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Abstract

Delivering anticancer drugs to the appropriate site within the body poses a critical challenge in cancer treatment
with chemotherapeutic agents like doxorubicin (DOX). Magnetic graphene oxide (GO) nanosheets with generation
1 (G1) amidoamine-dendronized crosslinks were developed by coupling cystamine-functionalized GO nanosheets
with Fe304 nanoparticles modified with primary amine and methyl acrylate. These magnetic GO nanosheets

were loaded with DOX to create a dual pH- and redox-responsive delivery system for cancer chemotherapy. The
prepared magnetic nanosheets underwent characterization using FTIR, XRD, DLS, VSM, FE-SEM, and TEM. Physical
DOX adsorption was evaluated using various isotherms, including Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich. The in-vitro release profiles of DOX from the magnetic nanosheets were studied under different

pH conditions, with and without glutathione (GSH), and the drug release data were fitted with various kinetic
models. Additionally, an MTT assay was employed to assess the compatibility and antitumor activity of DOX-loaded
magnetic nanosheets in the HepG2 cell line. The results showed that the maximum drug loading was 13.1% (w/w)
at a drug/carrier ratio of 1. Without GSH addition, the maximum drug release after 10 days was only 17.9% and
24.1% at pH 7.4 and 5.3, respectively. However, in the presence of GSH, the maximum drug release reached 51.7%
and 64.8% at pH 7.4 and 5.3, respectively. Finally, the research findings suggest that the magnetic nanosheets
exhibited pH- and redox-stimuli drug release, high biocompatibility, and superior antitumor activity compared to
free DOX.
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Introduction

Globally, cancer is one of the most common causes
of mortality, resulting from abnormal cell growth [1].
Unregulated cellular growth and invasion inhibit the
death of cells, facilitating their spread to other tissues
where they form malignant tumors [2]. Due to the global
impact of cancer, it is crucial to investigate various treat-
ment options and new medications [3]. Currently, con-
ventional cancer treatments include surgery, radiation,
targeted therapy, and immunotherapy. Although effective
in eliminating or controlling tumor growth, recurrence,
and metastasis to a variable extent, these treatments
can cause serious complications. Some natural or semi-
synthetic compounds, such as paclitaxel, camptoth-
ecin, and doxorubicin (DOX) have been widely used to
treat cancers [4]. However, cancer cells can demonstrate
resistance to these agents through various cellular efflux
pumps or pump-independent mechanisms. These pumps
such as p-glycoprotein transport DOX out of the cell,
decreasing the accumulation of the drug inside the cell
[5, 6]. Various methods of drug delivery and targeting,
including passive and active strategies, take advantage
of the unique characteristics of tumors. These charac-
teristics include abnormal blood vessels, overexpression
of specific receptors, and altered tumor environments.
These features enable the retention and accumulation of
drugs within the tumor site [7]. Due to the drawbacks of
conventional chemotherapeutics, such as limited thera-
peutic efficacy and a broad spectrum of side effects,
developing novel delivery systems becomes imperative.
Nanomaterials have unique properties enabling unique
phenomena and various applications. The combination of
pharmacology and nanotechnology has led to the devel-
opment of novel medications for combating different
advanced or metastatic cancers [8].

Nanomedicine has seen significant advancements,
offering controlled drug release, reduced side effects,
targeted delivery, and enhanced drug stability. A diverse
array of drug delivery systems has been explored [9, 10],
including metals and metal oxides like gold [11], silver
[12], and iron oxides [13], as well as silica nanoparticles
[14], micelles [15, 16], vesicles [17], dendrimers [18],
hydrogels [19], carbon nanotubes [20], quantum dots
[21], and graphene oxide [22] that are utilized for the
delivery of various anticancer agents like DOX. Among
these carriers, magnetic nanoparticles have attracted
great interest in drug delivery applications. They can be
used as an external stimulus to release drugs in the drug
delivery system by taking advantage of the appropriate
permeability of electromagnetic waves to living organ-
isms. For improved therapeutic outcomes, a magnet is
positioned near the treatment site, such as a tumor, to
facilitate the local accumulation of nanocarriers and
drugs [19]. Additionally, magnetic nanoparticles (NPs)
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are anticipated to synergistically enhance therapeutic
effects through the magnetic hyperthermia effect [23].

