR-FTIR) spectroscopy “Spectrum Two IR
Spectrometer - PerkinElmer, Inc., Shelton, USA”. Spectral analysis was
obtained by 32 scans and 4 cm ™! resolutions in wavenumbers ranging
from 4000 to 400 cm ™ !. The analysis was performed in triplicate.

XRD. The crystal structure of the prepared tri-nanocomposite was
determined using an X- ray diffraction (XRD) “Model diffractometer,
Shimadzu 7000, Japan, Cu-Ka radiation (A = 0.15418 nm, and Ni filter”.
XRD diffractometer was run at 40 kV and 40 mA over a 20 range of
10°—70° The analysis was performed in triplicate.

UV-Vis. UV-Visible spectrophotometric analysis of plain DOX, GO,
prepared GL-GA-GO tri-nanocomposite and DOX loaded composite
(DOX/GL-GA-GO) was done in the range of 200-800 nm (DU-650
UV-Vis spectrophotometer, Beckman, USA). The analysis was per-
formed in triplicate.

Zeta potential. Dynamic light scattering “DLS, Malvern Instruments
Zetasizer Nano-ZS instrument, UK” was used to examine the zeta po-
tential of different samples in aqueous media. The analysis was per-
formed in triplicate.

Colloidal stability of GL-GA-GO tri-nanocomposite

The stability of the formed GL-GA-GO nano-colloid compared to
plain GO was investigated by incubation in distilled water, physiological
pH of 7.4 as well as acidic tumor pH of 5.3 for several hours. Colloidal
stability was then visually inspected.

DOX release from tri-nanocomposite

Release tests

DOX loaded GL-GA-GO composites (2 mg) dispersed in phosphate
buffer saline (PBS) [2 mL, 40 mM, at two pH; 7.4 (physiological pH) and
5.3 (endosomal pH of cancer cells)] were placed in a dialysis bag
(Seamless Cellulose Tubing, MWCO 12,000 - 14,000, width of 34 mm,
diameter of 21 mm, thickness of 23 um, pore diameter of ca. 25A, LOT
No.: 21,057, Viskase Sales Corp.) and dialyzed against the correspond-
ing buffer medium (13 mL). An equivalent amount of plain DOX was in
vitro evaluated for comparison [41]. Incubation of all samples for the
release study was done in a temperature-controlled shaking water-bath
(Lab-Line, USA) at 37 °C with shaking at 90 rpm. The release study was
done in triplicates. At specified time intervals (0.5, 1, 2, 3, 4, 24 and 48
h), release samples (2 mL) were withdrawn and DOX concentration was
quantified by UV-Vis spectral method at 480 nm. The outer buffer
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medium was kept constant by replenishing with equal volume of buffer
solution.

Release data analysis

The in vitro release data of DOX loaded GL-GA-GO tri-nano-
composite was incorporated into various release kinetic models and the
corresponding mathematical equations were applied: zero-order (Eq.
(3)) [42, 431, first-order (Eq. (4)) [42-44] and Higuchi square root of
time (Eq. (5)) [42, 44] release models, as well as the use of the Kors-
meyer — Peppas model (Eq. (6)) to describe the possible mechanism of
drug release [45]. The selection of the most appropriate model was
dependent on the highest value of correlation coefficient (R2).

Mt/Moo = MO + kOxt 3)
In(100 — Mt) = In100 — k1xt 4
Mt/Moo = MO + kH xtl1/2 (5)
log(Mt / Moo) = logkKP + nxlogt (6)

where MO, Mt, and Mo are the amount of drug dissolved at the begin-
ning, at time t, and the total mass of drug dissolved at an infinite time,
respectively. The coefficients ko, k1, kH, and KKP signify the zero-order,
first-order, Higuchi, and Korsmeyer - Peppas’s rate constants, respec-
tively. While n stands for diffusional exponent of the Korsmeyer - Peppas
model.

Storage stability of DOX-GL-GA-GO tri-nanocomposite

The prepared DOX loaded tri-nanocomposite was stored in a stability
chamber of 40 °C + 0.5 °C and relative humidity of 75% for 3 months.
The stored samples were re-evaluated against fresh samples, using FTIR,
XRD, TEM, zeta potential and in vitro release assays.

