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Abstract

Using a chemotherapeutic agent, such as doxorubicin (DOX), with a natural agent,
such as silibinin (Sili), is highly valuable to minimize systemic toxicity. However, Sili

and DOX face disadvantages, such as low aqueous solubility and poor bioavailability.
Here, we have engineered a drug delivery cargo by decorating carboxylated graphene
oxide (cGO) with an aptamer, HB5, for simultaneous delivery of DOX and Sili as a
combination therapy against MCF-7 and SK-BR-3 breast cancer cells. The resulting Apt-
cGO displayed a typical sheet-like nanostructure with a broad surface. The maximum
entrapment efficiency was 70.42% and 84.22% for Sili and DOX, respectively. When

the Apt-cGO-DOX-Sili nanocomposites were selectively taken up by breast cancer
cells, the interaction between cGO and drugs was cleaved, causing releasing both
Siliand DOX into the tumor cells, respectively. Compared to free drugs, Apt-cGO-
DOX-Sili nanocomposites displayed higher cytotoxicity in vitro. Apt-cGO-DOX-Sili
nanocomposites potentially suppressed some cancer cell survival signals. They
accelerated cell apoptosis and increased Rb levels as well as reduced Akt, mTOR, NF-kB,
and CDK2 levels. In conclusion, the developed Apt-cGO-DOX-Sili can be suggested as a
simple and efficient drug delivery approach for breast chemotherapy.

Keywords: Breast cancer therapy, Silibinin, Doxorubicin, Nanoparticles, Graphene
oxide

Introduction

Female breast cancer is the most prevalent cancer worldwide, with over 2.3 million new
cases in 2020 (Sung et al. 2021). Despite recent advances in treating breast cancer, chem-
otherapy remains the primary treatment option in clinical practice (Senapati et al. 2018).
Conventional chemotherapeutic agents mainly interfere with DNA replication and cell
division, leading to the death of rapidly growing tumor cells (Yan et al. 2020). Nonethe-
less, these drugs encounter challenges, such as a lack of sufficient targeting ability, poor
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biocompatibility, limited bioavailability, and the development of drug resistance (Afzal
et al. 2021).

Doxorubicin (DOX, C,;H,,NO,;;) was extensively employed as the first-line chem-
otherapeutic agent to treat a broad spectrum of human cancers for a long time. One
of the main anticancer mechanisms of DOX is inhibiting topoisomerase II and subse-
quently stopping DNA replication. Another suggested mechanism by which DOX acts
in the tumor cell is the generation of free radicals, which might generate oxidative stress,
resulting in DNA damage and cell death (van der Zanden et al. 2021). Previous studies
on various cancer cell models proposed that DOX play a fundamental role in modulating
some cellular processes, including apoptosis promotion and cell cycle arrest (Chen et al.
2015). Despite the extensive clinical utilization of DOX, its efficacy is restricted due to
wide serious toxicity on healthy tissues and drug resistance (Varela-Lépez et al. 2019).
Recently, effective strategies have been widely developed to overcome DOX resistance
and reduce its side effects (Firouzi Amoodizaj et al. 2020).

In recent years, combination chemotherapy has gained much attention that can
raise the therapeutic index of clinical chemotherapeutic drugs. In this regard, numer-
ous phytochemical products have been suggested and studied due to their anticancer
activities as ideal candidates for combination chemotherapy. Many researchers have
proposed that the combination of DOX together with a phytochemical product with a
known mechanism of action might generate synergistic anticancer effects and maximize
its therapeutic effectiveness (Liu et al. 2020). Silibinin (Sili, C,sH,,0,,) is a major active
constituent purified from the seeds of the milk thistle (Silybum marianum); it is explored
on a broad range of therapeutic activities, including anti-inflammatory, antioxidant, and
anticancer properties (Tuli et al. 2021; Karimi et al. 2022). In a prior study, treatment
with Sili strongly reduced the viability of HepG2 cells and synergized the therapeutic
effect of DOX in hepatocellular carcinoma (HCC) through inducing cell apoptosis and
G2-M arrest (Li and Wang 2016). In addition, Sili has revealed minimal or no appar-
ent side effects in human except gastrointestinal disorders (Ghalehkhondabi et al. 2021).
Another anticancer mechanism of Sili is the regulation of multiple dominant pathways
in tumor cells, and in particular, nuclear factor kappa B (NF-kB) signaling, extracellular
signal-regulated kinase signaling (ERK), and protein kinase B signaling (Akt) (Si et al.
2019; Pourgholi et al. 2021). Accordingly, combination therapy using Sili and DOX may
also exhibit a better therapeutic result against breast cancer.

Despite these beneficial therapeutic effects, Sili and DOX are hydrophobic agents
with poor bioavailability (Pooja et al. 2014). Different strategies have been proposed
to intensify their bioavailability, including complexation with water-soluble deriva-
tives (Nawaz et al. 2020; Chandra et al. 2020). Nanoencapsulation of hydrophobic
drugs represents various advantages, including low toxicity, long-term stability, tar-
geted drug delivery, and controlled/sustained drug release (Patra et al. 2018). Over the
last decade, graphene derivatives-based nanomaterials have attracted great attention
due to their unique features, such as good solubility, high biocompatibility, and sur-
face functionalization ability (Dasari Shareena et al. 2018). Graphene is an allotrope
of carbon with a two-dimensional honeycomb lattice structure (hexagonal lattice); its
derivatives can be effectively employed for drug delivery (Song et al. 2020). Graphene
oxide (GO) is introduced as an attractive structure in biomedical studies due to its
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broad surface area and functional groups, which provide the possible attachment of
targeting molecules. However, GO materials are highly acidic, which could damage
healthy cells, thus jeopardizing their function as a drug delivery platform (Esmaeili
et al. 2020). In the current study, the carboxylate graphene oxide (cGO) is developed
as a cargo system to improve the poor biopharmaceutical properties and limit the
aqueous solubility of Sili and DOX. Based on previous studies, cGO is highly biocom-
patible with healthy cells, suggesting that it is suitable for the drug delivery (Gholami
et al. 2020).

It was declared that the targeted delivery of nanocomposites could be a promising
strategy to transport chemotherapeutic agents to the target cells selectively
and minimize the undesired effects (Yi et al. 2018; Shahidi et al. 2022b; Shahidi
et al. 2022a). Human epidermal growth factor receptor 2 (HER2) is a 185-kDa
transmembrane oncoprotein highly expressed in nearly 25% of invasive breast cancers
(Subramaniyan et al. 2022). Growing evidence cleared that a newly developed DNA
aptamer (HB5) binds specifically to the HER2-positive breast cancer cells, suggesting
that HB5-tagged nanoparticles could be selectively taken up by cancer cells and
minimize the side effects of chemotherapeutic drugs (Wu et al. 2017; Liu et al. 2012).
According to this view, HB5 aptamer was covalently attached to our novel-designed
cGO to enhance cellular internalization. Until now, the targeted co-delivery of
DOX and Sili using HB5-cGO nano complex to breast cancer cells is not described
in the literature. Therefore, we engineered Apt-cGO-DOX-Sili nanocomposites
to simultaneously deliver DOX and Sili and explore their efficacy on breast cancer
in vitro (Fig. 1).