Recently, graphene and graphene oxide (GO) have gar-
nered significant attention from researchers in the field
of nanomedicine due to their unique properties, biocom-
patibility, small size, responsiveness to stimuli, large sur-
face area, and ease of modification [24]. GO nanosheets
possess numerous hydroxyl, carboxyl, and epoxy groups,
making them more readily functionalized through non-
covalent or chemical bonding. The non-covalent inter-
action of GO primarily relies on electrostatic forces, van
der Waals forces, -1 stacking, and hydrophobic interac-
tions [25]. The functional groups allow for GO function-
alization through various chemical reactions, including
diazotization [26], epoxy ring opening [27], amidation
[28], carbodimidization [29], carboxylic acylation [30],
etc. Additionally, the functionalization of GO is crucial
for overcoming colloidal stability issues [31]. Further-
more, chemical modification of GO offers the potential
for drug loading and release in a controlled manner.

Recently, several magnetic metal oxide-graphene com-
posites exhibiting superior delivery performance due to
the combined effects of the metal oxides and graphene
have been reported for drug delivery [32, 33]. Polymer-
modified Fe;0,-GO composites have shown pH- and
magnetic field-sensitive drug delivery [34]. In another
study, a DOX-loaded PEGylated magnetic GO nano-
composite was prepared, which responds to an exter-
nal magnetic field for magnetic resonance imaging [35].
However, before conducting in-vivo experiments, several
factors should be addressed, including achieving uni-
form and stable composites, optimizing drug loading and
release kinetics, and ensuring compatibility and cellular
activity. Additionally, tumor tissues are known to possess
elevated levels of reducing agents like glutathione (GSH)
compared to normal tissues. Capitalizing on this dis-
tinction, redox-sensitive delivery systems employ GSH-
responsive linkers or moieties that undergo cleavage in
high GSH concentrations. This mechanism facilitates tar-
geted drug release within tumor cells, thereby minimiz-
ing systemic exposure and mitigating off-target effects.
Therefore, our study aimed to develop GSH-responsive
magnetic GO nanosheets capable of efficiently loading
and releasing DOX in a manner sensitive to both pH and
redox conditions.

Materials and methods

Materials

Graphite (particle size=70 pum, purity=99.999%), ammo-
nia 25% solution, N, N-dimethylformamide (DMF),
hydrogen peroxide (H,0,), dimethyl sulfoxide (DMSO),
ferric chloride hexahydrate (FeCl;-6H,0), ferrous chlo-
ride tetrahydrate (FeCl,-4H,0), potassium permanga-
nate (KMnQO,), sodium nitrate (NaNO;), (3-aminopropyl)
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triethoxysilane (APTES), and citric acid were supplied
by Merck (Germany). GSH, carbonyl diimidazole (CDI),
methyl acrylate, triethylamine (TEA), fetal bovine serum
(FBS), MTT reagent, RPMI 1640 medium, and penicillin-
streptomycin solution were obtained from Sigma Aldrich
(USA). Cystamine (Cys) was supplied by Santa Cruz
(USA). Doxorubicin (DOXO-cell®) was acquired from
Cell Pharm (Georgia). The human HCC cell line HepG2
was purchased from the Pasteur Institute (Tehran, Iran).

Instruments

FT-IR spectra of KBr-compressed pellets were acquired
with an FT-IR spectrometer (Vertex, Bruker, Germany)
in the range of 400-4000 cm™' at a resolution of 4 cm™".
XRD patterns were obtained using a Bruker D8 advanced
diffractometer (Germany). Morphology was examined
using transmission electron microscopy (TEM) (Philips,
Germany) and field emission scanning electron micros-
copy (FESEM, TESCAN MIRA3, Brno, Czech Republic).
The superparamagnetic properties of the nanoparticles
were measured using a vibrating sample magnetometer
(VSM) Kavier Kashan (Iran). UV-VIS absorbance was
recorded at 480 nm using a Gen 5 UV-Vis microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA).