Cytotoxicity evaluation

Cell culture

The cytotoxicity of plain DOX, unloaded and DOX loaded GL/GA/GO
tri-nanocomposite were studied in human WI-38 (normal fibroblasts
derived from lung tissue) and human A549 (lung carcinoma) cell lines.
Initially, cells were incubated in 96-well plates at density equals to 1 x
10* cells/well. Cells were inoculated in DMEM in the presence of: high
glucose (4500 mg/L), .-Glutamine (4 mM/L), supplemented with heat-
deactivated fetal bovine serum (10%), penicillin (10,000 U/mL), and
streptomycin (10,000 pg/mL). Cells were permitted to adhere for 24 h
till about 80%-90% confluence.

Cell viability assay

Evaluation of cellular viability was carried out by MTT assay in
triplicate. Yellow MTT “3-(4,5-Dimethylthiazol-2-yl) —2, 5- diphe-
nyltetrazolium bromide, a tetrazole” was reduced to purple formazan in
living cells’ mitochondria [46].

WI-38 and A549 cells were seeded in 96-well plates at 5 x 105/mL,
followed by incubation at 37°C and 5% CO2 for 24 h. After acceptable
cell growth, different concentrations of plain DOX, unloaded and drug
loaded tri-nanocomposite in fresh maintenance medium were added and
incubated at 37°C for 24 h.

Later, test solution was replaced with MTT solution for 4 h. Absor-
bance was measured (570 nm) by ELISA Reader system “Sun Rise
TECAN, Inc., USA”. Treated cells, stained with 0.25% crystal violet,
were studied for morphological changes under inverted microscope
“CKX41; Olympus, Japan” coupled with digital microscope camera [47].

Data calculations

The percentage cell viability was calculated according to the
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Fig. 1. SEM images and EDX charts of unloaded and DOX loaded tri-nanocomposite.

following equation [48]:
Cell viability percentage = (ODt / ODc) x 100% 7)

ODt and ODc represent mean optical density of test-treated cells and
untreated, control cells, respectively.

The 50% inhibitory concentration (IC50) was calculated (the con-
centration of a single compound causing 50% cell death) [49], where
values were expressed as mean =+ standard deviation (n = 3).

Results and discussion
Characterization of the tri-nanocomposite

SEM & TEM

Surface features of the prepared tri-nanocomposite as well as the
morphological changes occurring after drug loading were presented by
SEM (Fig. 1) and TEM images (Fig. 2). EDX analysis was carried out to
detect changes in elemental compositions of unloaded and DOX loaded
composite (Fig. 1).

SEM images of unloaded GL-GA-GO tri-nanocomposite showed a
smooth spongy-like surface with numerous, clear integrated holes
(Fig. 1a), with the close-up SEM image confirming typical GO sheets
appearance with small size flake-like structures (Fig. 1a).

On the other hand, DOX loaded nanocomposite represented a rough,
wrinkled- surface (Fig. 1b). Moreover, the porous structure of GL-GA-GO
nanocomposite was retained, with a collapsed 3D network of poly-
saccharide as a result of the n—x stacking bond between the aromatic ring
of DOX and nanocomposite sheets [2].

In this context, the EDX chart of unloaded tri-nanocomposite pre-
sented relative atomic percentages of the following elements: carbon

(46.59%), oxygen (38.45%) and nitrogen (14.97%) (Fig. 1a), which are
constituent elements of GO sheets [50]. While, EDX chart of DOX loaded
nanocomposite (Fig. 1b), illustrated the appearance of chlorine (5.62%)
as well as an increase in oxygen atomic ratio (40.7%) as a result of DOX
loading (molecular formula of DOX.HCl; C27H29NO11.HCI) [51].

