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ABSTRACT

Breast cancer refers to a very common deadly class of malignant tumors, especially in women worldwide. In the
present study, a promising methodology has been developed to simultaneously improve the drug loading per-
formance and achieve a sustained release of 5-fluorouracil (5-FU) as a model drug for breast cancer. For this
purpose, a pH-sensitive and biocompatible hydrogel of chitosan/agarose/graphene oxide (CS/AG/GO) was first
synthesized with glyoxal as cross-linker. 5-FU-loaded nanocomposites (NCs) of CS/AG/GO were then prepared
via water-in-oil-in-water (W/O/W) emulsification technique. XRD and FTIR analyses confirmed the successful
synthesis of the nanocarriers and gave insight on their crystalline structure and molecular interactions between
the components. DLS demonstrated that the nanocarriers comprise nanoparticles with an average size of 197 nm
and a PDI of 0.34. SEM revealed their spherical morphology and zeta potential measurements indicated an
average surface charge of +23.5 mV. The drug loading and entrapment efficiencies (57% and 92%, respectively)
were significantly higher than those reported previously for other nanocarriers. A very effective and sustained
drug release profile was observed at pH 5.4; in 48 h, almost the entire 5-FU content was released. Moreover,
effective cytotoxicity against breast cancer cell (BCC) lines (MCF-7) was observed: the cell viability upon in-
cubation with CS/AG/GO/5-FU was about 23%, demonstrating its anti-cancer capability. Therefore, the syn-
thesized NCs can potentially act as pH-sensitive nanovehicles for programmed release of 5-FU in breast cancer

treatment.

1. Introduction

Caused by a common species of malignant tumors, breast cancer is a
deadly disorder, especially in women, worldwide [1]. In the meantime, a
better understanding of the tumor biology can contribute to effective-
ness of treatment methods. In recent decades, application of new tech-
nology for understanding the cancers biologically and formulating
effective treatments have developed dramatically [2]. Numerous ap-
proaches have been used to treat cancer, including chemotherapy,
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immunotherapy, radiotherapy, and surgery, and the combination of
different strategies generally comes up with a more effective treatment
[3]. Amongst them, chemotherapy is acknowledged as the most prom-
ising approach that can improve biocompatibility, bioavailability,
effective targeting of the affected area, and safety of therapeutic drugs
[4,5]. So far, various types of chemotherapeutic drugs have been
investigated, and they show extensive side effects [6]. It is very impor-
tant to protect non-engaged members and tissues of the body from po-
tential poisoning before the chemotherapeutic drug is delivered to the
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tumor site [7]. Recently, much effort has been made to develop new
approaches for the design of drug delivery systems [8]. An ideal drug
carrier is the one that renders the insoluble anti-cancer drug into the
tumor site and then releases the drug right at the target site with min-
imum side effects to the body [9]. Nanocarriers offer a good solution for
targeted drug delivery, especially for water-insoluble drugs [10].
Amongst different nanocarriers (e.g., liposomes [11], nanoparticles
[12], nanogels [13], micelles [14], etc.), nanoparticles can exhibit more
advantages due to their potential to ameliorate extant methods of cancer
treatment.

Chemotherapy with 5-fluorouracil (5-FU) drug is the first line of
complementary therapy for cancerous patients. 5-FU is a fluorinated
pyrimidine that inhibits thymidine nucleotide biosynthesis by inhibiting
the thymidylate synthase enzyme, which is supposed to end up with cell
death [15]. It shows enhanced bioavailability, being applied as a strong
drug against solid tumors. Considering that the use of 5-FU increases the
patients’ life expectancy, yet drug resistance has been reported in most
cases, so that the effectiveness of 5-FU treatment has been reportedly as
low as 26% [16]. Body resistance to an anticancer drug can cause
different results, including a change in the drug penetration and flow, an
increase in drug inactivation, and mutations in the drug target gene
[17]. However, treatments are usually ineffective for advanced cancer.
Accordingly, researchers are looking for other antitumor compounds to
minimize the side effects of alternative cancer treatments [18].

Produced from natural or synthetic polymers, hydrogels can provide
biocompatible, biodegradable, and non-toxic polymeric carriers. In this
study, three compounds were used: chitosan (CS), agarose (AG), and
graphene oxide (GO).