Synthesis of GO and cystamine functionalization

GO was synthesized from graphite powder using the
modified Hummer method. Initially, 0.5 g graphite pow-
der was dispersed in 12 ml H,SO, containing 0.25 g
NaNO;. Subsequently, 1.5 g KMnO, was added to the
mixture while stirring in an ice bath. The stirring con-
tinued at 35 °C until the color of the mixture changed to
light brown as the reaction progressed. Then, 25 ml of
deionized water was added, and the mixture was stirred
at 98 °C. After 1 h, 2 ml H,0, solution was added until
the mixture turned yellow. The prepared mixture was fil-
tered and washed with a 10% HCI solution. Finally, the
prepared GO was washed 3 times with deionized water
and freeze-dried [36]. In the next step, 100 mg prepared
GO was dispersed in 3 ml DMSO using bath sonication
for 15 min. Subsequently, 0.125 mg of CDI reagent was
dissolved in 1 ml of DMSO and added gradually to the
GO mixture under a nitrogen atmosphere while stirring
for 24 h. Then, 1.25 g of Cys and 1 ml of TEA dissolved
in 3 ml of DMSO were added dropwise to the mixture
under a nitrogen atmosphere, stirred for another 24 h,
centrifuged at 12,000 rpm for 10 min, and washed three
times with deionized water as similarly reported else-
where [37].

Synthesis of Fe304 NPs and amine functionalization

Citric acid-capped magnetic iron oxide nanoparticles
(Fe;O,-CA) were synthesized based on previous stud-
ies [38]. Initially, 50 ml of deionized water was degassed
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for 15 min with N, gas. Then, 1.35 g of FeCl,-4H,0O and
3.68 g of FeCl;-6H,0 were dissolved in the degassed
water and heated to 80 °C under an N, atmosphere. The
pH of the reaction was maintained at 10.5 for 2 h by add-
ing 25% ammonia solution. Afterward, 4 ml of citric acid
solution (0.5 g/ml) was added to the mixture and stirred
for 1 h at 90 °C. The reaction mixture was then cooled,
and the prepared nanoparticles were separated using
magnetic decantation. The resulting black product was
washed three times with deionized water. To synthesize
Fe;O,-NH, NPs, 150 mg of Fe;O0,-CA was dispersed
in 19 ml of deionized water using probe sonication for
20 min and then cooled to room temperature. Subse-
quently, 60 ml of methanol was added to the mixture, and
the temperature increased to 40 °C. The pH was adjusted
to 10.5 by adding 25% ammonia solution, and then 1.2 ml
of APTES was added dropwise to the mixture and stirred
[39]. The nanoparticles were separated using magnet
decantation and washed three times with a 25% ethanolic
solution [40].

Synthesis of Fe304-3-amino acid methyl ester and Fe304@
GO-Cys

Two milligrams of Fe;O,-NH, were dispersed in 30 ml
of ethanol using probe sonication for 5 min. Then, 1 ml
of TEA and 2.5 ml of methyl acrylate were added and
stirred at room temperature under reflux conditions.
After 5 days, Fe;O,-B-amino acid methyl ester NPs were
separated by a magnet and washed three times with
a 20% ethanolic solution [41]. In the next step, 5 mg of
Fe;O,-B-amino acid methyl ester and GO-Cys were sepa-
rately dispersed in 10 ml of deionized water for 20 min
by bath sonication and then added to each other under
stirring conditions for 6 h. After that, Fe;0,@GO-Cys
nanoparticles were magnetically separated and washed
three times with a 30% ethanolic solution. The separated
nanoparticles were dried at 40 °C for 3 days [42].

XRD analysis

The crystalline properties and phase identification of
GO, GO-Cys, and Fe;O,@GO-Cys were characterized
by X-ray diffraction (XRD using a Bruker D8 advanced
diffractometer (Germany). The method uses Cu Ka as
a source for radiation at 40 kV and 40 mA. The samples
were scanned over the angular range of 5°< 20) <70° val-
ues with a scanning speed of 0.5°/min and the sampling
interval of 0.02° and acquisition time of 1.0 s/step.

Electron microscopy

The surface morphology was observed through a field
emission scanning electron microscope (FESEM, TES-
CAN MIRA3, Brno, Czech Republic, and (TEM, Phil-
ips, Germany) with an acceleration voltage of 80 kV.
The FESEM samples were prepared by dropping a dilute
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Fig. 1 Schematic presentation of the synthesis of GO-Cys (upper panel), Fe;0,-NH,, Fe;0,- B-amino acid methyl ester, and Fe;0,@GO-Cys (lower panel)

suspension on a glass and the surface was coated with a
thin gold film under vacuum before microscopy scan-
ning. For TEM analysis, the samples were deposited on
copper grids of 400 mesh coated with carbon.

