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Cholesterol-coated gold nanorods as an efficient
nano-carrier for chemotherapeutic delivery and
potential treatment of breast cancer: in vitro
studies using the MCF-7 cell line
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Gold nanorods (GNRs) have a recognized role in treatment of cancers as efficient nanocarriers for
chemotherapeutic drug delivery. In this study, GNRs modified with cholesterol-PEG were employed as
a nanocarrier for a hydrophobic compound having a promising phosphatidylinositol 3-kinase (PI3Ka)
inhibitory activity. The acquired nanocomplex was characterized by optical and infra-red (IR)
absorption spectroscopies, in addition to hydrodynamic size and zeta potential. Glide docking and
superposing of docked poses of the hydrophobic ligand and cholesterol moiety demonstrated that
hydrophobic interactions drive the conjugation and attachment of the ligand to the cholesterol
moiety of the nanocarrier. In vitro release study under a cellular environment indicates that the
presence of cells has enhanced the release and the cellular uptake of the conjugated ligand.
Furthermore, the anti-proliferative assay of the nanocomplex revealed potent cytotoxicity over a low
concentration range of the nanocomplex against MCF-7 breast cancer cells compared to the free
compound or the nanocarrier alone. Analysis of cellular death modality by flow cytometry showed
that the nanocomplex has a rapid effect on cell death, as cells went toward the late apoptotic/
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overall results propose that cholesterol-decorated GNRs could be considered as a promising
DOI: 10.1039/c9ra01041f nanocarrier for hydrophobic drugs to achieve efficient delivery and potential therapy against breast
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1. Introduction

Breast cancer is one of the major health burdens despite the
rapid progress in cancer research and therapy.' Classical
chemotherapy is the first line of cancer treatment using cyto-
toxic chemotherapeutic agents that interfere with the process
of cell division. However, the severe toxicity to normal tissues,
such as hair loss, bone marrow toxicity, nausea and vomiting,
in addition to poor bioavailability and targeting potentials,
often limit the effectiveness of chemotherapy against
cancers.”® Combined chemotherapy of two or more anticancer
drugs has been extensively exploited to treat a variety of
cancers. However, the toxicity of such combinations is still
unreasonable.

Failure of numerous chemotherapeutic agents coupled with
growing the understanding of cancer pathology urge the
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development of novel and targeted therapeutic platforms with
minimal toxicity and resistance.

Nanoparticle-based approaches are distinctly attractive for
breast cancer therapy, diagnosis and drug delivery owing to
their tiny size, capability of surface modification using a variety
of small ligands and biomacromolecules, and ability to accu-
mulate into tumors owing to the enhanced permeability and
retention effect.*®

The employment of nanocarriers as drug delivery is a key
strategy for treatment of cancers. Several types of nano-systems
have been extensively investigated for chemotherapy delivery on
a more effective and less toxic fashion, including polymers,
liposomes, dendrimers, solid lipid and inorganic
nanoparticles.®™*

Utilizing gold nanoparticles (GNPs) as delivery nano-systems
is substantially examined in the literature due to ease of surface
modifications and unique optical properties.””** GNPs of
diverse sizes and surface chemistries were used for delivery of
several drugs and biomacromolecules.”®"” For example, TAT
peptide-functionalized GNPs were used to improve delivery and
reduce toxicity of doxorubicin towards breast cancer metastasis
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http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra01041f&domain=pdf&date_stamp=2019-04-24
http://orcid.org/0000-0002-3870-7568
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01041f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009022

Open Access Article. Published on 24 April 2019. Downloaded on 3/15/2026 7:26:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

to brain."® Furthermore, conjugation of quercetin to GNPs has
induced cell apoptosis in two cell lines of breast cancer.*

Although covalent conjugation of GNPs to thiolated ligands
provides a considerable stability of the conjugates and produces
a controlled release of the cargo, such a slow release may
produce challenges for actual clinical applications.*® Accord-
ingly, non-specific binding between nanocarriers and payloads
is becoming a more efficacious approach for competent drug
delivery and massive cellular uptake.*

In this work, a simple gold-based nano-platform was
designed as a nanocarrier for a hydrophobic ligand into MCF-7
breast cancer cells. GNRs were synthesized using a low
concentration of cetyl trimethylammonium bromide (CTAB)
and their surfaces were modified and stabilized by a cholesterol
moiety linked to a thiolated poly ethylene glycol (PEG) in order
to enhance its colloidal stability and aqueous dispersibility. The
modified GNRs (Chol-GNRs) were utilized to conjugate a small
hydrophobic molecule, as a chemotherapeutic drug model, by
non-covalent hydrophobic interactions with the hydrophobic
pocket of the nanocarrier (the cholesterol moiety). Such non-
covalent binding is supposed to enhance the delivery of the
payload upon exposure to cells and ultimately will accelerate its
cytotoxicity.