Graphene is an allotrope of carbon with a honeycomb structure [19].
Graphene and its derivatives such as graphene oxide (GO) have been
synthesized via diverse methods, the most common approach being
strong oxidation of graphite particles at a controlled temperature using
the Hummer’s method [20]. GO has been used in biomedical applica-
tions such as drug delivery, gene delivery, cancer diagnosis and treat-
ment [21]. GO offers a very large specific surface area, high
biocompatibility and hydrophilicity, and presents a diverse set of func-
tional groups (e.g., hydroxyl, carboxyl, and epoxy, among others) [22].
Due to its low dispersion in a physiological medium, GO is yet to be
drug-loaded for effective drug delivery application. In this respect,
different biologically active materials (e.g., CS) have been used to
ameliorate the dispersion of GO [23].

CS is a lineal cationic polysaccharide with prominent features such as
low toxicity coupled with proper hydrophilicity, biocompatibility,
biodegradability, low immunogenicity, constructional mutability, and
participation in extended-release and drug permeation. These advan-
tages made CS a natural biopolymer for hydrogels synthesis in drug
delivery [24-26]. It is well known that CS responses to pH owing to the
presence of amine groups. Due to these properties, CS has been
frequently used as a biomedical substance and nanocarrier in drug de-
livery systems [27].

AG is an attractive lineal polysaccharide that exhibits crosslinking
character during hydrogel formation for drug loading. Indeed, AG-
containing hydrogels are very stable and biocompatible. Further,
incorporation of AG into hydrogel structure creates some sort of pH-
sensitivity [26,28]. To prepare an AG gel, heating and cooling opera-
tions are necessary. Thanks to its heat-reversible gel-making capability,
AG has been used in various applications, including, but not limited to,
DNA electrophoresis, tissue engineering, food industry, and drug de-
livery [29].

In this research, 5-FU was loaded onto a pH-sensitive hydrogel NC of
CS/AG/GO for in vitro treatment of human BCC (MCF-7). To the best of
our knowledge, no previous study dealing with such ternary hydrogel
has been reported. This is the first biocompatible NC hydrogel made of
two polysaccharides and GO that can potentially increase the dosage of
5-FU, as a model drug, through localization at the target site. Thus, the
developed nanocarrier shows great potential for targeted release of 5-FU
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and effective breast cancer treatment.

2. Materials and methods
2.1. Materials

Table 1 lists the materials used in this research.

2.2. Synthesis of GO

GO was synthesized herein according to Hummer’s method [30]. For
this purpose, 1g of graphite sheets was introduced into 20 mL of HoSO4
solution while stirring the mix on a magnetic stirrer for 30 min. Next, 3 g
of KMnO4 was gradually added into the mix while the system was
ice-cooled. Subsequently, 50 mL of distilled water was added dropwise
and after 10 min, 100 mL of distilled water was poured into the mixture.
After another 30 min, 35 mL of H,O5 was introduced into the solution,
which turned to yellow/orange color. A homogeneous GO solution was
obtained after 24 h. From this solution, powdery GO particles could be
obtained by centrifugation followed by a dehydration stage in a vacuum
oven.

2.3. Formation of CS/AG/GO hydrogel

As a first step, 20 mL of 2% v/v acetic acid was added dropwise to CS
at 25 °C until a 20% w/v solution was achieved. Then, 1% w/v of AG
was added to the CS solution and a CS/AG hydrogel was formed. Sub-
sequently, 0.1% w/v GO was further added to the CS/AG hydrogel. All
the steps were performed under vigorous stirring.

Table 1
General information on the materials used in this research.

Description (Code) Manufacturer/ City Country

provider

Human breast cancer cell (BCC) American Type Manassas VA,
lines (MCF-7) Culture Collection USA

(ATCC)

Dulbecco’s Modified Eagle’s Thermo Fischer Waltham MA,
Medium (DMEM, high Scientific USA
glucose)

Fetal bovine serum (FBS) HyClone Thermo Waltham MA,

Scientific USA

Penicillin-Streptomycin Beijing Solarbio Beijing China

Trypsin (0.25% w/v) Science and

Ethylene-diamine-tetra-acetic- Technology
acid (EDTA, 0.1% w/v)

3-(4, 5-dimethyl-thiazol-2-yl)- Sigma-Aldrich St. Louis MS,

2,5-diphenyl-tetrazolium USA
bromide (MTT)

Dimethyl sulfoxide (DMSO)

Chitosan (CS, Mw:50 kDa;
DD:80-85%)

Agarose (AG, gel strength
>1200 gm/cm?)