DOX loading

DOX solution was added to Fe;O,@GO-Cys dispersed
in PBS (pH=7.4) at different drug/carrier ratios (1:1,
2:1, 3:1, 5:1, 10:1, and 20:1) separately, and the reaction
was incubated at room temperature with gentle shaking.
After 72 h, the mixture was centrifuged at 12,000 rpm for
15 min and washed several times with distilled water. The
supernatant solution was analyzed for DOX concentra-
tion (Qe) using a UV-VIS spectrophotometer at 480 nm
[43]. The drug-loading (DL) and drug-loading efficiency
(LE) of the DOX were calculated as follows:

W oade
DL (%) = . Mheaded DOX__ 1
W DOX—loaded carrier
W oaded
LE (%) = Loaded DOX_ 100

B
W DOX added to carrier

Additionally, DOX loading data at various drug/car-
rier ratios were fitted to different adsorption isotherms
(Langmuir, Freundlich, Temkin, and Dubinin-Radu-
shkevich). The model with the greatest goodness of fit
(R? was chosen to investigate the mechanism of DOX
loading.

DOX release
For investigation of the release manner of DOX from the
prepared nanocomposite, 3 mg Fe;0,@GO-Cys loaded



Sarikhani et al. BMC Chemistry (2024) 18:189
w
GO-Cys

- v
8
=
T |FeiO
173 3V
2 V]
&
=
£
= |Fe;0,-B-aminoacid methyl ester
e;0, @ GO-Cys vm

3500 3000 2500 2000 1500 1000 500
Wavelenght (cm!)

(53 -~ [ e
o =) =) S =3

Magnetization(emu/g)

9
)

Page 5 of 14

~——Fe304
——Fe304-NH2
——Fe304-p-aminoacid methyl ester
——FE304 @ GO-Cys

-15000 -10000 -5000 0 5000 10000 15000

Applied field(Oe)

Fig. 2 (A) FT-IR spectra and (B) vibrating sample magnetometer (VSM) curves of GO, GO-Cys, Fe;O,, Fe;0,-NH,, Fe;0,-B-amino acid methyl ester and

Fe;0,@G0-Cys

with DOX was dispersed in 1 ml acetate buffer (pH 5.3)
and PBS buffer (pH 7.4) in the presence or absence of
0.01 M GSH. The mixture was incubated at 37 °C with
gentle shaking in a dark place. Samples were taken and
centrifuged at regular intervals, and the concentration

of DOX in the supernatant was measured using UV-VIS
at 480 nm. The results were reported as cumulative drug
release percentage versus time [44]. The release data
were fitted to different kinetic models, and the best-fitted
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Fig.4 FE-SEM images of (A) GO, (B) GO-Cys, (C) Fe;0,-B-amino acid methyl ester, and (D) Fe;0,@GO-Cys



Sarikhani et al. BMC Chemistry (2024) 18:189

Page 7 of 14

Fig.5 TEM image of Fe;0,@ GO-Cys

model (the one with the highest R?) was chosen to inves-
tigate the drug release mechanism.

Cytotoxicity assay

Briefly, HepG2 cells (2x10* cells/well) were seeded in
96-well microplates under standard conditions (37 °C and
5% CO,) in RPMI 1640 medium containing L-glutamine
(1% v/v) and HEPES (15 mM). The medium was supple-
mented with 10% heat-inactivated FBS, 100 U/mL penicil-
lin, and 100 pg/mL streptomycin. After 24 h, the culture
medium was removed, and the cells were treated with 100
uL of Fe;O,@ GO-Cys (unloaded or DOX-loaded), free
DOX, or control PBS solution in complete culture medium,
at an equivalent DOX concentration of 2, 10, 20, or 50 ul/
ml [45]. After 48 h, the cell culture medium was replaced
with fresh media, and MTT solution (0.5 mg/ml) was
added to each well. Following a 4-hour incubation, the cell
culture medium containing MTT solution was replaced
with a fresh medium. The purple formazan crystals were
dissolved in 100 pul of DMSO, and the absorbance was mea-
sured at 570 and 650 nm using a microplate reader.