Aptamer

Silibinin (Sili) Doxorubicin _(Dox)

Apt-cGO-Dox-Sili

Cancer cell

Fig. 1 Representative image of drug delivery system. cGO: carboxylated graphene oxide; Apt: aptamer; DOX:
doxorubicin; Sili: silibinin
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Materials and methods

Synthesis of GO

Synthesis of GO was conducted through Hummers’ method with a slight modification
(Hummers and Offeman 1958). In detail, 3 g graphite flakes (Sigma-Aldrich; USA)
were dissolute gradually in a 9:1 mixture containing concentrated H2SO4 (360 mL)
and H3PO4 (40 mL) under 15 min of stirring. Subsequently, 18 g potassium perman-
ganate (KMnO4, Sigma-Aldrich; USA) was slowly added to the mixture under vig-
orous stirring. Using a temperature-controlled water bath, the solution was heated
for 1 h under stirring to produce a slight exotherm reaction (35-40 °C) and avoid
overheating. Subsequently, the solution was stirred at a higher temperature (50 °C)
for another 12 h. Then, 400 mL of ice-sterile deionized water and 3 mL of 30% H,O,
(3 mL) were gradually supplemented to remove excess KMnO4 and stop the oxidation
(Song et al. 2022). Afterward, the resultant solution was centrifuged at 4000 rpm for
4 h. The supernatant was discarded, and the precipitated material was rinsed twice
with 30% HCI (200 mL) and five times with ultrapure deionized water (200 mL), fol-
lowed by centrifugation (4000 rpm for 4 h). The resulting suspension was filtered, and
the solid substance was dried under vacuum at 25 °C overnight to obtain the purified
GO powder.

Preparation of cGO

In brief, 0.072 g of sodium hydroxide (NaOH; 40 g/mol) was added to 2 mL of a GO
(2 mg/mL) and the mixture was sonicated for 4 h at room temperature. After that, the
solution was mixed with 0.4 mL of HCI (37% v/v). The mixture was rinsed with deion-
ized water and centrifugated at 9000 rpm for 5 min to remove its salts (Motlagh et al.
2020). The final mixture was purified by repeated rinsing and centrifugation. Finally,
the product was lyophilized to give the cGO black powder of interest.

Conjugation of Apt to cGO

HB5 aptamer for HER2-positive cancer cells was previously reported as the target-
ing ligand (Liu et al. 2012). The sequence of the aptamer (n=60) was 5'-(AACCGC
CCAAATC(ANP)nCTACACACCCACA)-3. Apt was tagged on the surface of cGO
nanosheets by a classical amide bond formation between —COOH groups of cGO and
—NH2 groups of modified Apt. In detail, 10 mg cGO, 10 mg of 1-ethyl-3-(3-dimethyl
aminopropyl)-carbodiimide (EDC; Sigma-Aldrich; USA), and 0.0175 mg of N-hydrox-
ysuccinimide (NHS; Sigma-Aldrich; USA) was dissolved in 2 mL distal water and
stirred for 1 h. Afterward, 6 uL of Apt solution (1 uM stock solution) was added to
the suspension, and the mixture was stirred at ambient temperature for 20 h. The final
solution was centrifuged (3000 rpm; 5 min), rinsed three times with deionized water,
and then freeze-dried for 48 h to obtain Apt-cGO.

Drug loading on the cGO surface

In brief, 250 pug of DOX (dissolved in 1 mL PBS) (Sigma-Aldrich; USA) was mixed
with 400 pg of cGO or Apt-cGO (dispersed in 1 mL PBS) and stirred for 48 h at
room temperature. For Sili loading, 450 pg of Sili (dissolved in 700 pL PBS+ 300
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uL dimethyl sulfoxide) (DMSO; Sigma-Aldrich; USA) was mixed with 400 pg cGO
or Apt-cGO (dispersed in 1 mL PBS) and stirred for 48 h at room temperature.
For loading two drugs, Sili and DOX with a 1:1 ratio were simultaneously added to
400 pg/mL of Apt-cGO and stirred for 48 h at room temperature. After centrifugation
(13,000 rpm for 10 min), the supernatant (unbounded Sili and DOX) was collected,
and the pelleted substance was re-suspended in PBS solution. The amount of free Sili
and DOX was assessed by NanoDrop spectrophotometer equipment (Epoch BioTek,
USA) at 287 and 480 nm, respectively. Ultimately, the entrapment efficiency (EE%)
and loading efficiency (LE%) of each drug were measured using its standard chart
according to the following formula:

Total amount of drug — Free drug

EE% = x 100

Total amount of drug

Total amount of drug — Free drug
X
NPs Mass

LE% = 100

Characterizations of nanocarrier

The structures of cGO and Apt-cGO were determined by Field Emission Scanning Elec-
tron Microscope (FE-SEM; model EM 3200, KYKY, China) and Atomic Force Microscopy
(AFM; model: Nano Wizard®Il NanoScience AFM, JPK Instruments Inc., Germany).
The molecular structure of the cGO, Apt-cGO, Apt-cGO-DOX, and Apt-cGO-Sili was
evaluated using Fourier transform infrared spectroscopy (FTIR; Bruker Tensor 27) by
mixing the nanostructures in potassium bromide (KBr) pellets and was recorded at
4000-400 cm™ wavenumber range. The particle size, polydispersity index (PDI), and
surface charge of different formulations was estimated using dynamic light scattering
(DLS) by a Zetasizer instrument (Horbia Jobin Jyovin) in each fabrication step. In each
synthesis step, the absorption peaks of nanostructures were determined by UV-visible
spectrophotometry (UV-Vis; Epoch Box 998 America) absorption spectra.

The electrostatic adsorption of aptamer onto cGO was also investigated using an aga-
rose gel retardation assay. Free aptamer (positive control) and Apt-cGO nanocomposites
were mixed in a total volume of 10 pL in PBS and run on 2% (w/v) agarose gel at a volt-
age of 120 V for 1 h.

Drug release assay

The release profiles of Sili and DOX from cGO or Apt-cGO were determined using a
12 kDa cutoff dialysis membrane (Sigma-Aldrich; USA). In brief, cGO-DOX-Sili and
Apt-cGO-DOX-Sili were separately re-suspended into 500 pL of PBS solution (pH 7.4
and pH 5.5) and transferred into a dialysis bag. It was then placed in a water bath at
37 °C and 42 °C under continuous gentle agitation at predetermined intervals (0, 2, 4, 6,
12, 18, 24, 48, and 72 h). About 0.5 mL of PBS buffer was withdrawn and replaced with
an equal volume of fresh buffer. The amount of released DOX and Sili was investigated
by recording their absorbance by the UV-Vis spectrophotometer at 287 and 480 nm.
The drug release percentages were determined according to the standard curve of Sili
and DOX in PBS solution.
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Cell culture

MCEF-10A, MCEF-7, and SK-BR-3 cell lines were provided from Pasteur Institute (Tehran,
Iran) and grown in RPMI 1640 medium (Bioidea, Iran) with 10% fetal bovine serum (FBS;
Gibco, Invitrogen, NY, USA) and penicillin (100 U/mL)-streptomycin (100 pg/mL; Bioidea,
Iran) under standard conditions in a cell incubator (37 °C and 5% CO,). All cell experiments
were accomplished in the logarithmic phase of growth.