Graphene oxide powder (GO,
15-20 sheets, 4-10% edge-
oxidized)

5-Fluorouracil (5-FU, Mw:
130.08 g/mol)

Glyoxal (40 wt% in H»0)

Polyvinyl alcohol (PVA;
Mw:85000-124000; 99+%
hydrolyzed)

Phosphate buffer saline (PBS) Iranian Biological Tehran Iran
Resource Center
Span 80 Merck Kenilworth ~ NJ, USA
Acetic acid
Paraffin oil CARLO ERBA Comaredo Italy
Reagents
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2.4. Drug loading and entrapment in the CS/AG/GO hydrogel

Taken as a model drug in this research, 2% (v/v) 5-FU was intro-
duced into the prepared hydrogel solution in the previous step. This was
carried out on a magnetic stirrer and the stirring was kept for 15 min to
ensure complete mixing of the precursors. 0.02% v/v glyoxal was used
as a crosslinker to form a homogenous 5-FU-loaded CS/AG/GO hydro-
gel. Finally, entrapment of 5-FU in the hydrogel structure was ensured as
CS/AG were crosslinked to CS/AG/GO. Indeed, the crosslinking was
obtained via reaction among the primary amines at the end of the
polymer chains of CS and also between these free amines and the hy-
droxyl groups on GO and AG.

2.5. Preparation of double emulsion (DE)

Once the drug-loaded hydrogel NC was synthesized, the internal
phase of a W/O/W DE was loaded with the NC to enhance its sustained-
release behavior. For such purpose, an aqueous phase of hydrogel in oil
was emulsified to obtain the base emulsion. Next, 5 mL of the drug-
loaded hydrogel NC was introduced dropwise into a hydrophobic
phase of paraffin oil (as dispersed phase; 60 mL) and 2% v/v Span 80 (as
surfactant) under vigorous stirring. After 10 min, a hydrophilic phase of
1% v/v PVA (30 mL) was introduced dropwise into the base emulsion,
and the mixture was stirred vigorously. Upon another 10 min, the stir-
ring was stopped and the phases were separated by density. The hy-
drophobic phase, located on top of the hydrophilic phase, was removed.
Then, a 5-min centrifugation stage (Hermle-Labnet) was applied at
4500 rpm to extract the DE from the remaining hydrophilic phase. The
different steps to prepare the NC hydrogel and then encapsulating the
NCs by the double nanoemulsion are schematically shown in Fig. 1.

2.6. Evaluating the efficiencies of drug loading and entrapment

The efficiencies of loading the model drug (5-FU) and then entrap-
ping it in the CS/AG/GO hydrogel were assessed. For such purpose,
lyophilized CS/AG/GO/5-FU hydrogel NCs were suspended in 1 mL of
PBS before introducing 1 mL of ethyl acetate as organic solvent. The

- -
wa |
A acef =
Chitosan Agarose - Graphene oxide =
2% (Wiv) 1% (wiv) 0.1% (wi)

CS
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mixture was subjected to agitation, and the organic solvent was then
removed. The amount of free 5-FU in the removed organic solvent was
measured by means of UV-Vis spectrophotometry at 266 nm [31].
Equations (1) and (2) were used to estimate 5-FU encapsulation (EE) and
loading (LE) efficiencies, respectively.

(Totalamountof 5 — FU) — (Freeamountof 5 —FU)
(Totalamountof 5 —FU)

EntrapmentEfficiency (%)=

% 100
@

(Totalamountof 5 — FU) — (Freeamountof 5 — FU)

Loading Effici %)=
oading Efficiency (%) (Totalamountof Nanocomposite)

x 100
2

2.7. Characterization of the synthesized nanocarrier

To evaluate the surface morphology of the NCs, Field Emission
Scanning Electron Microscopy (FESEM) was used at a voltage of 30 kV.
The NCs average particle size distribution and surface charge were
assessed by dynamic light scattering (DLS) analysis and zeta potential
measurements on a Horiba SZ-100 Zeta Analyzer (Japan). Experiments
were conducted at 90° scattering angle once the solution was probe-
sonicated. Fourier transform infra-red (FTIR) spectra were acquired at
ambient temperature, on lyophilized samples, in the wavenumber range
of 6004000 cm ! using attenuated total reflection ATR technique with
a FT-IR spectrophotometer (PerkinElmer Spectrum Version 10.03.06,
UK). 1-mm thick KBr pellets were prepared by grounding 1 mg of each
sample with KBr in a mortar. The crystalline structure of the samples was
investigated by X-ray diffraction (XRD) analysis using a Brucker D2
Phaser diffractometer with CuKal radiation and a Ni filter. Diffracto-
grams were recorded upon each stage of introducing a component to
ensure that the model drug was properly complexed with the hydrogel.
XRD data were analyzed with HighScore Plus software.