Result and discussion

Synthesis and characterization of Fe304@GO-Cys

GO nanosheets were synthesized and functionalized
with Cys as a GSH-sensitive linker, as reported else-
where (Fig. 1, upper panel) [46]. In parallel, Fe;O, NPs
were synthesized, and a layer of silane coupling agent
(APTES) was applied to create amino groups on the sur-
face of magnetic NPs. The surface of modified Fe;O, NPs
was then conjugated with methyl acrylate through the
Michael reaction to provide a suitable functional group
for crosslinking interaction with GO-Cys (Fig. 1, lower
panel). The magnetic GO nanosheets obtained, featuring
generation 1 (G1) amidoamine-dendronized crosslinks,
were utilized for DOX loading and release, alongside
cytotoxicity experiments.

FT-IR analysis

Figure 2A depicts the FT-IR spectra of GO, GO-Cys,
Fe;0,-CA, Fe;O,-NH,, Fe;O,-B-amino acid methyl
ester, and Fe;0,@GO-Cys. GO, produced through Hum-
mer’s method, exhibits hydroxyl, epoxy, and carboxylic
acid groups on its surface. Specifically, GO displays a
C-O stretching peak at 1033 cm™!, O-H deformation at
1375 cm™?, carboxyl C=0 stretching at 1718 cm™?, and
a broad O-H stretching band at 3404 cm ™', Upon modifi-
cation with Cys, the appearance of an amidic C=0 band
at 1683 cm™! and an N-H stretching band at 3445 cm™*
confirms the presence of Cys on the GO surface. A
noticeable reduction in absorption at 1705 cm™! after
Cys modification suggests that the amide structure pre-
dominantly consumes the COOH groups.

In the FTIR spectrum of Fe304-CA, characteristic
bands were observed at 582 cm™ 1, 3404 cm™ %, 1711 cm™},
and 1615 cm™!, which correspond to Fe-O, acidic car-
bonyl groups, symmetric C=0 stretching, and C-O of
citric acid, respectively. After coating Fe;O,-CA with
APTES, new bands due to Si-OH and Si-O-Si asym-
metric stretching vibrations appeared at 2345 cm™! and
1010 cm™!, respectively. In addition, a characteristic
band was observed at 3407 cm™! corresponding to N-H
stretching. The band observed at 2924 cm™! in Fe;O,-
NH, and B-amino acid methyl ester samples are attrib-
uted to C-C stretching vibration. In the FT-IR spectrum
of Fe;0,@GO-Cys, the characteristic band at 580 cm™*
corresponds to Fe-O, the band at 1375 cm™! is associated
with carboxyl C=0 stretching, and the O-H stretching
band is observed at 3404 cm™ .

Vibration sample magnetometry (VSM)

Using VSM analysis, the magnetic properties of the
Fe;O0,-CA, Fe;0,-NH,, Fe;0,-pf-amino acid methyl ester,
and Fe;O0,@GO-Cys have been investigated. From the
VSM curves depicted in Fig. 2B, it can be inferred that
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all the samples exhibited superparamagnetic behavior, as
evidenced by the absence of hysteresis loops. The satu-
ration magnetizations (Ms) of Fe;O,-CA, Fe;O,-NH,,
Fe;O,-p-amino acid methyl ester, and Fe;O,@GO-Cys
are 66, 59, 39, and 25 emu/g, respectively. Notably, the
maximum magnetic saturation value observed for Fe;O,-
CA (66 emu/g) surpassed previously reported values in
the literature [47, 48], owing to the influence of particle
size and crystalline phase on magnetism saturation [49].
It is well-established that smaller particles exhibit higher
magnetism saturation [50]. The coating of Fe;O,-CA
with diamagnetic APTES compounds led to a reduction
in the magnetic saturation of Fe;O,-NH2 NPs compared
to bare Fe;0,-CA NPs [51]. The silica layer on magnetic
NPs increased particle size and weakened dipole-dipole
interactions, thereby reducing magnetism saturation
[50]. In addition, modifying Fe;O,-NH, with B-amino
acid methyl ester and GO-Cys decreased maximum mag-
netism saturation to 39 and 25 emu/g, respectively. This
reduction can be attributed to the G1 amidoamine den-
dronized linkages on the NP surface, which increased
particle size and created a dead layer between magnetic
NPs, consequently decreasing magnetism saturation [51,
52].