TEM micrographs presented in Figure (2a,b), confirmed the nano-
structure of unloaded composite, based on GO typical sheet structure
morphology, with some dark patches present on the surface, describing
successful functionalization process [52]. Moreover, porous surface was
clearly observed in both unloaded (Fig. 2a,b) and drug loaded (Fig. 2c,
d) nanocomposites. However, DOX loaded nanocomposite showed a
compacted structure over the GO sheets, emphasizing the electrostatic
interaction between DOX and nanocomposite. Additionally, SAED
illustrated the changes in the intermolecular structure of nanocomposite
before and after DOX loading. Where, a typical, single, well-defined
array of hexagonal diffraction pattern was observed for the unloaded
composite (Fig. 2e), whilst in DOX loaded composite, multiple, sharp
spots were visible (Fig. 2f) [53]. Size distribution of the prepared loaded
tri-nanocomposite, confirmed its presence in the nano size range of 15 —
55 nm (average size of 35 nm) (Fig. 2g).

FTIR

Proper design of an efficient new drug carrier system critically de-
pends on the interaction between the system component/s. FTIR spectra
of plain GO, GL, GA, DOX forms as well as the prepared GL/GA/GO and
drug loaded composites were observed in Fig. 3a,b. GO spectrum
confirmed typical bands at 1715, 1616, 1412 and 1061 cm-1, assigned
for C = O stretching, O-H stretching, O-H deformation and -O-O-H
stretching, respectively [54]. GA spectrum showed significant bands at
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Fig. 2. TEM images of unloaded (A, B) and DOX loaded (C, D) tri-nanocomposite. SAED pattern of unloaded (E) and DOX loaded composite (F).; Particle size

distribution analysed by TEM ImageJ processing software (G).

3308 (O-H stretching vibration), 2933 (C-H stretching of CH2 group),
1602 (COOH stretching), 1429 (uronic acid (COOH)), 1018 - 825
(linkage of polysaccharide) and 775 cm-1 (1- 4 linkage of galactose and
1- 6 linkage of mannose) [55]. GL showed characteristic bands at 3454,
2925, 1703, 1229 and 1031 cm—1, which were attributed to over-
lapping of NH and OH bond stretching vibration, COOH group stretch-
ing vibrations, C = O stretching, NH bending vibration of the amide
group and C-O-C of the amide bond in gelatin stretching vibrations,
respectively [56].

FTIR spectrum of plain DOX confirmed the characteristics bands at
3567, 2960, 2863, 1726, 1579, 1070, 871 and 652 cm—1 for N-H
stretch, C-H stretch, CH2 stretching, C = O stretch, C = C ring stretch,
C-O-C stretch, C = H bend and C = C ring bend, respectively (Fig. 3a)
[571.

As observed in Fig. 3b; FTIR spectrum of unloaded GL-GA-GO com-
posite showed that the characteristic surface functional groups of all
components were attained with minor shifting. Also, new bands, not

recorded in native nanocomposite components, were assigned corre-
sponding to O-H stretching vibration at 3292cm-1, C-H stretch at 2944
cm-1 and C = O stretching at 1648 cm-1, indicative of the successful
formation of the tri-nanocomposite [15].

For DOX/GL-GA-GO composite spectrum (Fig. 3b); DOX main char-
acteristic bands were clearly present, indicating productive loading of
drug onto the composite system. However, the loading of DOX onto the
tri-nanocomposite resulted in appearance of new bands corresponding
to the high content of free CH groups at 2831 cm-1, C = Cring stretch at
1339 - 1238 cm-1 as well as C-O-C stretch at 1085 cm-1 (Fig. 3b).

XRD

The crystallography of plain drug, plain components of tri-
nanocomposite as well drug composite system was presented in
Fig. 3c,d. GO showed a strong and sharp peak at 10.8°, unlike the re-
ported main peak of graphite at 26.6° [58]. GA pattern exhibited peaks
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Fig. 3. FTIR (A, B); XRD patterns (C, D); and UV Spectra (E) of the prepared
unloaded and DOX loaded tri-nanocomposite with their respective plain com-
ponents. photographs confirming color change of the unloaded tri-
nanocomposite from dark brown to red as a result of drug loading (F).

at 18.7° and 42.3°, predictable for amorphous gum arabic [59]. GL
exhibited prominent broad peak at around 180-220 characteristic to the
amorphous structure of all gelatines [60]. In addition, XRD pattern of
plain DOX exhibited sharp peaks at scattered angles, confirming drug
crystalline nature [61].