I W

2% (viv) ¢

\

" paraffin oil
+ Span 80

Glyoxal
0.02% (v/v)

PVA
1% (v/v)

Scmndary emulsion W/q,vy

Fig. 1. Synthesis procedure for 5-FU-loaded CS/AG/GO NC hydrogel.



M. Rajaei et al.
2.8. Invitro study of drug release

The release of 5-FU nanocarrier was investigated through the dialysis
method [32] using two phosphate buffer media (pH 7.4 and 5.4) inside a
water bath at 37 °C [33]. Firstly, 1 mL of CS/AG/GO/5-FU and
CS/AG/GO were loaded into dialysis bags (Mw cut-off 12000 gmol™).
Then, the bags were submerged in 50 mL of 20% v/v ethanol-bearing
phosphate buffers. The ethanol increases the absorption and solubility
of the drug, thereby accelerating its release. To assess how the DE affects
the sustained release at pH 5.4, the amount of drug released from
CS/AG/GO hydrogel into the DE was measured. At predefined periods of
time (ie., 0, 12, 24, 48, 72, and 96 h), 300 pL of the tested sample was
removed and substituted by the same volume of fresh 20% v/v
ethanol-containing PBS. The released drug content in the buffer was
assessed by UV-Vis spectrophotometry at a wavelength of 266 nm (U.V-
T60U; PG Instrument, England) [34,35]. All the experiments were per-
formed in triplicate and the percentage of drug release was calculated
using Equation (3):

[5 — FUlJrel

drug released (%) :% x 100 3)

where [5-FU]jgaq and [5-FU],¢ are the loaded and then released amounts
of 5-FU onto and from the NCs, respectively. To confirm the pH-
responsive release behavior of the developed platform, the statistical
analysis ANOVA was performed by comparing the release percentage of
5-FU from CS/AG/GO at pH 5.4 with all other groups.

2.9. Cell culture

The BCC (MCF-7) was cultured in DMEM upon supplementing with
10% FBS, 100 U/mL Penicillin, and 100 pg/mL Streptomycin at 37 °C
inside a humidified incubator that was previously loaded with 5% CO.

2.10. Cytotoxicity assessment

Free 5-FU, 5-FU-loaded CS/AG/GO hydrogel NCs, and drug-free CS/
AG/GO hydrogel NCs were subjected to cytotoxicity evaluation against
MCF-7 using MTT assay. The cells were grown into a tissue culture
incubator at 37 °C in presence of 5% CO». Each well of a 96-well plate
was loaded with the appropriate amount of the growth medium
(including 2 x 10* cells) and the plate was subjected to overnight in-
cubation to ensure cell attachment. Upon achieving 70%-confluent cells,
cell treatment was performed with the considered samples at a dosage of
5 pg/mL (i.e., concentration of 5-FU in the nanocarrier carrying the
drug-loaded CS/AG/GO hydrogel after correcting for the loading effi-
ciency of the drug). The comparison between different samples at the
same concentration enables to assess the impact of the fabricated
nanocarrier on cytotoxicity, as is represented by variations in the release
mode. 5-FU-free control cells were also grown in DMEM with FBS (10%)
and penicillin-streptomycin (1%) as the base medium while keeping the
same culturing time. After 72 h, the supernatant was removed, and 50 pL
of fresh DMEM as well as 50 pL of MTT (5 mg/mL) were introduced in
each well before an incubation stage of 3—-4 h. Subsequently, each well
was loaded with 150 pL of DMSO and simultaneously was shaken to
ensure the dissolution of the formazan crystals. An ELISA multi-well
scanning spectrophotometer operating at 570 nm was used to evaluate
the optical density. All the experiments were performed in triplicate.
The viability of the different groups was expressed as a percentage of the
control, taking 100% viability for the control. For each treatment, the
cell viability was estimated as mean + standard deviation. The statisti-
cal analysis between groups was accomplished by GraphPad InStat 3
software by comparing the number of replicates (N = 3) in each group,
the mean and the standard error of the mean.
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2.11. Cell apoptosis assay

Apoptosis and necrosis analyses were carried out after Annexin V-
FITC/Propidium Iodide (PI) coloring. Firstly, MCF-7 cells were treated
with the free drug, drug-loaded CS/AG/GO hydrogel, and drug-free CS/
AG/GO for 72 h. Cells were treated with the samples at a concentration
of 5 ug/ml, as explained previously. After the treatment, the cells were
removed, washed with cold PBS, and suspended within 500 pL of the
binding buffer before coloring. Subsequently, they were incubated for
15 min under dark conditions and the result was assessed by a flow
cytometer. The cells were then subjected to fluorescence intensity
scanning within FL-1 (FITC) and FL-3 (PI) channels. Quadrant statistics
were evaluated for the cell portions falling in various quadrants. Ac-
cording to the results, each panel refer to percent of Q1 (necrotic), Q2
(late apoptotic), Q3 (early apoptotic), and Q4 (viable cells). Noteworthy,
all tests were conducted in triplicate to check for the improvement of
apoptosis by sustained-release of 5-FU out of the drug-loaded CS/AG/
GO/NCs.