XRD analysis

XRD analysis was conducted on the synthesized GO,
GO-Cys, and Fe;O,@GO-Cys. The XRD patterns of GO
and GO-Cys are displayed in Fig. 3. The GO XRD pattern
exhibited two diffraction peaks: a wide peak at 26=7.8,
corresponding to the (001) reflection of GO, attributed
to the spacing between GO layers, and a smaller peak at
20=20.48, corresponding to the (002) reflection of GO
[53, 54]. By modifying GO via the Cys group, the appear-
ance of the GO diffraction peaks at 20=7.8 and 20=20.48
in the XRD pattern of GO-Cys demonstrated that the Cys
modification did not have any significant effect on the
crystalline structure of GO. However, in the XRD pattern
of Fe;0,@GO-Cys, peaks related to GO disappeared, and
Fe;O, characteristic peaks appeared at 20=20.6, 304,
32.1, 36.6, 43.3, 53.8, 57.6, and 63.1, corresponding to the
(111), (220), (222), (311), (400), (422), (511), and (440)
planes of Fe;O, cubic spinel surfaces [55]. Modification
of GO-Cys by Fe;O,-B-amino acid methyl ester increased
the distance between GO sheets, and the diffraction peak
of GO was lost after the GO sheets were covered with
Fe;O, NPs, as the GO sheets could not stack on top of
each other to form a crystal structure [42].

Electron microscopy

The morphology of Fe;O,-CA, Fe;O,-NH,, Fe;O,-B-
amino acid methyl ester, GO, GO-Cys, and Fe;0,@GO-
Cys were examined first by the FE-SEM method, and
the acquired images are presented in Fig. 4. The electron
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Table 1 Particle size (intensity-averaged) and zeta potential
of Fe;0,-CA, Fe;0,-NH,, Fe;0,-B-amino acid methyl ester, GO,
GO-Cys, and Fe;0,@G0O-Cys NPs in PBS (pH=7.4)

Sample Particle size PDI Zeta
(Mean+SD, nm) potential
(Mean£SD,
nm)
Fe;0,-CA 16+3 0.12 -346%33
Fe,0,-NH, 27411 0.18 227+45
Fe;0,-B-amino acid 41+18 0.25 -343+17
methyl ester
GO 580+73 0.35 -556+4.5
GO-Cys 620+32 041 -46.5%5.6
Fe;0,@G0O-Cys 759+134 0.39 -33.2+42

microscopy image shows the sheet-like structure of GO
and GO-Cys. The FE-SEM images reveal morphologi-
cal changes in the GO layer after modification with Cys.
GO had a smooth surface but became wrinkled with Cys
functionalization. Fe;O,-CA and Fe;O,-f-amino acid
methyl ester NPs predominantly have spherical morphol-
ogy with a mean particle size of 19+5 nm and 28+7 nm,
respectively. In the FE-SEM and TEM images (Fig. 5) of
Fe;0,@GO-Cys, it is evident that the Fe;O,-f-amino
acid methyl ester NPs are firmly attached at a high den-
sity to the GO-Cys nanosheets.

Particle size and zeta potential

The hydrodynamic diameters and zeta potentials of
Fe;0,-CA, Fe;0,-NH,, Fe;0,-B-amino acid methyl ester,
GO, GO-Cys, and Fe;0,@GO-Cys dispersions in PBS
(pH="7.4) were evaluated (Table 1). The average hydrody-
namic diameter of GO was 580 nm, and the size of GO-
Cys increased to 620 nm, with the absolute value of zeta
potential decreasing from —55.6 to -46.5 mV, indicat-
ing Cys attachment to the GO surface and an increased
hydrodynamic diameter. The presence of hydroxyl and
carboxylate groups resulted in a negative zeta potential
for GO, which decreased after Cys modification due to
the charge neutralization of the Cys amino groups [22].
The mean hydrodynamic particle size of Fe;0,-CA was
16 nm, which increased to 27 nm after APTES coating in
Fe;O,-NH, NPs. Further modification with methyl acry-
late yielded Fe;O,-B-amino acid methyl ester with parti-
cle sizes significantly increased to 41 nm. Fe;O,-CA NPs
exhibited a negative zeta potential of -34.6 mV in PBS due
to the negative charge of the citrate groups on the particle
surface, which decreased to -22.7 mV with the positively
charged APTES amino groups [33]. When a 3-amino acid
methyl ester group was linked to Fe;O,-NH,, the nega-
tive zeta potential increased to -34.3 mV possibly due to
the reaction of amino groups with methyl acrylate [34].
Finally, after coupling GO-Cys to Fe;O,-p-amino acid
methyl ester NPs, the zeta potential reached —33.2 mV
[22]. This negative charge creates electrostatic repulsion
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Radushkevich adsorption isotherms