The hydrophobic compound used in this study is N-(4-
hydroxyphenyl)4-hydroxy-2-quinolone-3-carboxamide
(Compound A), which is one of a new series of N-substituted-4-
hydroxy-2-quinolone-3-carboxamides that were synthesized,
characterized, and biologically evaluated previously in our lab,
and they displayed a promising phosphatidylinositol 3-kinase
(PI3Ka) inhibitory activity.”* PI3Ka is responsible for synthesis
of triphosphates that induce cell growth and division.***® In this
study, Chol-GNRs were conjugated to Compound A and the
obtained “nanocomplex” was characterized in terms of
ultraviolet-visible (UV-vis) and infra-red (IR) absorption spec-
troscopies, hydrodynamic size, surface charge and in vitro
release behavior. The cytotoxicity of the nanocomplex on MCF-7
breast cancer cell line and human dermal fibroblasts was
investigated and the cellular death modality of the designed
nanocomplex was assessed using flow cytometry assay.

2. Experimental part
2.1 Chemical synthesis of GNRs solution

GNRs solution was synthesized using a mixture of CTAB (Sigma-
Aldrich Chemicals, USA) and sodium oleate (NaOL, Sigma-
Aldrich Chemicals, USA) following a previous protocol with
slight modifications.* Briefly, seeds were prepared by adding
sodium borohydride (NaBH,4, 99%), (Sigma-Aldrich Chemicals,
USA) to a stirred solution of CTAB. A volume of 18.0 mL (4.0
mM) of silver nitrate (AgNO3, 99%, Sigma-Aldrich Chemicals,
USA) was transferred to a growth solution of CTAB and NaOL
and kept under stirring for 15 min. Chloroauric acid (250 mL,
1.0 mM) (HAuCl,-3H,0, 99.9%, Sigma-Aldrich Chemicals, USA)
was transferred to the growth solution and the pH of the solu-
tion was adjusted by HCI. Ascorbic acid (99%, Sigma-Aldrich
Chemicals, USA), and the seeds (0.8 mL) were added to the
growth solution and the obtained mixture was kept undisturbed
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at 30 °C for 24 h. GNRs solution was spun down twice by
centrifugation (Centrifuge, Labofuge I, Heraeus Christ, Ger-
many) for 10 min at 16 580 x g, suspended in Milli-Q water and
stored at 4 °C.

2.2 Surface modification of GNRs with cholesterol-
polyethylene glycol-thiol (Chol-PEG-SH); Chol-GNRs

Avolume of 1.0 mL (25.0 mg mL ") of Chol-PEG-SH solution (MW
~ 2000 g mol ', Nanosoft Polymers, USA) was added to a solution
of GNRs (10.0 mL) and kept under stirring overnight. The ob-
tained modified GNRs solution was spun down by centrifugation
twice for 10 min at 11 510 x g and were stored at 4 °C.

2.3 Surface modification of GNRs with methoxy-
polyethylene glycol-thiol (m-PEG-SH); PEG-GNRs

A volume of 1.0 mL of thiolated m-PEG solution (10.0 mg mL ")
(MW ~ 2000 g mol !, Sigma-Aldrich Chemicals, USA) was added
to a solution of GNRs (10.0 mL) and kept under stirring overnight.
The functionalized GNRs solution was spun down by centrifu-
gation twice for 10 min at 11 510 x g and were stored at 4 °C.

2.4 Conjugation of Compound A into Chol-GNRs and PEG-
GNRs to obtain Chol-A-GNRs and PEG-A-GNRs, respectively

Compound A was synthesized in-house and fully characterized
according to a previous published protocol.*" For conjugation of
Compound A to the hydrophobic moiety of Chol-GNRs or PEG-
GNRs, 10 pL of Compound A stock solution (50 mg mL ™" of
dimethyl sulfoxide (DMSO)) was added to each 1.0 mL of Chol-
GNRs or PEG-GNRs (2.0 nM), and the solution was kept under
stirring for 4 h at room temperature. The nanocomplex solution
was then spun down by centrifugation twice at 11 510 x g for
8 min to remove the unbound Compound A, and was sus-
pended in phosphate buffer saline (PBS, pH 7.4).

2.5 Characterization of GNRs, PEG-GNRs and cholesterol-
coated GNRs; Chol-GNRs

Chol-GNRs were characterized by optical absorption spectros-
copy (UV-1800 spectrophotometer, Shimadzu, Japan), dynamic
light scattering (DLS) and zeta potential (Nicomp Nano Z3000
zeta potential/particle size analyzer, CA, USA), in addition to
transmission electron microscope (TEM) imaging (FEI Morgani
268, operating voltage of 60 kv, Holland).

2.6 Characterization of the nanocomplexes; Chol-A-GNRs
and PEG-A-GNRs

Chol-A-GNRs were characterized by optical absorption spec-
troscopy, DLS, effective surface charge and by Fourier-transform
infrared (FTIR) spectroscopy (Shimadzu FTIR Affinity spectro-
photometer, Japan). Potassium bromide (Acros, Belgium) was
used to prepare the sample discs for FTIR spectroscopy. PEG-A-
GNRs were characterized by optical absorption spectroscopy,
DLS and effective surface charge.

The amount of the conjugated Compound A (ug) was esti-
mated using a well validated UV-vis absorption spectroscopy
method. A standard calibration curve of Compound A was
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obtained by measuring the UV-vis absorbance of known
concentrations of Compound A in PBS (pH 7.4) at 297 nm.