In vitro cellular uptake

To study in vitro cellular uptake of different formulations, MCF-10A, MCF-7, and SK-BR-3
cell lines (1.5 x 10° cells/well) were planted in a 24-well plate for 24 h and then exposed to
varying formulations for 3 h. Subsequently, the treated and untreated cells were rinsed three
times with cold PBS solution (pH 7.4) and fixed with 95% ethanol solution at room tem-
perature. The fluorescence intensity of DOX (autofluorescence), Sili (autofluorescence), and
cGO (labeled with fluorescein isothiocyanate (FITC)) were visualized under fluorescence
microscopy (Olympus, Japan). FITC-labeled cGO samples were prepared as previously
described (Li et al. 2018). For nuclear staining, the cells were stained by 4/,6-diamidino-
2-phenylindole (DAPI dye; 0.125 pg/mL) for 15 min. Finally, the cellular uptake capacity
was quantified by calculating the corrected total cell fluorescence (CTCF) based on the flu-

orescence intensity of the images using Image J software
CTCF = Integrated Density —(Area of selected cell x Mean fluorescence of background)

Cytotoxicity assay

The cytotoxicity of free drugs and their different formulations was figured out using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma; USA).
MCE-10A, MCEF-7, and SK-BR-3 cells with a density 10* cells/well were planted into 96-well
plates for 24 h, and then exposed to bare cGO (5, 10, 20, 40, 80, 160, 320, 640, and 1280 pg/
mL), Apt (10, 20, 40, 80, 100, 200, 300, and 500 pg/mL), free DOX (0.002, 0.007, 0.022,
0.066, 0.2, 0.6, 1.8, 5.4, and 7.02 ug/mL), cGO-DOX (0.003, 0.011, 0.033, 0.1, 0.3, 0.9, 2.7,
8.1, and 24.3 pg/mL), Apt-cGO-DOX (0.003, 0.011, 0.033, 0.1, 0.3, 0.9, 2.7, 8.1, and 24.3 pg/
mL), free Sili (2.47, 4.95, 9.9, 19.8, 39.6, 79.2, 158.4, 316.4, and 633.6 pg/mL) and cGO-Sili
(0.625, 1.25, 2.5, 5, 10, 20, 40, 80, and 160 pg/mL), and cGO-DOX-Sili (0.95, 1.9, 3.9, 7.8,
15.75, 31.5, 63, 126, 252 pg/mL) and Apt-cGO-DOX-Sili (0.013, 0.04, 0.122, 0.366, 1.1, 3.29,
9.88, 29.66, and 89 pg/mlL) for a period of 48 h. After this, 10 pL of MTT solution (5 mg/
mL) was placed in each well, and the cells were incubated for another 3 h. Subsequently,
the medium was withdrawn from each well and replaced by 100 uL. of DMSO to dissolve
the formazan crystals. Eventually, the optical density of samples was determined at 570 nm
using an EPOCH spectrophotometer (Bio-Tek, Winooski).

OD treated cells

llviability (%) = —5—————— -
Cell viability (%) OD control cells x

100

Combination index (Cl)
The synergistic effects of Sili and DOX were calculated using CI by the Chou-Talalay
method and CompySyn software (version 1.0). For drug combinations, CI<1, CI=1, and
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CI>1 were defined as synergism, additive effect, and antagonism effects, respectively
(Chou 2010).

Real-time quantitative reverse transcription PCR (RT-qPCR) analysis

RT-qPCR technique was employed to compare the transcript levels of Akt, mamma-
lian target of rapamycin (mTOR), NF-«B, cyclin dependent kinase 2 (CDK2), and ret-
inoblastoma ((Rb) genes in the cancer cells treated with different formulations based on
their IC50s. In brief, MCF-7 and SK-BR-3 cells with a density of 1.5 x 10° cells/well were
planted in six-well plates for 24 h. Subsequently, the cells were treated with the formula-
tions for 48 h. After this, total RNA isolation was done from each well using the Sinna-
clon RNX Plus isolation kit (Iran), following the protocol provided by the manufacturer.
Consequently, isolated total RNA molecules were converted to cDNA using the Parstous
cDNA synthesis kit (Iran). Subsequently, RT-qPCR was applied using 2 x SYBR Green
qPCR Mix (YektaTajhiz, Iran), cDNA template, and the specific primers on the Rotor-
Gene Q thermal cycler (QIAGEN, Germany). Finally, the relative gene expression levels
were analyzed using absolute threshold cycle values (Ct values) by the 27*2T method.
The primer sequences of Akt, NF-kB, mTOR, Rb, CDK2, and glyceraldehyde-3-Phos-
phate Dehydrogenase (GAPDH; a housekeeping gene) genes are provided in Table 1.

Western blotting assay

The western blotting technique evaluated the CDK2 and Rb protein expression levels. In
detail, MCF-7 and SK-BR-3 cells were planted in 6-well plates (1.5 x 10° cells/well) and
exposed to different formulations for 48 h based on their IC50s. After this, all wells were
washed with PBS three times, harvested in RIPA buffer, and centrifuged at 16,000 rpm
for 20 min, and subsequently, the protein content was measured using Bradford protein
assay (Kruger 2009). Equal contents of the protein extracts (50 pg) were run on 10%
SDS-PAGE gel and then absorbed onto a nitrocellulose membrane (Sigma; USA). The
membrane was exposed to 5% bovine serum albumin (BSA, Sigma; USA) blocking
buffer for 1 h at room temperature and then with primary antibodies for CDK2 (Santa
Cruz, USA; 1:1000), Rb (Santa Cruz; the USA, 1:1000), and B-actin (Santa Cruz; the

Table 1 Primer’s sequences utilized for RT-qPCR

Genes Sequence
Akt Forward: 5’-CTGCTCAAGAAGGACCCCAA-3’
Reverse: 5'-AGGTGGTGTGATGGTGATC-3/
mTOR Forward: 5'-CCAGGAGTTACTTCTATGCC-3/
Reverse: 5'-GAAATCCGCTTGTTAGGGTC-3/
NF-kB Forward: 5'-ACACCGAAGCAATTGAAGTG-3/
Reverse: 5'-ATGGGGCATTTTGTTGAGAG-3'
CDK2 Forward: 5'-GAGCCAGCCCATAAGAAAAC-3’
Reverse: 5'-CACCAGCCAATATAGCACTG-3'
Rb Forward: 5'-GAATCATTCGGGACTTCTG-3/
Reverse: 5'-TCTGCTTCATCTGATCCTTC-3/
GAPDH Forward: 5/-CAAGTTCAACGGCACAGTCAAG-3/

Reverse: 5'-CATACTCAGCACCAGCATCACC-3/




Shahidi et al. Cancer Nanotechnology (2023) 14:59 Page 8 of 25

USA, 1:1000) at 4 °C overnight, followed by horseradish peroxidase-labeled anti-rabbit
secondary antibodies (1:2000) at room temperature for 1 h. Finally, the membranes were
visualized and analyzed with an electrochemiluminescence (ECL) detection reagent (GE
Healthcare) and Image ] software.