On the contrary, XRD pattern of the unloaded tri-nanocomposite
showed the disappearance of GO characteristic band at 10.8°
(Fig. 3d), indicative of the loss of the original lamellar structure and the
presence of sheets in disordered arrays [62,63]. Whereas, most of DOX
crystalline peaks were not present in loaded composite suggesting the
existence of DOX in an amorphous form in the GL-GA-GO structure
(Fig. 3d).
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UV-Vis

The formation of DOX loaded GL-GA-GO tri-nanocomposite was
confirmed by UV-Vis spectra in UV range of 200-800 nm (Fig. 3e).
Meanwhile, photographs in Fig. 3f, confirmed color change of the tri-
nanocomposite from dark brown to red before and after drug loading,
respectively. GO showed a broad absorption peak at 230 nm, related to
n—n transition of electrons concerned with aromatic rings [51], while,
GO-GL-GA composite showed the appearance of absorption peaks at 261
and 273 nm (Fig. 3e). Absorption peaks of plain DOX were observed at
233, 253, 291 and 480 nm [64]. Conjugation of DOX with nano-
composite of GO-GL-GA resulted in slight shift of DOX peaks towards
longer waves at 235 and 484 nm indicating successful immobilization of
DOX onto the nanocomposite through n—n stacking (cf. photographs
presented in Fig. 3f).

Zeta-potential

Zeta potential measurement is an important tool to evaluate the
system stability during the studding of appropriate nanocomposite as a
drug carrier system. Zeta potential of plain GO, prepared tri-
nanocomposite and DOX loaded composite was calculated. As, re-
ported by Zhang et al., differences observed in zeta potential values,
indirectly suggest successful functionalization of polymers onto the GO
nanosheets [15]. In the present study, zeta potential of GO was —24.76
+0.6 mV, which is due to presence of large number of hydroxyl,
carbonyl and epoxy groups on GO surface [15]. The unloaded
tri-nanocomposite offered acceptable zeta potential value in negative
region (—9.7 4+ 1.2 mV), while loading of DOX onto the
tri-nanocomposite resulted in an increase of zeta potential (17+1.2 mV).
Positively charged DOX loaded composite ensured system stability as
well as promote beneficial connection between the prepared delivery
system and negative-charged cell membrane via electrostatic adsorption
[65].

Colloidal stability of GL-GA-GO tri-nanocomposite

The Colloidal stability of the prepared GL-GA-GO tri-nanocomposite
was investigated, against pure GO, in distilled water, physiological pH of
7.4 as well as acidic tumor pH of 5.3, and results were presented in
Fig. 4. Results showed that GO was stable in water but aggregated in
physiological and acidic environment (Fig. 4), as previously reported
[15]. On the other hand, GL-GA-GO tri-nanocomposite allowed excel-
lent dispersibility at studied pHs for several hours (Fig. 4).

Based on the current characterization results, it could be concluded
that functionalizing of GL, GA onto GO sheets improved GO physical
stability, as confirmed by TEM, zeta potential and colloidal stability in
different media.

DOX loading onto GL-GA-GO tri-nanocomposite

The amount of DOX loaded onto the nanocomposite was quantified
according to the standard curve constructed of DOX concentration
versus its absorbance at 480 nm [64] (Fig. 5a).

DOX exhibits a pH-dependent hydrophilicity characteristics, where
in acidic pH environment, protonation of DOX occurs rendering it as
water-soluble, which does not provide an ideal condition for hydro-
phobic n—x stacking interaction with the GL-GA-GO nanocomposite. On
the other hand, in basic environment, DOX is present in a de-protonated
form, which is quite hydrophobic, hence allowing effective bonding
with the nanocomposite [66,67].

Loading of DOX onto the GL-GA-GO nanocomposite were studied at
different pHs ranging from 5.5 till 9.5 pHs (at fixed ratios of DOX: GL-
GA-GO of 1:1) and results were presented in Fig. 5c. Changing pH
from acidic to alkaline side, led to an increase in the loading amount of
DOX. Where, highest actual DOX loading and loading efficiency values
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of 35.5 and 71.8% were observed, respectively, at pH 9.5 (Fig. 5¢).