2.7 Glide docking of Compound A and cholesterol moiety

To explore the interaction of cholesterol moiety and Compound
A, we performed Glide docking approach®~” against homology
modeled?®® structure of phosphoinositide-3 kinase (PI3Ka) (PDB
ID: 2RD0).** The structure was treated and energy minimized
using the Protein Preparation and Macro Model wizards in
Schrodinger” software to maximize H-bond interactions and
reduce the steric clashes, respectively. Additionally, 3D models
of cholesterol and Compound A were built using MAESTRO*
Build module and energetically minimized by the Macro Model
panel recruiting the OPLS2005 force field.

2.8 Invitro release study of Compound A from the
nanocomplex (Chol-A-GNRs) in PBS or tissue culture medium

Avolume of 1.0 mL of the nanocomplex (80 pg mL " of gold) were
transferred into a dialysis bag (MWCO 12-14 kD, Spectrum Lab,
USA) which was placed in a glass vial containing 50.0 mL of PBS
(pH 7.4) or tissue culture medium; Roswell Park Memorial Insti-
tute medium (RPMI) 1640 medium (Euroclone, Europe) in 0.1%
Tween 80 to facilitate the solubility of the compound. Then, the
vials were placed into a shaking water bath (37 °C, 120 rpm) (GFL
1083, Burgwedel, Germany). The same experiment was conducted
for the nanocarrier alone (Chol-GNRs) to exclude any
interference.

A volume of 0.5 mL of the release media was removed at
specific time intervals (0.5, 1, 2, 3, 4, 5, 6, 24, 48 and 72 h) and
replaced with a fresh PBS (pH 7.4) or tissue culture medium
to keep the sink condition. The concentration (ug mL~") and
subsequently the amount (ug) of Compound A in the removed
media was estimated by measuring the optical absorbance at
each time point at 297 nm against a standard calibration
curve of Compound A in PBS (pH 7.4) or tissue culture
medium containing Tween 80 (0.1%). The release profile of
Compound A was presented as percentage of released
cumulative amount vs. time. The results represent the
average of four independent experiments.

2.9 Invitro release study of Compound A from the
nanocomplex (Chol-A-GNRs) under cellular environment

In order to predict the effect of cells on the release pattern of
Compound A from the nanocomplex, the release study was
performed under cellular environment. A density of 2 x 10°
of MCF-7 cells were seeded into 6-well plates in 3.0 mL of
tissue culture medium (RPMI) for each well and kept
attaching for 48 h (in three replicates). Then, the freshly
prepared dilution of Chol-A-GNRs in the cell culture medium
without FBS to appropriate concentrations of the nano-
complex (20.0 pg mL " of gold) was immediately added to the
cells. Untreated cells were considered as control in each
experiment.

The concentration of Compound A (ug mL™") in the super-
natant of each treatment vs. control (untreated cells) at different
time intervals (60, 120 and 240 min) was estimated by
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measuring the optical absorbance of the supernatants at
297 nm after centrifuging the media for 8 min at 11 510 x g.
The amount of Compound A released into the tissue culture
medium under cellular environment was estimated against
a standard calibration curve of the compound.

2.10 Anti-proliferative activity against MCF-7 and human
dermal fibroblasts cell lines

2.10.1 Cell culture. MCF-7 breast cancer cells and human
dermal fibroblasts (American Type Culture Collection (ATCC),
USA) were maintained in RPMI 1640 medium and Iscove's
Modified Dulbecco's Medium (IMDM, Eurobio, France),
respectively and supplemented with 10% (v/v) FBS, 1% of
2.0 mM r-glutamine, 1.0% (v/v) of penicillin (100 U mL™')/
streptomycin (100 pg mL ") and 1.0 mL of Gentamycin (Euro-
clone, Europe) under 5% CO, and 99% relative humidity at
37 °C. After the cells became confluent, they were trypsinised
(trypsin, Euroclone, Europe), stained with trypan blue (0.04%)
(Gibco, USA) and counted by a hemocytometer.

2.10.2 Determination of half maximal inhibitory concen-
tration (IC5,) of Compound A against MCF-7 breast cancer cell
line. Compound A was dissolved in DMSO, a biocompatible
solvent commonly used for cytotoxicity assay of poorly soluble
compounds, and then diluted in tissue culture medium to
obtain the following concentrations: 7.8, 15.62, 31.25, 62.5, 125,
250, 500 pg mL™". The concentration of DMSO in all treatment
groups was not exceeded 1.5%. The experiment was done in
triplicate and the ICs, was estimated for Compound A using
GraphPad Prism, version 7.0.