Table 2 DOX adsorption isotherm parameters for the Fe;0, @ GO-Cys

Langmuir Freundlich Temkin Dubinin-Radushkevich
Q,,(mg/q) K, (L/g) R? K:(L/g) n R? K(L/g) B (J/mol) R? Q,(mg/g) Kp(mol?/kJ?) R?
2183 0.296 0.86 042 034 0.96 0012 3828 0.89 1585 0.0034 0.68
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Fig. 7 DOX release from Fe;0,@GO-Cys NPs fitted on (A) zero-order, (B) first-order, (C) Higuchi, and (D) Korsmeyer-Peppas equations

between particles, preventing them from aggregating or
flocculating. As a result, Fe;O,@GO-Cys tend to remain
dispersed and stable in an aqueous medium because the
repulsive forces between particles inhibit their tendency
to come together.

Drug loading and adsorption isotherms

Figure 6. shows DOX loading (DL) and loading efficiency
(LE) for Fe;O,@GO-Cys samples with different drug/
particle ratios. As expected, increasing the drug/particle
ratio increases the DL, but it results in a decrease in LE.
At a drug/particle ratio of 1, the maximum DL was deter-
mined to be 13.1%. DOX can be loaded onto Fe;O,@
GO-Cys through non-covalent m-m stacking [56]. The
electrons on the quinone group and the GO aromaticity
can immobilize DOX through noncovalent adsorption.
DOX molecules can also bind to GO through hydro-
gen bonding between the amine group of DOX and the
hydroxyl and carbonyl groups of GO [57]. Additionally,
the electrostatic interaction between the positive charge
of the -NH2 group and the negative charge of the Fe,O,@
GO-Cys nanocomposite allows DOX to bind to the car-
riers [58]. Importantly, DOX carbonyls can also form
pH-sensitive Schiff-base linkages with GO-Cys amines
[59]. For elucidating the DOX loading mechanism, four
adsorption isotherm models (Langmuir, Freundlich,

Temkin, and Dubinin-Radushkevich) were used to fit the
drug loading data [60]. Table 2. shows the parameters of
the equation and the coefficient of determination (R?). As
shown in Fig. 6, R?=0.96 for Fe;0,@GO-Cys, indicating
that the Freundlich model fits the data well. The results
indicate surface heterogeneity caused by multilayer
adsorption of DOX on Fe;O,@GO-Cys nanosheet [61].

DOX release

The cumulative release data of DOX from Fe;O,@GO-
Cys with or without GSH (10 mmol/L) at different pH are
shown in Fig. 7. DOX-loaded nanocomposite exhibited
a biphasic drug release pattern, characterized by a fast
release profile release followed by a slow DOX release.
This initial rapid release is likely attributable to some of
the DOX being physically bound to Fe;0,@GO-Cys NPs.
Changing the pH of the release medium showed a mod-
est alteration in the drug release profile, possibly due to
the high apparent solubility of DOX in acidic media. The
cumulative drug released at pH 5.3 and 7.4 in the absence
of GSH after 233 h was only 24.1% and 17.9%, respec-
tively. DOX exhibited pH-dependent release behavior,
potentially because of hydrogen bonding interactions
between —OH of nanocomposite with —OH and —-NH,
groups of DOX, or cleavage of Schiff base bonds between
DOX carbonyl and Cys amine; however, the level of