As presented in Fig. 5b; at pH 6.5; loading of DOX was incomplete,
with yellowish red supernatant and a partial hydrocolloid mass. On the
other hand, further increase in pH to more alkaline side; enhanced the
red color of supernatant with gradual increase in colloidal mass, indi-
cating higher loading of DOX onto the tri-nanocomposite.

Although, previous studies were carried out to explore pH adjust-
ment for efficient DOX loading onto GO sheets [4,15,68]. Yet, contro-
versial results regarding pH optimization have been described. Whereas
some studies reported maximum DOX loading onto GO, occurred at
neutral pH [62]. Others confirmed basic pH as optimal for better DOX
loading [4,15]. These varying results might be associated with changing
the type of polymer employed for conjugation onto GO sheets.

At optimal pH condition of pH 9.5, actual DOX loading and loading
efficiency percentages onto the GL-GA-GO nanocomposite were further
optimized by ranging DOX concentrations from 0.25 to 2.5 mg/mL
(Fig. 5d). It was clearly observed from Fig. 5d that increasing DOX
concentrations from 0.25 to 2 mg/mL led to simultaneous increase in
both drug loading and loading efficiency. Yet, further increase of DOX
concentration to 2.5 mg/mL led to subsequent increase in actual drug

loading of 45% with no further increase in loading efficiency (~ 73%).
Herein, adjusting both DOX and GL-GA-GO nanocomposite concentra-
tions at 2 mg/mL each, allowed optimum DOX loading percentage and
efficiency. On the other hand, a previous study by Yang et al. 2008,
confirmed successful loading of DOX on GO at a value of 2.35 mg/mg,
with initial DOX concentration of 0.47 mg/mL [68].

Such differences reported, regarding factors influencing loading ca-
pacity of DOX onto GO might be associated with changing the type of
polymer employed for conjugation onto GO sheets. As clearly presented
in the current study, functionalization of GL and GA onto GO nano-
sheets, allowed successful DOX loading onto GL-GA-GO nanosheets,
with loading efficiency > 70%, at optimum conditions of pH 9.5 and
equal ratios of DOX and tri-nanocomposite.

DOX release from GL-GA-GO nanocomposite

Fig. 6a presented the in vitro release of DOX from GL-GA-GO com-
posite at two different pHs conditions; i.e., pH 5.3, representing acidic
tumor site as well as pH 7.4, representing the physiological environ-
ment, for 48 h.
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According to Fig. 6a, plain DOX displayed fast release rates of 83%
and 70% after 2 h dialysis at pH 5.3 and 7.4, respectively, as previously
reported [15].

At the tumor pH of 5.3; a biphasic release pattern was observed
(Fig. 6a), with an initial fast release for 4 h, ensuring high DOX con-
centrations delivered at tumor site, followed by slower release for up to
48 h, with a total of 77.08% of DOX released. Whereas, at physiological
PH of 7.4; about 13.60% and 24.50% of DOX was released, after 4 h and
48 h, respectively (Fig. 6a). This result might be due to easier proton-
ation of DOX in lower pH value (i.e. pH 5.3) and hence an increase in its
solubility [15]. At lower pH of 5.3, both hydrogen binding and hydro-
phobic interactions between DOX and the prepared GL-GA-GO nano-
composite were much reduced, leading to DOX quicker release. On the
other hand, at pH 7.4, hydrogen binding between DOX and nano-
composite is relatively strong, and the resulting release of DOX is low
[15].

As presented in Fig. 6a, a biphasic release pattern of DOX from the
nanocomposite was observed at both pHs, which was reported previ-
ously [15]. An initial fast release pattern might be due to the presence of
available drug near to the surface of nanocomposite, hence promoting
its quick diffusion. Whereas, the drug molecules embedded within the
composite led to longer travel/diffusion path for the drug, favoring the
slow release behavior [15].