2.10.3 Anti-proliferative activity of Chol-A-GNRs, free
Compound A and Chol-GNRs against MCF-7 breast cancer cells
and human dermal fibroblasts. Volumes of 100 pL of cell
suspension of 5 x 10° and 10 x 10> cell per well for breast
cancer cells (MCF-7) and human dermal fibroblasts, respec-
tively were seeded in 96-well plates and were incubated for 24 h.
After that, 100 pL per well of Chol-A-GNRs (0.156/0.2, 0.625/0.75,
2.5/3.125, 10.0/12.5, and 40.0/50.0 pg mL~' of Chol-GNRs/
Compound A), Chol-GNRs (0.156, 0.625, 2.5 and 10.0 pg
mL ") and the corresponding concentrations of Compound A
(0.2,0.75,3.125,12.5 pg mL~ ") were added to the plates in three
replicates. FBS was not added to the tissue culture media to
prevent aggregation of GNRs upon mixing with the media. The
plates were incubated for 72 h and the cellular cytotoxicity was
analyzed using the Sulforhodamine B (SRB) assay (Sigma-
Aldrich Chemicals, USA). Ice-cold 40% trichloroacetic acid
was used to fix the cells and they were incubated at 4 °C for 1 h.
Then, the plates were washed with cold water five times and left
at room temperature. SRB stain was added to the wells for
30 min, and then were washed with 1.0% acetic acid. After
drying at room temperature, Tris base (100 pL, 10.0 mM, pH
10.5) was added to each well and the plates were shaken for
15 min using a plate shaker, then the absorbance of each well
was recorded by ELISA plate reader at 570 nm. Cell viability was
calculated relative to the absorbance of the negative control,
which presented 100% cell viability. The experiment was done
in triplicate.

This journal is © The Royal Society of Chemistry 2019
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2.11 Quantification of the cellular uptake of Chol-GNRs and
PEG-GNRs into MCF-7 breast cancer cell line and human
dermal fibroblasts by ICP-OES

A density of 2 x 10° cells of MCF-7 were seeded into 25 cm®
flasks in 12.0 mL tissue culture media and kept attaching for 48
hours. Then, the freshly prepared dilutions of PEG-GNRs or
Chol-GNRs in tissue culture medium (20.0 pg mL™" of gold)
without FBS were added to the cells and incubated for 3 h. After
two washing steps with PBS, the cells were trypsinized and
collected after centrifugation for 30 min at 4 °C. The collected
pellets were digested with fresh aqua regia (HNO; and HCJ;
1:3) and kept in a water bath (60-70 °C) for 3 h, then, diluted
with Milli-Q water up to 4.0 mL, filtered by Teflon syringe filter
(0.22 um) and analyzed by ICP-OES (Optima 2000 DV, ICP-OES,
PerkinElmer, USA). Untreated cell were presented as control in
each experiment. The same previous cellular uptake experiment
of Chol-GNRs and PEG-GNRs was performed using human
dermal fibroblasts. The experiments were done in triplicate.

Gold was quantified at 242.795 nm and the concentration of
gold was estimated against a standard calibration curve of gold
standard for ICP (1000 ppm, Sigma-Aldrich Chemicals, USA)
(0.1-10.0 ppm). The measurements were performed in
triplicate.

2.12 Cell death analysis by flow cytometry

2.12.1 Apoptosis analysis. To explore the effect of Chol-A-
GNRs on the growth inhibition of MCF-7 cell line; cell death
was investigated by flow cytometry using annexin V/PI apoptosis
kit (Molecular Probes, USA).

MCEF-7 cells (4 x 10° cells) were seeded into 6-well plates,
then they were treated with Chol-A-GNRs (4.0 and 8.0 pg mL "
of gold). After 24 h, the cells were collected by trypsin EDTA
0.25%, washed with PBS, and the obtained pellets were stained
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with annexin V/PI dye according to the manufacturer's
instructions. Doxorubicin (1.0 uM, Doxil) was used as a positive
control. Cell death modality, either apoptosis or necrosis, was
analyzed by fluorescein activated sorter FACS Canto II, Becton
Dickinson (BD) Biosciences, USA.

2.12.2 Cell cycle analysis. The nuclear DNA contents of
MCE-7 cells pre-treated with Chol-A-GNRs (8.0 pg mL ™" of gold)
were analyzed by flow cytometry after 24 h of treatment. Around
0.5 x 10° of treated MCF-7 cells were stained with propidium
iodide (PI) (Thermo Fisher Scientific, USA) according to the
manufacturer's protocol. Cells were analyzed immediately using
fluorescein activated sorter FACS Canto II, Becton Dickinson
(BD) Biosciences, USA. To determine cell cycle phases; samples
were analyzed by FCX express software.

2.13 Statistical analysis

Statistical analysis was conducted by unpaired t-test by Graph-
Pad Prism version 7.0. Results are considered significant when p
< 0.05.

3. Results and discussion

3.1 Chemical synthesis and characterization of GNRs and
Chol-GNRs

In this study, GNRs were synthesized, characterized and
modified with a cholesterol moiety linked to a thiolated-PEG
moiety (Fig. 1A and C). Such gold-based nanocarrier was
employed as a template to conjugate a hydrophobic chemical
molecule, as a hydrophobic chemotherapeutic drug model
(Compound A) (Fig. 1B) into the hydrophobic pocket of
cholesterol-decorated gold nanocarrier.