Apoptosis analysis

Briefly, MCF-7 and SK-BR-3 cells (1.5 x 10° cells/well) were planted in six-well plates
for 24 h and then exposed to different formulations for 24 h based on their IC50s. Sub-
sequently, breast cancer cells were collected, re-suspended in the binding buffer, and
stained with Annexin V-FITC/propidium iodide (PI) dye solution for 15 min following
the manufacturer’s instructions (Abcam; Cambridge; UK). Eventually, the apoptosis rate
of cancer cells was evaluated using a flow cytometer (Roche; Germany) and analyzed by
Flowjo " V10 software.

Statistical analysis

The measurement of statistical difference was determined by Student’s ¢ test and one-
way analysis of variance (ANOVA) using GraphPad Prism version 8 (GraphPad, San
Diego, CA). The analyzed data were presented as the mean + standard deviation (SD). p
value <0.05 was considered as a difference.

Results and discussion

Characterization of cGO and Apt-cGO nanocomposites

In the current study, HB5-tagged cGO was developed as a nanocarrier for transporting
Sili and DOX to breast cancer cells. At first, the uniformly GO sheets were successfully
produced from the graphite flakes according to the modified Hummers’ method and
then carboxylated to yield cGO (Malik et al. 2015; Alibolandi et al. 2017). During the
oxidation process, C—=C double bonds break down, and oxygen-containing groups, such
as carboxylic acid (-COOH), hydroxyl (~OH), and epoxy (C—O-C), are distributed on
GO sheets (Ghulam et al. 2022). Under the strongly alkaline condition, the hydroxyl
functional groups are further converted to carboxylic acid moieties (Guo et al. 2020).
Subsequently, HB5 aptamer was attached to the surface of cGO through the amide
reaction between the carboxyl groups of cGO and the amine groups of the modified
aptamer. This drug delivery system was first characterized using various spectroscopy
and microscopy techniques. Morphological analysis was accomplished using FE-SEM
and AFM techniques to ascertain the surface structure of bare cGO and Apt-cGO. The
FE-SEM photographs of cGO particles displayed a typical sheet-like nanostructure with
a broad surface. Figure 2A, andB shows that the surface of cGO was relatively flat. At the
same time, the Apt-cGO had wrinkles and irregular structures, suggesting the possible
anchoring of aptamers on the surface of cGO nanosheets. Besides, the AFM technique
was also conducted to provide more detailed information on ¢cGO nanosheets before
and after the aptamer immobilization on the cGO sheets’ surface. Figure 3A exhibits the
morphology of the bare cGO surface with a Root-Mean-Squared (RMS) roughness of
1.84 nm. After anchoring aptamer molecules, the RMS roughness was raised to 4.6 nm
(Fig. 3B). The results were in agreement with the previous reports. Tan et al. found that
the thickness of GO sheets was raised after the Apt anchoring (Tan et al. 2018).
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Fig. 2 FE-SEM images of cGO (A) and cGO-aptamer (B). cGO: carboxylated graphene oxide; Apt: aptamer;
FE-SEM: field emission scanning electron microscopy

To better determine of nanoparticle size, DLS technique was employed. DLS esti-
mates the particle size, PDI, and zeta potential of different formulations. The obtained
c¢GO had the value of 160.7 5.3 nm. This suitable size value is a key property of
nanoparticle, because many its properties are size dependent (Shrestha et al. 2020).
DLS also measures the PDI, which shows the width of the particle size distribution.
The value of 0.033£0.0001 indicated that cGO had a narrow particle size distribu-
tion. The value of zeta potential is considered a measurable indicator of the physical
stability of nanoparticles in a colloidal suspension. A specific zeta potential amount
more positive than +30 mV and negative than — 30 mV generally reveals a desirable
physical colloidal nanosuspension stability. On the other hand, a zeta potential value
within + 30 to — 30 mV can result in particle aggregation and physical instability (Ali
et al. 2018). In the current work, the zeta potential of cGO and Apt-cGO is provided
in Fig. 3C. The negative charge of cGO (—41.75+2.01 mV) was due to the presence
of COOH groups on the surface of cGO sheets. When HB5 aptamers were gradually
added, the zeta potential was enhanced from —41.754+2.01 mV to —34.94+0.9 mV,
exhibiting the construction of Apt-cGO. These findings followed the results of Tan
et al. They found that the zeta potential of GO was increased when the GO interacted
with Apt (Tan et al. 2018).
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Fig. 3 AFMimages (A, B), zeta potential values (C), FTIR spectroscopy measurements (D), and UV-Vis
spectral absorbance (E) of cGO and cGO-aptamer. F Agarose gel electrophoresis confirmed the successful
HB5 absorption on the cGO surface. AFM: atomic force microscope; FTIR: Fourier transform infrared; UV-Vis:
Ultraviolet-visible; cGO: carboxylated Graphene oxide; Apt: aptamer

The FT-IR measurement and UV-Vis spectroscopy confirmed the successful immobi-
lization of aptamers on the cGO surface. Ma et al. showed the presence of C—-O-C and
—COOH functional groups at 1240 cm ™! and 1722 cm ™! of the FT-IR spectrum of cGO,
which was inconsistent with the cGO FT-IR spectrum in the present study (Ma et al.
2019). We exhibited the main functional groups of cGO at around 1715 cm™! (C=0),
1623 cm ™! (C=C), 1225 cm ™!, and 1083 cm™! (C-0). The FT-IR spectrum of Apt-cGO
was almost the same as cGO. However, after conjugating with the aptamers, an amide
group appeared around 1612 cm ™ for the N-H stretching vibration (Fig. 3D). Figure 3E
represents the UV-Vis spectra of cGO and Apt-GO nanocomposites. Because of the
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characteristic m— m* molecular transition of the C=C bond in the aromatic ring, the
intense absorption peak of cGO (black) was observed at 230 nm. After the immobili-
zation of aptamer, the Apt-cGO spectrum (red) showed two absorption peaks around
230 and 260 nm. The specific absorption peak at 260 nm is related to the conjugated
double bond in the purine and pyrimidine rings. These findings follow prior studies
(Barbatti et al. 2012). In addition, the successful HB5 absorption was also confirmed by
the agarose gel electrophoresis (Fig. 3F). After the complexation of the HB5 aptamer to
cGO, the related band was not observed on the agarose gel relative to the bright band
of free aptamers, proving the successful reaction between modified aptamers and cGO
nanosheets. Collectively, the obtained results indicated the successful attachment of
aptamer molecules on the surface of cGO for targeted drug delivery.