It is generally acknowledged that acidic lysosomes reside inside
cancer cells [15]. For a successful delivery of any anticancer drug,
initially GO allows successful transport of the drug to the cancer cells,

followed with drug uptake by the conjugated carriers to the interior of
cancer cell via endocytosis. An overall conclusion, DOX can be loaded
onto the proposed GL-GA-GO tri-nanocomposite under physiological
conditions (pH 7.4) and, alternatively released at reduced, acidic pH of
pH 5.3; distinctive of cancerous cells, intracellular lysosomes or endo-
somes. This phenomenon is quite important in introducing a novel
anti-cancer drug delivery system, with enhanced cytotoxic potentials
against cancer cells, and minimal adverse effect to normal ones.

Fig. 6b illustrated regression analysis results of different release ki-
netic models applied to evaluate the biphasic release pattern of DOX
from tri-nanocomposite. For both fast release (0-4 h) and slow release
(4-48 h) phases; highest values of correlation coefficient were observed
for Higuchi square-root of time models, with R2 values of 0.9218 and
0.9886, respectively (Fig. 6b). Meanwhile, upon applying Korsmeyer-
Peppas model, values of 'n" parameter were found to be 0.4492 and
0.1968 for the fast and slow release phases, respectively, indicating
Fickian diffusion drug release mechanism [45].

Ideal drug release process involves steps of penetration, hydration,
dissolution and finally diffusion. In the present study, both gelatin and
gum arabic played a dual significant role for stabilizing of GO nano-
sheets as well as sustaining DOX release from the prepared tri-
nanocomposite.

Storage stability of DOX-GL-GA-GO tri-nanocomposite

The prepared DOX loaded nanocomposite was stored in an
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accelerated stress environment of 40°C / 75% RH for 3 months. The
stored samples were re-evaluated by FTIR, XRD, TEM, zeta potential and
in vitro release assays. Physical characteristics of stored loaded nano-
composite were comparable with fresh samples as presented by FTIR,
TEM and XRD (Supplementary Figure S1), with positive zeta potential
value of 15+ 1.4 mV. Also, release profile of stored sample was similar
with initial data of freshly prepared one, with acceptable f2 value of 75
[69]. These results confirmed the stability of the proposed
tri-nanocomposite system over time, which successively enhance its

productive usability.
Cytotoxicity results

The most important concerns of using GO for clinical applications, is
its compatibility and cellular toxicity. Previous data regarding potential
toxic effects of GO is quite conflicting, with some studies confirming low
GO cytotoxicity at concentration of 200 pug/mL against A549 cells [70]
and WI-38 cells [71], at 100 pg/mL against human fibroblast cells (HDF)
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[72] and at 50 pg/mL against Hela cells [67]. Yet, other reports docu-
mented that GO sheets at concentrations above 20 pg/mL induced
cytotoxic effects on HDF cells [73], with cytotoxicity reaching 50% for
GO concentration of 85 pg/mL against A549 cell line [74]. As reported
before, there exist a strong correlation between GO biocompatibility and
an increase in its solubility. Functionalization of GO sheets with
different biomaterials plays an important role in modulating surface
characteristics of GO and its cytotoxic activity [72, 73]. The present
study focuses on functionalizing of GL and GA onto GO nanosheets, with
the aim of modifying GO toxicity.

The cytotoxic and therapeutic activity of plain DOX, unloaded GL-
GA-GO composite as well as DOX loaded composite, in both normal
WI-38 lung fibroblast and A549 lung carcinoma cell lines at different
concentrations, were expressed as cell viability% (Fig. 7) and IC50.
Morphology of WI-38 and A549 under different treatments was illus-
trated in Figs. 8&9. Control group (with growth media), was set for
comparisons.

Evaluation of possible toxicity of the unloaded tri-nanocomposite in
both normal and cancer lung cell lines was initially carried out. As
depicted from Fig. 7a; No apparent changes in cell viability were
observed when WI-38 cells were incubated for 24 h with GL/GA/GO
composite having concentrations up to 500 ug/mL, with cell viability
value above 65.50%, and an IC50 of 370+1.74. Whereas, reduction of
cell viability was observed for A549 cells treated with unloaded tri-
nanocomposite, with cell viability value of 40.88% at 500 ug/mL and
equivalent IC50 value of 386+0.33 (Fig. 7b).