The method used in this study to prepare GNRs was based on
utilizing a mixture of CTAB and oleic acid instead of CTAB alone
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to acquire GNRs with an aspect ratio (AR) of ~4. The prepared
GNRs has a low concentration of CTAB which has a well-
documented cytotoxicity.>*>** The concentration of CTAB that
bound to the surface of GNRs was further reduced by effective
surface modification with a cholesterol moiety that was linked
to a thiolated PEG. PEG has a pivotal role in enhancing the
colloidal stability of the nanoparticles upon cellular exposure
since it retards the non-specific adsorption of bio-
macromolecules by steric repulsion in addition to enhancing
the aqueous dispersibility of Chol-PEG-SH in water.** Besides,
the PEG moiety extends blood circulation time, and ultimately
increases specific tumor accumulation via the EPR effect.** On
the other hand, the presence of thiol in the molecule facilitated
the effective displacement of the surface bound CTAB by
cholesterol moiety via a strong covalent bond between thiol and
gold (S-Au).**

The synthesized GNRs using a mixture of CTAB and oleic
acid displayed a typical optical absorption profile with a small
transverse peak and an intense longitudinal peak at ~530 nm
and ~850 nm, respectively (Fig. 2A). After surface modification
of GNRs with PEG-SH or Chol-PEG-SH moiety, a small shift of
the longitudinal peak was observed, however, no significant
tailing or broadening of the plasmon peaks was reported,
indicating a good colloidal stability of the cholesterol-modified
GNRs (Fig. 2A). Furthermore, an extra optical absorption peak
was observed for GNRs functionalized with cholesterol moiety
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e GNRs

L e PEG-GNRs
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at ~250 nm, that is corresponding to the optical absorption
peak of Chol-PEG-SH dispersed in water (Fig. 2A). Moreover, the
hydrodynamic size of GNRs upon surface modification with
Chol-PEG-SH was increased to ~64 nm and the effective surface
charge was reduced to an almost neutral for both PEGylated and
cholesterol-modified GNRs which confirm the successful
replacement of the surface-bound CTAB with PEG or
cholesterol-PEG-SH moieties (Fig. 2C). The shape and size of the
synthesized GNRs and Chol-GNRs were further verified by TEM
imaging; Fig. 2D shows a representative TEM image of GNRs
having a rod-like shape nanoparticles of average length and
width of ~52.1 and ~12.5 nm, respectively and an average
corresponding aspect ratio (AR) of ~4. The shape and size of
GNRs upon conjugation with Chol-PEG-SH were verified by
TEM imaging which revealed a rod-like shape nanoparticles
having average length and width of ~54.1 nm and ~12.4 nm,
respectively, and an average corresponding aspect ratio (AR) of
~4 (Fig. 2E).

3.2 Conjugation of Compound A to the surface of Chol-
GNRs or PEG-GNRs and characterization of the
“nanocomplexes”; Chol-A-GNRs and PEG-A-GNRs

Hydrophobic drugs are the most commercially available drugs.
However, loading hydrophobic drugs to aqueous nano-systems
is considered as a real challenge. Conjugation of a hydrophobic

150 B ®* GNRs
® Chol-A-GNRs
e PEG-A-GNRs
100 e Free Compound A

Normalized Absorbance %
o
o

400

600 800 1000

Wavelength (nm)

Fig.2 Characterization of GNRs, Chol-GNRs, PEG-GNRs, Chol-A-GNRs and PEG-A-GNRs. (A) Optical absorption spectra of GNRs, Chol-GNRs,
PEG-GNRs and Chol-PEG-SH dispersed in water. An extra peak was observed in the optical spectrum of Chol-GNRs at ~250 nm which confirms
the successful surface modification. (B) Optical absorption spectra of GNRs, Compound A in PBS, Chol-A-GNRs and PEG-A-GNRs. An extra
absorption peak was observed at ~297 for Chol-A-GNRs which confirms the successful conjugation of Compound A to Chol-GNRs. (C)
Hydrodynamic sizes and effective surface charges of GNRs, Chol-GNRs, Chol-A-GNRs, PEG-GNRs and PEG-A-GNRs. The size of Chol-GNRs
was increased due to functionalization with Chol-PEG-SH, however, no significant change in the size and charge of Chol-A-GNRs upon
conjugation with Compound A. (D) TEM image of GNRs that confirms a rod-shape of the nanoparticles having average length and width of
~52.1 nm and ~12.5 nm, respectively, and an AR of ~4. (E) TEM image of Chol-GNRs that confirms the rod-shape of the nanoparticles having
average length and width of ~54 nm and ~12.5 nm, respectively, and an AR of ~4.
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molecule into the hydrophobic pocket of nano-system mediates
the proper release of the loaded compound through hydro-
phobic interactions of the compound with the hydrophobic
sites of the cellular membrane.*®

In the current study, the synthesized Chol-GNRs were used
as a nanocarrier of a small hydrophobic molecule; Compound
A, that was synthesized previously by our research group by the
structure-based drug design as a targeted agent for treatment of
cancers such as colon and breast cancers by inhibiting PI3Ka.
This study presents a facile and simple method for efficient
conjugation of Compound A into the hydrophobic pocket of
cholesterol-modified GNRs. Compound A has an intense optical
absorption peak at ~297 nm (Fig. 2B). Chol-GNRs conjugated to
Compound A demonstrated typical transverse and longitudinal
optical absorption peaks without significant broadening or
tailing of the peaks, in addition to another peak at ~297 nm
that is corresponding to the conjugated compound (Fig. 2B).

PEG-A-GNRs showed no characteristic optical absorption
peak at ~297 nm, suggesting its poor ability to conjugate the
hydrophobic drug (Fig. 2B).