3. Results
3.1. FTIR spectroscopy

FTIR spectra were acquired to corroborate the presence of all the
components in the hydrogel NCs by analyzing their characteristic ab-
sorption peaks, as well as to get insight about the interactions between
CS, AG, GO, and 5-FU. Besides, they proved the successful synthesis of
GO.

In the FTIR spectrum of CS (Fig. 2a), the out-of-plane CH bending of
monosaccharide rings corresponds to the peak at 890 cm ™. A wide peak
was observed within 2990-3580 cm_l, which is related to N-H and O-H
stretching vibrations, and the shape indicates hydrogen bonding be-
tween the molecules. The absorption band centered at 2854 cm ™! is
ascribed to C-H stretching vibrations, in agreement with the observa-
tions reported for other polysaccharides [36-38]. The peaks at 1590
em™! and 1372 em ™! can be attributed to the stretching of C=0 and C —
N bonds of amide I and amide III, respectively. The N-H bending of
primary amines corresponds to the band at 1585 cm! [39]. The C-O
stretching appears at 1060 and 1020 cm . Finally, the absorption bands
at 1416 and 1372 cm ™! are related to CH, bending and symmetrical CHs
deformation, respectively [40].

In the spectrum of CS/AG (Fig. 2b), the characteristic C-H bending at
890 cm ™! was also observed. The C-O stretching was found herein at
1024 cm™!, with a slightly decreased intensity and a small shift

Transmittance (%)
o

! | | | ! !
T

T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm)

Fig. 2. FTIR spectrum of CS (a), CS/AG (b), GO (c), CS/AG/GO (d), 5-FU (e),
and CS/AG/GO/5-FU(f).
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compared to neat CS due to the introduction of AG. The shift in the
characteristic amide group of CS from 1585 to 1551 cm ™! was also a
result of the presence of AG, that increased the hydrogen bonding be-
tween molecules [41,42]. The peak at 2867 cm~! was ascribed to C-H
stretching vibrations of CH, of both AG and CS. O-H stretching was
identified by a peak at 3343 cm™!, showing decreased intensity
compared to neat CS, likely due to molecular interactions between the
hydroxyl groups of both polymers.

The FTIR spectrum of neat GO (Fig. 2c) shows characteristic peaks at
3390, 1698, and 1448 cm ™!, related to the stretching vibrations of O-H,
C=0, and C-O functional groups, respectively. The C=0 bond on the
alkoxy group of GO was characterized by the peak at 1084 cm™! [43].

In the FTIR data of CS/AG/GO NC (Fig. 2d), the absorption peak at
1149 cm ! was found to be related to C-O stretching vibrations, indi-
cating the presence of the epoxy group [44]. In addition to the charac-
teristic peaks of AG and CS, a new peak emerged at 1621 cm ™ * attributed
to the amide I band, suggesting the formation of amide bonds between
the carboxyl (COOH) groups in GO and amine groups (NH3) in CS [45].
Stretching vibrations of C-O or C-O—C bonds of epoxy and alkoxy groups
were observed at 1032 cm ™! [46]. These results confirmed the formation
and chemical composition of CS/AG/GO NC.

The neat drug (Fig. 2e) exhibits peaks at 3200, 1710, 1630 and 1400
em ™! due to the secondary amino (N-H) stretching, cyclic ketonic group,
the C—=C stretching, and C-F group, respectively. In the spectrum of the
5-FU-loaded hydrogel (CS/AG/GO/5-FU, Fig. 2f), peaks at 648, 1395,
and 1531 cm ! were found, which could be associated with C-H, C-N,
and N-H bending vibrations, respectively. The peaks of the neat drug
were also observed, which corroborate the presence of 5-FU in the NC.
However, the peaks were shifted compared to the free drug. In partic-
ular, the shift in the position of the bands in the range of 3100-3600
em ! and 1700-1500 cm ™}, as well as the disappearance of the band at
1710 cm ™! further confirmed the formation of drug-NC hydrogen bonds
between the amide groups in the nanocomposite and oxygen and fluo-
rine atoms in the drug structure [47,48].