Both WI-38 and A549 cell lines treated with plain DOX showed
marked reduction of cellular activity (Fig. 7), with IC50 reaching 115
+0.05 and 86+0.42, respectively, which correlate with several previous
investigations confirming the powerful chemotherapeutic activity of
DOX [21, 70, 73, 75]. However, DOX often undergo early degradation in
the biological environment, hence functionalization of DOX with a novel
nano-carrier system protect the drug from its degradation and enhance
its chemotherapeutic efficiency.

For normal WI-38 lung fibroblast (Fig. 7a); DOX loaded tri-

10

nanocomposite exhibited low cytotoxic effect in comparison with
plain DOX with a dose-dependent behavior. At concentration of 31.25
ug/mL; cell viability values of 53.16% and 95.48%, with respective IC50
of 115+0.05 and 185+1.08 ug/mL were recorded for plain DOX and
DOX/GL-GA-GO composite samples, respectively.

For A549 lung carcinoma cell line (Fig. 7b); cellular viability was
more attenuated for DOX loaded tri-nanocomposite compared with
plain drug. A549 cells treated with plain DOX and DOX loaded tri-
nanocomposites exhibited IC50 values of 86+0.42 and 51.9 + 0.46
ug/mL, respectively. Furthermore, the higher inhibition of cancer cell
proliferation occurred with the increment of DOX loaded composite’s
concentration, where DOX/GL-GA-GO with concentrations of 125 and
62.5 ug/mL showed almost 78.34% and 68.87% inhibition of cellular
growth. Hence, it could be concluded that the cytotoxic activity of plain
DOX was potentiated when loaded onto the tri-nanocomposite.

Morphological observation of WI-38 lung fibroblast under different
treatments was illustrated in Fig. 8. Normal WI-38 (control group; with
growth medium) exhibited a round, circular structure, identifying reg-
ular cellular growth. On the other hand, WI-38 cells treated with plain
DOX exhibited apoptosis characteristic including membrane vesicles,
fragmentation and undefined cell boundary, with many necrotic areas.
These effects were not observed in both unloaded and DOX loaded
nanocomposite (Fig. 8).

On the other hand, morphology of A549 cells confirmed reduction in
cellular growth after treatment with DOX/GL-GA-GO composite
compared to plain DOX (Fig. 9). These results emphasized the efficiency
of the prepared drug composite system, where the tri-nanocomposite
system successfully decreased the negative cytotoxic effect of plain
DOX on normal human cells as well as improved its anticancer activity
against lung cancer cells.

In the present study, a tri-nanocomposite is proposed, employing a
novel combination of GL/GA and GO with characteristic biocompati-
bility, nano-size stability as well as targeted DOX delivery into cancer
cells. Functionalizing of GL, GA onto GO sheets improved GO physical
stability. An initial transport of DOX to cancer cells was done via GO,
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followed with targeted drug uptake by the conjugated carriers to the
interior of cancer cells via endocytosis. The developed tri-
nanocomposite system successfully decreased the negative cytotoxic
effect of plain DOX on normal human cells as well as improved its
anticancer activity against lung cancer cells.

Conclusion

In the present study, a novel tri-nanocomposite was fabricated,
combining the unique properties of biodegradable GL, GA and GO for
improved cancer treatment efficacy. The prepared nontoxic and
biocompatible nanocomposite system of GL/GA functionalized onto GO
mono sheets was employed for efficient loading and controlling the
release of an anti-cancer model drug, DOX. Developed tri-
nanocomposite showed good biocompatibility, nano-size stability as
well as high DOX loading. DOX release performance from loaded com-
posite was pH-sensitive, with faster release rate in cancerous pH,
compared to physiological pH. The prepared unloaded tri-
nanocomposite exhibited no cytotoxicity to both WI-38 and A549
cells. High antitumor activity of DOX loaded nanocomposite was
observed in comparison with plain DOX, with ICsg values of 51.9 + 0.46
and 86.6 + 0.42 pg/mlL, respectively against A549 cells. Additionally,
DOX loaded composite exhibited less toxicity to normal WI-38 cells
compared to plain DOX, with equivalent ICs( values of 185+1.08 and
115+0.046 pg/mL, respectively.
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