The obtained nanocomplex (Chol-A-GNRs) was characterized
by their hydrodynamic size and effective surface charge.
Conjugation of Compound A to Chol-GNRs was resulted in
slight change in hydrodynamic size and similar surface charge
compared to that of Chol-GNRs (Fig. 2C). However, PEG-A-GNRs
demonstrated no significant change in the hydrodynamic
diameter upon conjugation with Compound A (Fig. 2C).

The amount of Compound A conjugated to Chol-GNRs was
estimated using a validated optical absorption spectroscopy
method against a standard calibration curve of known
concentrations of Compound A in PBS. We found that for
each 1.0 mL of Chol-GNRs (2.0 nM), ~202 pg + 4.2 pg of
Compound A was conjugated to the hydrophobic region of
Chol-GNRs and the drug loading percentage on Chol-GNRs was
around 41% relative to the initial amount of the drug.

On the other hand, ~60 ng + 9.2 ug of Compound A were
conjugated into PEG-GNRs, and the drug loading percentage
was around 12% relative to the initial amount of drug. These
results indicate the crucial role of cholesterol moiety in conju-
gating the hydrophobic drug into GNRs by hydrophobic inter-
actions between their similar hydrophobic core structures.

Furthermore, the successful surface modification of GNRs
with cholesterol moiety and Compound A was evaluated by
comparing the FTIR spectra of the free Compound A and Chol-
GNRs to that of the nanocomplex (Chol-A-GNRs). The detailed
description of FTIR spectrum of the Compound A was described
previously.* Briefly, FTIR spectrum of Compound A showed the
following characteristic bands: 3340 (-OH stretching),
3078 cm ' (-CH stretching), 2870-2816 cm ™' (-NH stretching),
1913 em ™' (C=C stretching), 1658 cm~ ' (-C=0 amide in ring
stretching), 1612 ecm ™' (-C=O external amide stretching),
1404 cm~' (-C-O stretching), 1234 ¢cm™' (-C-C stretching)
(Fig. 3). The nanocarrier alone (Chol-GNRs) demonstrated the
following characteristic bands: 3325 cm™' (-CH stretching),
2870 cm ™' (-NH stretching), 1714 em™' (-C=0 ester stretch-
ing), 1110 cm™ " (-C-O stretching) (Fig. 3). On the other hand,
the following characteristic bands of the nanocomplex (Chol-A-

This journal is © The Royal Society of Chemistry 2019
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GNRs) clearly confirm the successful decoration of GNRs with
both cholesterol moiety and Compound A: 3336 cm™ " (-OH
stretching), 2860-2920 cm ™" (-NH stretching), 1690 cm ™" (-C=
O ester stretching), 1650 cm™ "' (-C=0 amide in ring stretching),
1608 cm™ "' (-C=0O external amide stretching) and 1221 cm™"
(-C-O stretching) (Fig. 3). FTIR spectra of Compound A, Chol-
GNRs and Chol-A-GNRs revealed similarities in the absorption
peaks with slight shifts suggesting successful conjugation of
Compound A to the cholesterol moiety of GNRs by hydrophobic
interactions occurred between their structural backbones

(Fig. 3).

3.3 Glide docking and superposing of docked poses of
Compound A and cholesterol moiety

In order to understand the prospective interaction between
Compound A and the cholesterol moiety, we carried out a Glide
docking approach*=” against the active domain of
phosphoinositide-3-kinase o (PI3Ko) (PDB ID: 2RDO) (Fig. 4A
and B) and superposed the docked poses of cholesterol and
Compound A (Fig. 5A-C). The superposing tactic illustrates that
hydrophobic interaction drives the attachment of Compound A
to cholesterol. Fig. 5A-C show overlapping of hydrophobic
motifs of both compounds in different positions. The values of
root mean square distance of superposed atoms in both
compounds range from 2.803-2.820 A; these values infer that
overlaying of similar core structures might presides hydro-
phobic interaction, and the hydrophobic backbones of both
cholesterol and Compound A enhance their binding
interaction.

3.4 Invitro release of Compound A from the nanocomplex;
Chol-A-GNRs in PBS, tissue culture medium and under
cellular environment

The release pattern of Compound A that was conjugated to
Chol-GNRs nano-system was studied in both PBS (pH 4.7) and
the tissue culture medium (RPMI 1640). As shown in Fig. 6A, no
burst release of the drug was observed and less than 45% of the
drug was released over the first 6 h. However, the release was
much slow afterward and reached an almost complete release
after 72 h (Fig. 6A). On other hand, the release pattern of
Compound A in the tissue culture medium was similar to that in
PBS, however, it was slightly faster and reached ~100% after
48 h (Fig. 6A). The release behavior of the drug in both PBS and
the tissue culture medium reflects the strength of the hydro-
phobic interaction between Compound A and the Chol-GNRs
carrier.