3.2. XRD analysis

XRD data was employed to monitor the changes in the crystalline
structure upon introducing each component in the composite. The XRD
pattern of neat CS shows a sharp diffraction peak at 20 = 20.4°, related
to amine II “-NH,” of chitosan, in agreement with previous reports [49];
however, not peak at around 10°-11° related to amine I “~-N-CO-CHgs”
of chitosan was found, indicating a low level of crystallinity. In fact, CS
has been reported to have semi-crystalline nature, with a level of crys-
tallinity dependent on a number of parameters such as the DD and Mw
[49]. In the diffractogram of CS/AG, the peak at 20 = 20.3° became
broader, indicative of the amorphous nature of the mixture, since AG
polymer is amorphous [50]. The XRD pattern of GO in Fig. 3c shows its
amorphous structure, with a dominant peak at 20 = 23.6°, indicating
high interlayer distance [51]. Its structure is dependent on the type of
synthesis and oxidation degree. In the XRD pattern of CS/AG/GO
(Fig. 3d), a broad peak can be found in the range of 26 = 18-27° due to
the amorphous nature of the NC. According to literature, 5-FU exhibits a
crystalline structure with characteristic peaks in the 26 range of 16-33°.
Regarding CS/AG/GO/5-FU NC hydrogel (Fig. 3e), a broad amorphous
profile is observed with some overlapped small crystalline peaks in the
range of 17-33°, thus corroborating the successful encapsulation of 5-FU
by carrier and proper dispersion of the drug within CS/AG/GO NCs [52,
53].

3.3. Morphological studies

The surface morphology of 5-FU-loaded freeze-dried hydrogel NCs
was studied via FESEM analysis (Fig. 4). Microscopic images at different
magnifications clearly indicate that most of the NCs exhibit a uniformly
spherical structure, which is the most desirable form of nanoparticles for
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Fig. 3. XRD spectrum of CS (a), CS/AG (b), GO (c), CS/AG/GO (d), and CS/AG/
GO/5-FU (e).

drug delivery applications [54], with sizes in the range of 50-200 nm.
The NC was well compatible with the drug, as clearly shown by its ho-
mogeneous surface.

DLS data were analyzed to get information about the nanocarrier in
terms of size and polydispersity. According to the results, the nano-
carrier was found to be made up of particles with a PDI index of 0.34,
and sizes in the range of 160-350 nm (Fig. 5), with an average value of
197 nm. According to the literature, this is an acceptable value of
polydispersity for drug delivery systems [55]. The differences in size
obtained via SEM and DLS are likely related to the fact that nano-
particles were dried prior to SEM observation, which is performed in the
solid state, while DLS is carried out in solution and gives the hydrody-
namic diameter, that takes into account the hydration layer, and is
influenced by many factors including the surface charge, density,
exposed surface ligands, the nature of the solvent, etc. Similar obser-
vations have been previously reported for other hydrogels designed for
drug delivery [56,57].

Zeta potential measurements on the nanocarriers showed a mean
value of +23.5 mV (Fig. 6); this high value confirms the good stability of
the nanocarrier [56]. It is worthy to note that zeta potential values are
high despite the use of PVA, a non-ionic surfactant, for the preparation
of the nanocarrier. This can be explained considering that zeta potential
depends on various parameters including particle size and dispersion
environment (type of solvent, polar or non-polar). However, the effect of
the particle size is stronger than the dispersion medium. Therefore, even
though PVA decreases the zeta potential, the effect of nanocarrier par-
ticle size predominates, and the overall effect is an increase in zeta po-
tential. This is an important parameter to maintain the overall integrity
of the NC.

3.4. Drug loading and entrapping efficiency

After measuring the free 5-FU content of the ethyl acetate phase via
UV-Vis spectrophotometry at 266 nm, the drug loading (LE) and
entrapment (EE) efficiencies were estimated to be 92 and 57%, respec-
tively. Indeed, these efficiencies are very high compared to those of
other nanocarriers used in former studies, as shown in Table 2. The
desirable drug loading efficiency was largely due to the porous nature of
the nanoparticles, boosting the capacity of the nanoparticles for
entrapping more drug molecules. In a former research, depending on 5-
FU dosage, LE and EE were reported in the ranges of 1.6-52.5% and
16.4-66.5%, respectively, when lightweight dual sensitive core-shell
hybrid nanospheres were utilized as an intelligent carrier for different
pH and photothermal conditions [57]. Other researchers reported EE
and LE of 84.7 and 37.2, respectively, when 5-FU was employed as
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Fig. 5. Size distribution of the synthesized NC obtained by DLS.
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Fig. 6. Zeta potential of the synthesized NC.