Characterization of dual drug-loaded nanocomposites

According to previous studies, the aromatic anticancer drugs could couple on the cGO
surface via pi—pi interactions between the aromatic residues of drugs and the cGO
surface (Yadav et al. 2022). In this study, the unambiguous evidence of DOX, Sili, and
simultaneous attachment of DOX and Sili on the surface of cGO sheets was provided
via FTIR, DLS, and UV-Vis spectroscopy analyses. As shown in Fig. 4A, the FT-IR
spectrum of cGO (red) represented a broad absorption band around 3426 cm-1 (O-H).
It is important to mention that this absorption band is not appeared in the FT-IR
spectrum of graphite, supporting the successful construction of cGO sheets (Bustos-
Ramirez et al. 2013). The characteristic peaks at 1737 cm™! (C=0), 1626 cm™! (C=C
stretching of the GO skeleton), and 1057 cm™! (C—O) have also appeared in the FT-IR
spectrum of cGO. Compared to the cGO spectrum, the characteristic peak of 3426 cm ™
had a small shift to 3410 cm™! in the cGO-DOX spectrum. The characteristic peaks at
2926 cm™' (C-H), 1725 cm™! (C=0), 1610 cm™' (N-H), and 872 cm™' (NH2) were
also detected, which suggested the coupling of DOX onto cGO (Fig. 4A). According
to prior studies, pure Sili FT-IR spectra exhibited the peaks at 3457, 2946, 1630, 1508,
and 1269 cm™! that originated from O-H, CH, C=0, C=C, and C-O-C stretching
vibrations, respectively (Alipour et al. 2020; Shetty et al. 2017). In the current work,
the FT-IR spectrum of cGO-Sili (blue) showed the characteristic peaks at 3434, 2932,
1639, and 1275 cm™!, suggesting the presence of cGO and Sili in the cGO-Sili complex
(Fig. 4A). These findings were in line with the study of Neri et al. (Shetty et al. 2017).

The zeta potential of different formulations is presented in Fig. 4B. The zeta potential
value of Apt-cGO was —34.94+0.9 mV, while zeta potential of DOX loaded Apt-cGO
was — 8.7+ 0.9 mV, suggesting the attachment of DOX on the Apt-cGO surface. In gen-
eral, DOX contains a positive surface charge due to the primary amine group, causing
the more positive of Apt-cGO-DOX zeta potential compared to Apt-cGTO (Zhao et al.
2018). After Sili loading, we observed a change in the zeta potential (—28.2+0.4 mV),
which might be due to the good adhesion of Sili on the Apt-cGO-DOX. Extensive evi-
dence verifies that this amount of negative charge of the nanoparticles can result in their
suspension stability (Zhao et al. 2018). The size and PDI of completed formulation (Apt-
cGO-DOX-Sili) was also examined. Our data showed that the size and PDI of obtained
Apt-cGO-DOX-Sili were at around 200+ 10.5 nm and 0.118 £ 0.0001, respectively.
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As shown in Fig. 4C, the UV-Vis spectrums of free DOX and free Sili were identified
by the characteristic peaks around 480 nm and 290 nm, respectively. These findings were
consistent with the previous studies (Solis-Gomez et al. 2019). After DOX and Sili load-
ing, the Apt-cGO-DOX and Apt-cGO-Sili nanocomposites exhibited new absorption
peaks around 480 and 290 nm, respectively (Fig. 4C). In the simultaneous drug loading
form, Apt-cGO-DOX-Sili nanocomposites exhibited four peaks around 230 nm, 260 nm,
290 nm, and 480 corresponding to cGO, Apt, Sili, and DOX, respectively (Fig. 4D).

The EE% and LE% of each drug for all formulations were also determined (Table 2).
In the recent times, GO has become a desirable nanocarrier because of its high surface
area and high drug loading efficiency (Pooresmaeil et al. 2020). As shown in Table 2, the
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EE% and LE% of Apt-cGO-DOX-Sili reached the maximum value of 84.22% and 41.4%
for DOX and 70.42% and 30.3% foe Sili NAP, respectively. However, there were no sig-
nificant changes in EE% or LE% of studied formulations for DOX and Sili. Conjugation
of Apt to the cGO had a negligible impact on the EE% and LE% of studied formulations.

Cellular uptake study

Although chemotherapeutic drugs have been reported to play an important role in can-
cer treatment, these agents themselves are non-targeted, which notably limits the drug
accumulation within tumor cells and causes adverse effects toward healthy cells. Evi-
dence from in vitro studies ascertained that a surface modification of nanoparticles with
specific ligands could cause the improvement of drug content in the tumor cells (Zhu
and Chen 2018). HER?2 positive breast cancer is the more aggressive than some other
breast cancers with low overall survival rate (Patel et al. 2020). Recently, many investi-
gations are focused on developing aptamers for HER2 receptors for the diagnostic and
therapeutic applications. Aptamer HB5 has been developed as a tumor-targeting ligand
for the targeted delivery of chemotherapeutic drugs to cancer cells (Wu et al. 2017). This
aptamer was able to preferentially bind to HER2-positive cells but had no affinity toward
HER2-negative cells (Kim et al. 2019). For instance, Liu et al. declared that the aptamer
HB5 could selectively deliver DOX to SK-BR-3 breast cancer cells, where HER-2 is highly
expressed (Liu et al. 2012).

In the current work, the specificity of HB5 aptamer was evaluated for the targeted
cellular entrance of the Apt-cGO nanocomposites in HER2-overexpressing SK-BR-3
cells, HER2-low expressing MCEF-7 cells, and HER2-negative MCF-10A cells. Images of
cellular internalization of Apt-cGO in SK-BR-3, MCF-7, and MCF-10A cell lines, which
have been captured by fluorescence microscopy, are represented in Fig. 5A. DAPI and
FITC were utilized for staining the nuclei and cGO, respectively. As depicted in Fig. 5A,
HB5-modified cGO nanocomposites were successfully taken up by the SK-BR-3 and
MCE-7 cells but not by the MCF-10A cells, indicating that HB5-modified ¢cGO had a
great targeting ability to tumor cells. These findings suggested the specific interaction
between HB5-modified cGO and HER2 receptors. However, the intensity of green
fluorescence of Apt-cGO in the SK-BR-3 cell line was higher than the MCEF-7 cell
line, due to a more cellular internalization in SK-BR-3 cells overexpressing the HER2
receptors (Figures A and B).