Since the release of the compound in PBS or the medium
does not exactly resemble the real situation, the release of
Compound A was examined upon exposure to cells under
cellular environment. Generally, hydrophobic drugs are pref-
erentially up-taken into lipids and hydrophobic sites such as
cellular lipid membrane which maximize their cellular uptake.>

Thus, we further examined the compound release profile
when the nanocomplex was exposed to cancer cells under
cellular environment. The MCF-7 cells were incubated with
Chol-A-GNRs, and at predetermined time intervals from 30 min
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Fig. 3 Infra-red spectra of Compound A, Chol-GNRs and Chol-A-GNRs revealed similarities in the core structures' peaks with slight shifts

suggesting successful conjugation of Compound A to the cholesterol moiety of GNRs by hydrophobic interactions occurred between their

structural backbones.

to 240 min, the amount of the released Compound A was
recorded by measuring the optical absorbance at 297 nm of the
supernatant after centrifuging the medium. The release of the
compound was ~43% after 1 h of incubation and it was
reduced over time and reached ~20% after 4 h of incubation
under cellular environment (Fig. 6B). Clearly, the presence of
cells enhanced the compound release from the nanocomplex
and might accelerate the cellular uptake of the compound,
which may be due to the lipophilicity of the cell membrane.*
Similarly, Ren et al. have found that the release of paclitaxel

12724 | RSC Aadv., 2019, 9, 12718-12731

from GNRs stabilized with PEG linked to 11-mercaptounde-
canoic acid was accelerated in the presence of cancer cells
compared to drug release in PBS or serum due to the lip-
ophilicity of the cell membrane which enhances the uptake of
hydrophobic drugs.*

Obviously, the release of Compound A from the nano-
complex was slightly fast in tissue culture medium compared to
PBS, and the release was accelerated in the presence of cells
compared to PBS or tissue culture medium.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Glide docking and complex formation of Compound A/PI3Ka. (A) and cholesterol/PI3Ka (B).

3.5 Cellular uptake of Chol-GNRs and PEG-GNRs into MCF-7
breast cancer cells and human dermal fibroblasts

The cellular uptake of gold into the breast cancer cells was
quantified using a well validated ICP-OES method. Fig. 6C
shows an average of ~15% of the applied dose of GNRs were
penetrated into the cells compared to PEGylated nanorods
which demonstrated an average penetration of 5% after 3 h of
incubation with the cells. Besides the principal role of Chol-A-
GNRs in the effective delivery of the hydrophobic ligand into
cancer cells, the detected cellular uptake of GNRs may be
responsible for the possible synergistic cytotoxicity for the
Compound A and the nanocarrier (Chol-GNRs). Kim et al. have
designed gold-based nanoparticles having a hydrophobic
pocket and a hydrophilic shell containing a zwitterionic head

This journal is © The Royal Society of Chemistry 2019

group for delivery of three different hydrophobic ligands into
MCF-7 cells. They have reported that such a nano-system has
demonstrated an efficient cellular uptake of the drug into the
cells with a little uptake into the cancer cells.”

On the other hand, the cellular uptake of Chol-GNRs or PEG-
GNRs into the human dermal fibroblasts was less than 7%
compared to the uptake of Chol-GNRs into the breast cancer
cells (~15%).

3.6 Anti-proliferative activity of Compound A, Chol-GNRs
and nanocomplex (Chol-A-GNRs) against MCF-7 breast cancer
cell line and human dermal fibroblasts

The cytotoxicity of Compound A as free drug was investigated
against MCF-7 breast cancer cells and human dermal

RSC Adv., 2019, 9, 12718-12731 | 12725
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Fig. 5 Superposing of docked poses of cholesterol and Compound A
in 3D models. The best docked poses of Compound A and cholesterol
are extracted and overlaid to each other. The hydrophobic interaction
drives the attachment of Compound A to cholesterol moiety where
hydrophobic carbon backbone motifs match their peers in each
compound due to their similar hydrophobic core structures. Choles-
terol is depicted in pink (A), yellow (B) and white color (C). Compound
A carbon atoms are represented in green color, blue color for nitrogen
atoms (N), and red color for oxygen (O).

fibroblasts. MCF-7 is an estrogen receptor positive cell line. The
biological effects of estrogen are mediated through either the
alpha or the beta receptor. It has been demonstrated that PI3K
is necessary for the estrogen signaling, in addition, PI3K is one

View Article Online

Paper

metabolism and is responsible for generation of
phosphatidylinositol-3,4,5-trisphosphate (PIP3) via phosphory-
lation of D-3 position of the inositol ring of (PIP2). The activa-
tion of PI3K results in PIP3-mediated activation of serine-
threonine kinase Akt by phosphorylation. The Akt protein in
turn modulates the function of many substrates involved in the
regulation of cell functions including proliferation and cell
cycle progression.*® That is why MCF-7 cell line was selected to
investigate the cytotoxicity effect of the PI3K inhibitor
(Compound A) alone and upon conjugation with GNRs deco-
rated with cholesterol-PEG moiety (the nanocomplex).

The ICs, of Compound A (235.9 pug mL ™) was determined
over the concentration range of 0.97-500 ug mL ™' against MCF-
7 breast cancer cells (Fig. 7).