Table 2

Comparison of entrapment efficiency (EE%) for different 5-FU nanocarriers.
Drug carrier EE% Reference
Core-shell hybrid nanospheres 16.4-66.5 [58]
Mesoporous silica nanoparticles 18.02 [59]
CS gold composite 41 [60]
CS nanoparticle 7.7-20.9 [61]
CS/AG/GO 92 This work

sample drug in CS/carbon quantum dot/aptamer NC [27].

The mechanism of drug loading is likely chemical adsorption. For
drugs with low molecular weight, such as 5-FU, chemical interactions
predominate. The type and strength of the chemical interaction is
essential for the stability of the drug-loaded nanocomposite to prevent
drug leakage from the nanocomposite channel. The strong hydrogen
bonding interactions between the amide groups formed in the nano-
composite and oxygen and fluorine atoms in the drug structure as well as
between NH bonds in the drug and hydroxyl groups in the nano-
composite, as inferred from the FTIR spectra, are believed to be
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responsible for the high drug loading.

3.5. Drug release

The purpose of evaluating the release behavior of the nanocarrier
was to ensure its pH-sensitivity and its capability for providing sustained
drug release. Accordingly, the release of drug from the hydrogel NC was
investigated by the methodology explained in Section 2.8, and the
percentages of drug released as a function of time are shown in Fig. 7. As
can be observed, the drug-loaded CS/AG/GO NC at pH 7.4 gradually
released 29% of its 5-FU content in 24 h (Table 3). The presence of PVA
as a surfactant in the aqueous phase of the secondary emulsion further
stabilizes the nanocarrier and prolongs the release period [62]. The
release rate was however much higher at pH 5.4 (acidic medium), in
which the drug-loaded NC released about 65% of its 5-FU content in 24
h. This finding corroborates the pH-sensitivity of the synthesized
nanocarrier. In 48 h, almost the entire 5-FU content of the drug-loaded
NC was released at pH 5.4, while about half of the drug was still
non-released from the NC when the pH was set to 7.4.

The observed trend may be due to the characteristic feature of CS
biopolymer that leads to the opening of the pores and 5-FU release in
acidic pH. However, at higher pH, the collapse of the CS chains leads to a
reduction in the 5-FU release. The electrostatic repulsion between the
protonated free amino groups on CS and 5-FU at pH 5.4 could be another
explanation for the higher 5-FU release in acid medium. On the other
hand, GO comprises carboxyl, hydroxyl, ketone and ether groups, that
enable to interact with polar polymers like CS and AG. The mechanism
of action of the nanocomposite is likely based on the formation of amide
bonds between the carboxyl (COOH) groups in GO and amine groups
(NHy) in CS, as well as on some imine bonds between the ketone groups
of GO and amine groups of CS. These bonds can be quickly cleaved in the
intracellular acidic condition and lead to the release of the entrapped 5-
FU [63]. Besides, H-bonds are formed between the hydroxyl, amine and
amide groups in the nanocomposite and the functional groups of 5-FU
(N-H, C-F, C=0), as confirmed by FTIR analysis. In an acidic media,
protons can attack rich-electron site of the 5FU molecule, and the C=0
bond is the most preferred [64], thus weakening the H-bonds, and in
turn leading to a faster release.

Overall, the proposed NC shows a sustained and pH-sensitive drug
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Fig. 7. Percentage of release of 5-FU from the NC hydrogel as a function of
time. Measurements were carried out in triplicate at two different pH using
dialysis method. Statistical analysis carried out between groups displayed sig-
nificant difference between pH 5.4 with control group and all other groups with
p < 0.001.
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Table 3

Comparison of drug release data at pH = 5.4 and pH = 7.5.

Time (h) Release (%) (pH = 5.4) Release (%) (pH = 7.4)
0 0 0

12 34.2+ 15 11.3+ 1.0

24 64.8 + 3.6 29.1 £1.2

48 81.9+28 56.3 + 4.2

72 90.8 £ 2.1 66.9 + 3.7

96 96.0 + 2.9 789 + 2.3

release behavior that tends to improve targeted drug release for treating
malignant tumor tissues, thereby alleviating possible side effects of the
drug on normal cells [31].

3.6. Cytotoxicity study

Fig. 8 shows the results of the cytotoxicity study of CS/AG, CS/AG/
GO, drug-loaded CS/AG/GO and free 5-FU against BCC (MCF-7) via
MTT assay after a 72 h incubation stage. Cell viability of the different
systems was also evaluated against a control group (not treated). Ac-
cording to Fig. 8, about 68% and 78% cell viability is found for CS/AG/
GO and CS/AG, respectively. The lower viability of MCF-7 cells upon
exposure to CS/AG/GO NC rather than CS/AG confirmed the in vitro
cytotoxicity of GO.