Table 2 Average loading efficiency and entrapment efficiency of studied formulations for DOX and

Sili
Formulation EE (%) LE (%)

DOX Sili DOX Sili
cGO-DOX 8641418 - 4323+14 -
cGO-Sili - 7213409 - 3378413
Apt-cGO-DOX 8567+1.2 - 42.82+1.1 -
Apt-cGO-Sili - 7184416 - 3234411
cGO-DOX-Sili 84.784 2.1 7112414 41.68+1.2 3198409
Apt-cGO-DOX-Sili 8422418 7042412 414418 303+0.7

LE: loading efficiency; EE: entrapment efficiency; cGO: carboxylated graphene oxide; Apt: aptamer; DOX: doxorubicin; Sili:
silibinin
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Subsequently, the cellular internalization of free DOX, free Sili, mixed free drugs,
and Apt-cGO-DOX-Sili was investigated using fluorescence microscopy based on the
intrinsic green fluorescence of Sili and intrinsic red fluorescence of DOX. The blue
fluorescence of DAPI was also utilized to label the nuclei of cancer cells. As depicted
in Fig. 5C, when SK-BR-3 cells were exposed to free DOX and free Sili, the weak red
and green fluorescence signals were accumulated in the nucleus and around the nucleus,
respectively. Compared to free and mixed free drugs, when SK-BR-3 cells were exposed
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Fig. 5 A Cellular internalization of Apt-cGO into MCF-10A, SK-BR-3, and MCF-7 cells. B The quantification of
cellular uptake capacity of Apt-cGO by calculating the CTCF. C, D The cellular internalization of DOX and Sili
after the cell incubation with free DOX, free Sili, free DOX 4+ free Sili, and completed NPs (Apt-cGO-DOX-Sili)
for 3 hin SK-BR-3 cells (C) and MCF-7 cells (D). E The quantification of cellular uptake capacity of free DOX,
free Sili, free DOX +free Sili, and completed NPs (Apt-cGO-DOX-Sili) by calculating the CTCF. The CTCF was
calculated using Image J software. Data are provided as mean £ SD (n = 3). cGO: carboxylated Graphene
oxide; Apt: aptamer; DOX: doxorubicin; Sili: silibinin; CTCF: corrected total cell fluorescence
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to Apt-cGO-DOX-SIili for 3 h, a larger amount of DOX red fluorescence and Sili green
fluorescence were observed in the cells (Fig. 5C). Similar results were observed in
MCE-7 cells (Fig. 5D). Compared to MCF-7, Apt-cGO-DOX-Sili delivered more DOX
and Sili into SK-BR-3 cells, and the stronger red and green fluorescence were distributed
in the SK-BR-3 cells (Fig. 5E).

In vitro drug release profiles

Temperature and pH-responsive systems have been attracted considerable attentions in
the drug delivery applications and cancer treatment. Previous studies implied that the
rate of drug release from nanocarriers could be controlled in response to different stim-
uli, such as temperature and pH. The acidic tumor microenvironment (pH ~ 6.5), which
primarily results from the lactate production from anaerobic glycolysis, has been con-
sidered as a major feature of solid tumors. At the cellular level, the endosomes (pH ~5.5)
and lysosomes (pH ~5.0) can also be involved in the promotion of drug release into the
cytoplasm. In addition, drug release can also govern by variation in the environment
temperature. Compared to healthy tissues (37 °C), tumor environment has a tempera-
ture greater (~40-42 °C), which is dependent on higher their metabolic activity and
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vascularization. In addition, the thermos- and pH-sensitive drug release may help the
minor release of drugs from nanocarriers under physiological conditions (pH 7.4, 37 °C)
and decrease toxicity to the normal cells (Su and Kang 2020). According to this view, the
in vitro release behavior of DOX and Sili from Apt-cGO was determined in the endo-
somal (pH 5.5, 42 °C) and the physiological conditions (pH 7.4, 37 °C) over a period of
72 h.

The in vitro release profile in Figs. 6A—D revealed the biphasic diffusion of DOX and
Sili from nanocomposites with a burst initial release within 6 h, followed by sustained
drug release for up to 72 h. The rate of DOX and Sili released from nanocomposites
strongly depends on the medium’s temperature and pH. Figure 6A, B exhibits much
faster DOX release at pH 5.5 and 42 °C than at pH 7.4 and 37 °C. At the end of 72 h,
about 64% and 68.2% of DOX were released from cGO-drug and Apt-cGO-drug in the
tumor cells (pH 5.5 and 42 °C), respectively. At the same time, the cGO-drug and Apt-
¢GO-drug nanocomposites showed a similar release profile, as depicted in Fig. 6C, D.
The ¢cGO-drug and Apt-cGO-drug nanocomposites released about 66% and 70.2% of
loaded Sili in tumor cells (pH 5.5 and 42 °C), respectively.

These results implied that the release of Sili and DOX from nanocomposites was
facilitated in a temperature and pH-dependent manner. DOX and Sili could be cleaved
from the Apt-cGO-DOX-Sili and subsequently diffused into the cytosol and later into
the nucleus, enhancing the cell cytotoxicity. Under the thermal- and pH condition inside
tumor cells, the m— 1* bonds and the amine groups of drugs are weakened and proto-
nated, respectively (Motlagh et al. 2020). Collectively, these findings demonstrated that
our engineered nanocomposite provides a platform to simultaneously release multiple
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Fig. 6 A-D Are in vitro DOX and Sili release curves from cGO-DOX-Sili and Apt-cGO-DOX-Sili in different pH
(pH 5.5 and pH 7.4) and temperatures (42 °C and 37 °C). cGO: carboxylated graphene oxide; Apt: aptamer;
DOX: doxorubicin; Sili: silibinin
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therapeutic drugs under thermos- and acidic conditions. The release profiles of cGO-
drugs and Apt-cGO-drugs were virtually similar, indicating that the aptamer decoration
on the surface of cGO nanosheets does not affect the drug release rate. At the same time,

it enhances cellular internalization, causing better therapeutic efficiency.

In vitro cytotoxicity and synergistic effects of DOX and Sili

Extensive evidence verified that employing an effective delivery system for carrying
chemotherapeutic drugs enhances their toxic effects in the target cancer cells (Yao
et al. 2020). In previous work, Li et al. implied that the cytotoxicity of DOX-loaded
NPs against breast cancer cells was enhanced noticeably compared to free DOX (Li
et al. 2020). To inquire about the anticancer activity of our designed nanocomposites,
the cytotoxicity effect of various formulations was examined against breast cancer
cells (MCF-7 and SK-BR-3) and non-cancerous breast epithelial cells (MCF-10A) for
an incubation period of 48 h. Figure 7A, andB illustrates the viability of MCF-10A,
MCE-7, and SK-BR-3 cell under Apt and bare cGO exposure at various concentrations.
As shown in Fig. 7A, and B, bare ¢cGO and Apt did not show obvious cytotoxicity on
cancerous and non-cancerous cells, which verified the biocompatibility of Apt-cGO.
Subsequently, the cell toxicity of free drugs and drugs-conjugated nanocomposites
were presented in Figs. 7C-1. According to MTT data analyses, free DOX and free Sili
showed significant cytotoxicity against cancer and non-cancer cells in a dose-dependent
manner after incubation for 48 h (Fig. 7C, andD). Compared to free drugs, cGO-drug
(cGO-DOX and cGO-Sili) and Apt-cGO-drug (Apt-cGO-DOX and Apt-cGO-Sili),
nanocomplexes exhibited substantially higher cytotoxicity on MCF-7 and SK-BR-3 cells
(Figs. 7E-H). Besides, Apt-cGO-DOX-Sili nanocomposites represented the highest
cytotoxicity on both breast cancer cell lines (Fig. 7I). The highest cytotoxicity reaction
of Apt-cGO-DOX-Sili may be caused by better internalization of DOX and Sili by cancer
cells relative to the other groups. Compared to MCEF-7 cells, SK-BR-3 cells were more
sensitive to Apt-cGO-DOX-Sili nanocomposites, probably due to the higher expression
of the HER-2 protein as the HB5 receptor on the surface of SK-BR-3 cells (Liu et al.
2012). However, different nanocomplexes loaded with the Sili and DOX retain their
safety characteristics on normal cells, with viability percentages exceeding 80% at each
measured concentration.