(2024) 18:189

Sarikhani et al. BMC Chemistry

Page 11 of 14

Doxorubicin

~0
0 OHO O~

HO

GsH HoN

DOX-loaded Fe304@GO-Cys

DOX release from Fe304@GO-Cys

Fig. 8 Schematic presentation of DOX loading and release from Fe;0,@GO-Cys

Table 3 Release kinetics parameters and correlation coefficients (R?) of DOX-loaded Fe;0,@GO-Cys calculated for different

mathematical models

Condition Medium pH Zero-order First-order Higuchi Korsmeyer-Peppas
Ko R? K, R? Kp, R? n K, R?
Without GSH 53 02326 0.89 0.0073 0.6832 1.043 0.9873 0.405 6.6825 0.9914
74 0.1836 0.87 0.0072 0.6751 1.032 0.9816 0.402 1.7545 0.9916
With GSH 53 0.0628 0.94 0.0042 0.8504 4.015 0.9676 0.205 7.0286 0.9519
74 0.0618 0.96 0.0074 0.7759 3.193 0.9910 0.388 5.1505 0.9890

released DOX was significantly lower than our previous
report [45]. This finding can be explained by the strong
stacking of graphene sheets working as physical barri-
ers to DOX diffusion and -1t interactions between DOX
and nanocomposite. In the next step, to evaluate the GSH
sensitivity of DOX release, the in vitro drug release was
measured in media containing GSH. In the presence of
GSH, the cumulative DOX significantly increased to
51.7% (2.89 folds) and 64.8% (2.69 folds) after 233 h in
pH 7.4 and 5.3, respectively. These findings confirmed

the -S-S bond in Cys can influence DOX release (Fig. 8),
confirming DOX loading through interaction with Cys
moieties. These outcomes are consistent with the previ-
ous report [45].

The first 60% of experimental DOX release data were
fitted on zero-order, first-order, Higuchi, and Korsmeyer-
Peppas mathematical equations to study the mechanism
of DOX release from the nanocomposite. The obtained
release parameters are shown in Table 3. According to
the models’ R? the Higuchi model was the best fit. As
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Fig. 9 MTT assay of HepG2 cell viability after 72 h exposure to different concentrations of DOX, Fe;0,@G0O-Cys, and DOX-loaded Fe;0,@GO-Cys

presented in Table 3, the Korsmeyer-Peppas release expo-
nent (n) falls between 0.3016 and 0.4329, indicating that
drug release follows Fickian diffusion [62]. Moreover, in
the presence of GSH, the drug release rate constant sig-
nificantly increased especially at neutral pH, indicating
redox-sensitive DOX release from Fe;O,@GO-Cys.

In-vitro cytotoxicity assay

To evaluate the effect of DOX-loaded Fe;0,@GO-
Cys nanocomposite on HepG2 cell viability, cells were
treated with free DOX, unloaded, and drug-loaded
carrier for 72 h. The MTT assay showed that DOX-
loaded particles effectively inhibited cancer cell growth
in a concentration-dependent manner (Fig. 9), which
was comparable to free DOX. The unloaded Fe;O,@
GO-Cys nanocomposites exhibited minor cytotoxic-
ity even at a final concentration of 50 pg/mL, ensur-
ing that the synthesized nanocarriers showed minor
cytotoxicity in the biological medium. IC;, values were
calculated to be 3.79£0.29 and 1.88+0.24 uM for free
DOX and DOX-loaded Fe;0,@GO-Cys nanocompos-
ites, respectively, which are similar to the previously

reported IC5,=3.4 pM for DOX-loaded GO [63]. This
result is consistent with other reports, which demon-
strate an ICg, value of 3.8+0.37 uM for free DOX on
the HepG2 cell line [64]. However, the effectiveness
of DOX-loaded nanocomposite was higher than free
DOX which can be due to the nanoscale effect result-
ing in the cellular drug internalization with different
mechanisms from free drug [65].

Conclusion

A novel class of superparamagnetic iron oxide-decorated
GO-Cys nanocomposites, characterized by high drug
loading and redox reactivity, has been developed, demon-
strating an outstanding in vitro antitumor effect. Incor-
porating Cys disulfide bonds imparted redox sensitivity
to the prepared nanocomposite, promoting drug release
by adding 10 mmol/L GSH. Additionally, cell viability
experiments indicated that this magnetic nanocomposite
(Fe;0,@GO-Cys) exhibits good biocompatibility while
demonstrating acceptable anticancer activity against
HepG2 cancer cells. Therefore, this carrier holds promise
for further in vivo studies.
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