The cell proliferation was considerably reduced when they were
treated with free 5-FU (p < 0.001). Moreover, encapsulation of 5-FU in
CS/AG/GO reduced the cell viability significantly (p < 0.001). Thus, 5-
FU-loaded CS/AG/GO was more cytotoxic than free 5-FU (p<0.05),
possibly due to the steady drug release from the nanostructures over a
long period of time.

The cell viability of CS/AG/GO/5-FU was estimated to be 23%,
which indicates its considerable toxicity to cancer cells. Though the cell
viability of CS/AG/GO/5-FU was almost identical to that of the free
drug, it should be noticed that the released amount of drug at any
particular point in time is smaller with the NC system rather than the
free 5-FU because of the gradual drug release from the nanocarrier. Our
findings demonstrate the high cytocompatibility of the drug-loaded CS/
AG/GO hydrogel system as a drug delivery platform for anti-cancer
drugs.
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Fig. 8. Cell viability percentage of treated BCC (MCF-7). All the experiments
were performed in triplicate and relative to the control group that had 100%.
Discrepancy between control, free 5-FU, and 5-FU loaded in CS/AG/GO is
considerable at p < 0.001. Discrepancy between free 5-FU and 5-FU loaded in
CS/AG/GO is considerable at p < 0.05. [*** represents p-value <0.001
compared to control].
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3.7. Cell apoptosis assay

Flow cytometry-based apoptosis analysis was carried out by an
annexin V-FITC/PI apoptosis diagnosis kit to estimate the percentage of

FL3-H: PI

FL3-H: PI
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cells engaged with apoptosis and necrosis under the effect of CS/AG, CS/
AG/GO, 5-FU-loaded CS/AG/GO, and free 5-FU (Fig. 9). Different
quadrants are indicated on the flow cytometry diagram, where necrotic
(FITC-/PI+), late apoptotic (FITC+/PI+), early apoptotic (FITC+/PI-),
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Fig. 9. Apoptotic analyses via flow cytometry of MCF-7 BCC treated for 72 h. A, B, C, D, and E indicate control, CS/AG, CA/AG/GO, CS/AG/GO/5-FU, and free 5-FU,

respectively.
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and alive cells (FITC-/PI-) fall within Q1 through Q4, respectively. Also,
considering the percentages of live cells in CS/AG and CS/AG/GO
nanocomposites, no significant differences with the control group are
observed, which indicates biocompatibility and non-toxic characteris-
tics of the free nanosystems. As shown in Figs. 9 and 0.143% and 0.519%
of the cells were engaged with apoptosis in the early and late apoptotic
phases, respectively, reflecting natural viability for the control cells.
Conversely, 81.59%, 8.38%, and 88.2% of the cells ended up being
engaged with the apoptosis upon treatment by free drug, pure CS/AG/
GO, and drug-loaded CS/AG/GO NCs, respectively. These findings
suggest that pure CS/AG/GO and drug-loaded CS/AG/GO NCs can
significantly suppress the MCF-7 cells survival rate — a finding that is in
agreement with the results of Section 3.4.

4. Conclusions

In this study, CS/AG/GO/5-FU nanocomposite hydrogel was suc-
cessfully synthesized via W/O/W emulsification technique. The
composition and interaction between the nanocarrier components and
its crystalline structure were confirmed by FTIR and XRD analyses. The
nanocarrier showed a spherical morphology, with an average size of
197 nm and a PDI of 0.34, as revealed by SEM and DLS techniques,
respectively. Besides, its average surface charge was +23.5 mV, which
confirms its good stability. The drug loading and entrapment efficiencies
were 57% and 92%, respectively, significantly higher than those re-
ported in former studies. A sustained drug release profile was observed
in an acid medium, in which almost 100% drug released in 2 days. Also,
the cell viability against breast cancer cell (BCC) lines (MCF-7) was
around 23%. Encapsulation of 5-FU drug within the nanocarrier was
found to improve the sustained drug release profile and pH-sensitivity,
as well as the anti-cancer performance of the proposed drug delivery
system. Our findings indicate that the formulated nanocarrier has high
potential for pH-selective release of 5-FU (as a model drug) in a
controlled manner for breast cancer treatment. Nonetheless, additional
research is needed prior to its use in clinical trials. Thus, future work will
investigate its cytotoxicity against healthy cells using human fibroblasts.
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