The IC50 values of all formulations are provided in Table 3. In both cell lines, the IC50
values of Apt-cGO-DOX and Apt-cGO-Sili were lower than free DOX and free Sili,
respectively, indicating the effective dose of Sili and DOX in the form of nanoparticles.
Besides, the effective dose of DOX and Sili on the cell death of SK-BR-3 cells in the Apt-
cGO-DOX-Sili form was less than the effective dose of other formulations. In addition,
in the combined form of DOX and Sili, SK-BR-3 cells had a lower IC50 value compared
to the MCEF-7 cells (Table 3; p <0.0001).

The results obtained from Compusyn software in both MCF-7 and SK-BR-3 cell lines
showed that the CI level (Fa=0.5) for dox +slb was above 1, and when they were loaded
in nanoparticles, it was below 1. This finding suggested that the simple combination of
DOX and Sili in the Apt-cGO nanoparticles causes synergistic effects of the two com-

pounds and an obvious enhanced anti-tumor effect. In addition, the information from



Shahidi et al. Cancer Nanotechnology (2023) 14:59

A) Free Apt B) C) Free DOX
140 Free cGO 140- ™= MCF-10A
140 ™= MCF-10A 120 ZIS-FB-;-S
120 == MCF-7 I
- 120 £ 100
£ 100 9 == SK-BR-3 >
> - = 80
£ 80 g 3
2w ] z
> 5 § 40
3 4o 3 20
20 0
S @ P X @ PP AP
o 0 1 131619 2 2325 27 0 071 131619222528 3.1 S SN A
log of [Concentration (ug/ml)] log of [Concentration (pg/ml)] log of [Concentration (ug/ml)]
D) Free Sili E) cGO-DOX
140- ™= MCF-10A 150 »
= e = e
_. 120 mm SK-BR-3 —_ mm SK-BR-3
X =
< 100 <
-
=
:E 80 * =
3 2
s 60 =
3 3
o o

S S @ O & I & R P G I S P IR - I
PNPN PG NN N O SRS P a? AT AR A 92 Q¥ P NP
log of [Concentration /ml
log of [Concentration (ug/ml)] 9 r (Hg 1
F) cGO-Sili
G) Apt-cGO-DOX
140- mm MCF-10A
== MCF-7 140-) mm MCF-10A
120-| =m SK-BR-3 120-| ™= SKBR-3
£ 100 g == MCF-7
) i £
a «x o
[
S 60 S
3 4o 3
20
O & P OG> DD D
RSNSOI SR S
log of [Concentration (ug/ml
log of [Concentration (ug/ml)] g of [ (ug/mi]
1) Apt-cGO-DOX-Sili
H) -—
ore MCF-10A
Apt-cGO-Sili 140 o mMCF7
140-™= MCF-10A 120-{mm SK-BR-3
mm MCF-7 —_
__ 1204 mm SK-BR-3 ® 100
q
Ewo £ s
3 .
5 8o £ 60 :
S 60 = -
> 8 40
T 40 x
o 20
20 W |
0

| f [C trati /ml
log of [Concentration (ug/ml)] og of [Concentration (ug/mi)]

Fig. 7 Cytotoxicity of Free Apt (A), cGO (B), free DOX (C), free Sili (D), cGO-DOX (E), cGO-Sili (F), Apt-cGO-DOX
(G), Apt-cGO-Sili (H), and Apt-cGO-DOX-Sili (I) on the MCF-10A, SK-BR-3, and MCF-7 cells in 48 h. The values

pree

are provided as mean=SD (1=3). p<0.05, p<001,  p<0.001, p<0.0001 vs MCF-7 cells. ’p < 0.05 and
"5 <0.01 vs MCF-10A cells. cGO: carboxylated graphene oxide; Apt: aptamer; DOX: doxorubicin; Sili: silibinin

Compusyn software revealed that the linear correlation coefficient () in SKBR3 and
MCE-7 cell lines was —0.9548 and — 0.9966, respectively, which indicated that Apt-
cGO-DOX-Sili is a very good model for drug delivery.

In vitro effects of Apt-cGO-DOX-Sili on cancer cell survival-related growth factors
At a molecular level, breast cancer is regulated by various intracellular growth factors
and signals, of which PI3K/Akt is a prominent one. In HER2-positive breast cancer
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Table 3 IC50 values of studied formulations toward MCF-7 and SK-BR-3 after 48 h

1C50 values (log of [ug/mL]) p-value

SK-BR-3 MCF-7
Free Sili 142+40.09 1.581+0.1 0.021
cGO-Sili 1.097+40.09 1252402 0.792
Apt-cGO-Sili 0.963 4 0.05 1.108+40.1 0.14
Free DOX —0.71240.06 —0.76140.1 0.961
cGO-DOX —1.16340.09 —0.89940.01 0.004
Apt-cGO-DOX —1.2394-0.05 —0.9994-0.02 0.005
Apt-cGO-DOX-Sili —1.32940.08 —0.61340.01 <0.0001

cells, high activation of PI3K/Akt/mTOR signaling pathway and its downstream
factors, such as NF-kB, occurs in breast cancer, potentially implicated in the
modulation of cell growth, cell metabolism, and apoptosis (Miricescu et al. 2020).
Previous studies described the ability of flavonoids, such as silibinin, and conventional
anticancer drugs, such as DOX, to block the PI3/AKT/mTOR pathway in various
cancers (Raina et al. 2013; Shahidi et al. 2022c). However, combination strategies are
employed to block cancer-related cell growth signaling pathways more effectively,
mainly mediated by PI3K/AKT/mTOR pathway (Peng et al. 2022). Therefore, the
current study analyzed the impact of Apt-cGO-DOX-Sili nanocomposites on the
transcript levels of Akt, mTOR, and NF-«kB genes. As shown in Fig. 8A-C, free
drugs attenuated the transcript levels of Akt, mTOR, and NF-«kB genes in both
SK-BR-3 and MCF-7 cells (p<0.05; p<0.01; p<0.001). Compared to free drugs,
cGO-DOX and c¢GO-Sili complexes exhibited substantially higher inhibitory effects
on the expression of target genes (p <0.01; p <0.001; p<0.0001). Besides, Apt-cGO-
DOX + Sili nanocomposites tagged with Apt showed the highest inhibitory effects
on the transcript levels of Akt, mTOR, and NF-kB genes in both breast cancer cell
lines (p<0.001; p<0.0001). Compared to MCF-7 cells, SK-BR-3 cells were more
sensitive to the effects of Apt-cGO-DOX-Sili nanocomposites. We also exhibited
similar changes in the transcript levels of CDK2 (Fig. 9A) as a downstream molecule
in the PI3K/AKT/NE-kB signaling. CDK2 is identified as a major member of cell cycle
components, which regulates G1 to S phase transitions through the phosphorylation
of target genes (Ding et al. 2020).

The cascade of PI3K/Akt/mTOR is modulated by various cell regulators, such as cell
cycle mediators. Rb is one of the well-characterized tumor suppressors that regulates
G1/S transition by inhibiting the expression of the E2F family of transcription factors,
leading to G1/S arrest. In addition, Rb can directly block the function of mTOR and
increase sensitivity to chemotherapeutic agents (Knudsen et al. 2019). The Rb pro-
tein’s deregulation frequently occurs in several human cancers, leading to elevated
mTOR function and chemotherapeutic drug resistance (Zhang et al. 2016). To inves-
tigate the effect of our design nanocomposite on the Rb level, the transcript levels
of Rb were determined, and the findings are provided in Fig. 9B. All formulations
remarkably enhanced the transcript levels of Rb in SK-BR-3 and MCEF-7 cells (p < 0.05;
p<0.01; p<0.001; p<0.001). As shown in Fig. 9B, Apt-cGO-DOX-Sili shows a higher
Rb level than other formulations in SK-BR-3 and MCEF-7 cells (p < 0.001; p <0.0001).
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""p<0.001,""p<0.0001 vs control. cGO: carboxylated graphene oxide; Apt: aptamer; DOX: doxorubicin; Sili:
silibinin

In addition, we also investigated the effect of the designed Apt-cGO-DOX-Sili on the
protein levels of CDK2 and Rb markers. As demonstrated in Fig. 9C-F, the incubation of
cancer cells with free DOX resulted in an obvious increase in the expression of Rb pro-
tein and a notable decrease in the expression of CDK2 protein (p <0.05). Compared to
free DOX, cGO-DOX and Apt-cGO-DOX revealed a stronger impact on Rb and CDK2
protein levels (p <0.01; p<0.001). However, Apt-cGO-DOX-Sili exhibited the strongest
effect relative to other formulations (p <0.001). These findings show that simultaneous
loading of Sili with DOX synergically enhances the anticancer effect of DOX.

Apoptosis analysis in MCF-7 and SK-BR-3 cells

The potential of cancer cells to evade apoptosis is proven as one of the cancer
hallmarks (Sharma et al. 2019). Here, we determined the effect of Apt-cGO-DOX-Sili
nanocomposites on the apoptosis rate in MCF-7 and SK-BR-3 cells. As depicted in



Shahidi et al. Cancer Nanotechnology (2023) 14:59

A
15m == Control ™= Apt-cGO-DOX _ Apt-cGO-Sili
== Free Dox == Free Sili Free DOX+Free Sili
== cGO-DOX cGO-Sili m= Apt-cGO-DOX-Sili
1.0

*x

o
o
1
RB Expression Level
(Fold Change)

CDK2 Expression Level
(Fold Change)

0.0
SK-BR-3 MCF-7 SK-BR-3 MCF-7
CDK2 RB
C) D)
Apt-cGO-DOX-Sili - L LJ bt + Apt-cGO-DOX-Sili - - - - +
Apt-cGO-DOX = - » + - Apt-cGO-DOX - - - + S
cGO-DOX - - + - - GO+DOX - - * - -
FreeDOX - * 2 - - Free DOX  ~ * = - -
Control - - - - - Control - - - - -
¥
CDK-2 |‘ —— —— | CDK-2 |’ By ol o ol ool |

B-actin |—..—.| B-actin

—

1.0 1.0
° T
2 mm Control 1
DR 38
E 5 s Free DOX X 5
o
83 os == cGO+DOX OD0s
- [
w Em Apt-cGO-DOX 3
mm Apt-cGO-DOX-Sili
0.0
MCF-7
F)
. oFre;)l().:X - - - - + Free DOX - - - - +
Apt -D ili - - -
pt-c ili * < Apt-cGO-DOX-Sili - - -+ -
Apt-cGO-DOX - - + - - Apt-cGO-DOX - - + - -
¢GO-DOX - ¥ - - . ¢GO-DOX - + - - =
Control = - - - Control L = # = =

RB e ——— RB | »W

B-actin |—.~.{ p-actin |
34 w

3

R gk
P
sk

)

2 24 mm Control ) 2
m & &
25 = cGO-DOX Y.

3, = Apt-cGO-DOX %9

g == Apt-cGO-DOX-Sili &

B Free DOX
0
SK-BR-3 MCF-7

Fig. 9 Gene expression analysis of CDK2 (A) and Rb (B) genes in SK-BR-3 and MCF-7 cells using the RT-qPCR
technique. The protein expression of CDK (C, D) and Rb (E, F) in SK-BR-3 and MCF-7 cells using western blot
analysis. The analyzed values are shown as mean=SD. (1=3), 'p<0.05, "p<0.01, ""p<0.001, ""p<0.0001 vs
control. cGO: carboxylated graphene oxide; Apt: aptamer; DOX: doxorubicin; Sili: silibinin

Fig. 10A, and B, free drugs induced apoptosis rates in the breast cancer cells. The cGO-
drug and Apt-cGO-drug were more potent in triggering apoptosis than the individual
Sili and DOX. Besides, MCF-7 and SK-BR-3 cells exposed to Apt-cGO-DOX-Sili
showed the highest apoptosis rate, which was in agreement with the obtained results in
Figs. 8 and 9. Compared to MCE-7 cells, SK-BR-3 cells treated with Apt-cGO-DOX-Sili

nanocomposites were more sensitive to apoptosis induction (Fig. 10C).
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Fig. 10 Apoptosis rate analysis after SK-BR-3 (A) and MCF-7 (B) cells were exposed to different formulations
for 48 h using flow cytometry. The flow cytometric charts indicate early apoptotic cells (Q1), late apoptotic
cells (Q2), viable cells (Q3), and necrotic cells (Q4). C Comparative apoptotic rates between SK-BR-3 and
MCF-7 cells exposed to different formulations for 48 h. The analyzed values are shown as mean £ SD. (n=3).
"p<0.001,"p<0.01.cGO: carboxylated graphene oxide; Apt: aptamer; DOX: doxorubicin; Sili: silibinin

Conclusion

In this study, the aptamer-tagged cGO nanocarrier was successfully developed
for co-delivering DOX and Sili (Apt-cGO-DOX-Sili) for effective breast cancer
chemotherapy. The designed nanocarrier was nontoxic, as evaluated by a cell
cytotoxicity study. Our findings revealed that the HB5 modification could recognize the
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HER2-positive breast cancer cells and mediate selective cell uptake and cytotoxicity.
Synergistic effects of Apt-cGO-DOX-Sili were seen, as in vitro increased cytotoxicity,
decreased survival signals, and apoptosis induction in cancer cells. The co-loaded
system exhibited a higher anticancer effect against SK-BR-3 cells than MCF-7 cells.
These findings suggest that co-delivery of DOX and Sili by Apt-cGO-DOX-Sili might be
a promising strategy for breast cancer therapy. However, in-vivo studies are needed to
confirm the in vitro results.
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