Fig. 8A shows the percentage of cellular viability of MCF-7
upon treatment with the nanocomplex (Chol-A-GNRs), free
Compound A and the nanocarrier (Chol-GNRs). Interest-
ingly, the nanocomplex revealed potent cytotoxicity over very
low range of concentrations (10.0/12.5, 2.5/3.125 and 0.625/
0.75 pg mL™" of Chol-GNRs/Compound A). For example, at
concentration of ~3.125 ug mL ™" of Compound A in Chol-A-
GNRs, the nanocomplex exhibited cellular viability of only
about 20% compared to around 70% for the nanocarrier
alone (~3.5 folds), and around 100% for the free compound
at the same concentration (5 folds). Interestingly, the effec-
tive concentrations of Compound A in the nanocomplex were
significantly less than the IC5, of Compound A alone against
MCF-7 breast cancer cells.
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Fig. 6 In vitro release profile of Compound A from the nanocomplex (Chol-A-GNRs) in PBS and in tissue culture medium (A). Release profile of

Compound A from the nanocomplex (Chol-A-GNRs) under cellular environment (B). Percentages of cellular uptake of Chol-GNRs and PEG-
GNRs into MCF-7 breast cancer cells and human dermal fibroblasts (C). Data are presented as mean + SD, n = 3. Unpaired t-test was used to

assess the differences; * represent p < 0.05.
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Fig. 7 Estimation of IC 5o of free Compound A over the concen-
tration range of 0.97-500 pg mL~t against MCF-7 breast cancer cells
(results present the average and standard deviation of three
determinations).

The cellular viability of the nanocarrier (Chol-GNRs) against
MCF-7 cells was around 40% at the highest concentration used,
which may be due to the detected cellular uptake of Chol-GNRs
(~15%) into MCF-7 cells in particular at high concentration.

Its worth's to note that the nanocomplex at high
concentration (40.0/50 ug mL ™" of Chol-GNRs/Compound A)
demonstrated no significant antiproliferative activity (data
not shown). This could be attributed to the poor colloidal
stability of the nanocomplex upon mixing with the tissue
culture medium at high concentration compared to low
concentrations (as indicated by the obvious aggregation of
the nanocomplex in the medium). Nanoparticles in solution
generally have a high tendency to increase in size due to
rapid collision of particles, van der Waals bonding and
water bridging.?”

Interestingly, no appreciable cytotoxicity was observed for
the free compound, free nanocarrier nor the nanocomplex
against normal human dermal fibroblasts over the same
concentration range used against the cancer cells (Fig. 8B). As
shown in Fig. 6C, the cellular uptake of the nanocarrier (Chol-
GNRs) into the human dermal fibroblasts (healthy cells) was
significantly less than that observed for the cancerous cells (7%
vs. 15%) which might explain their observed safety profile upon
application to the normal cells.

Cancer cells in general have fundamental differences in the
composition, amount and arrangement of phospholipids and
cholesterol in the cell membrane compared to the normal
cells.*® Cholesterol (cholest-5-en-3-ol) is a rigid planar molecule
with a steroid skeleton of four fused rings, three six-membered
and one five-membered, and is one of the most important
structural components of the cell membrane.* Furthermore,
the presence of cholesterol in the cell membrane is abundant,
and it plays a key role in the membrane integrity and fluidity,*
however, it has been reported that malignant cells have elevated
levels of cholesterol precursors.** Breast and prostate cancer cell
lines have elevated amount of lipid rafts and they are more

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

sensitive to cell death caused by cholesterol depletion compared
to the healthy cells.*?

We suppose that the nanocarrier (Chol-GNRs) which
composed of a cholesterol moiety may enhanced the adsorption
of the nanocomplex into the lipid cell membrane of the breast
cancer cells compared to normal cells, and subsequently
enhanced the uptake of the loaded hydrophobic ligand.
Besides, the observed cellular uptake of the nanocarriers
themselves may also contribute to the detected massive uptake
of Compound A into the cells. This also could explain the little
toxicity of the nanocomplex against human dermal fibroblasts
and their preferential cellular uptake into the cancer cells.
Moreover, Compound A was designated as PI3Ka inhibitory
agent for a targeted therapy of cancers that demonstrated an
elevated activation of PI3Ko. Breast cancer was found to be
highly associated with a pathologic activation of PI3Ka pathway
compared to healthy cells.”

Employment of cholesterol and lipids for drug delivery was
demonstrated in the literature. Among various lipid-based
formulations, liposomes have demonstrated efficiency in
several biomedical applications.** Furthermore, lipid conju-
gated to a polymer possess several characteristics that make
them highly suitable for drug delivery for diverse of hydro-
phobic anti-cancer drugs.** Moreover, cholesterol-coupled to
poly(p,L-lactide)-micelles were used for efficient delivery of
curcumin into melanoma and breast cancer cell.*

3.7 Analysis of cell death modality of MCF-7 cells upon
treatment with Chol-A-GNRs by flow cytometry

3.7.1 Apoptosis analysis. To determine cell death modality,
MCF-7 cells pre-treated with nanocomplex (Chol-A-GNRs) were
examined after 24 h of treatment using flow cytometry.

The results indicate that the nanocomplex (Chol-A-GNRs)
significantly reduced the cell viability of MCF-7 cells
compared to the control untreated cells. Interestingly, both 4.0
and 8.0 pg mL " of the nanocomplex showed similar decrease
in the percentage of viable cells; ~31.47% and ~32.14%,
respectively, compared to the control untreated cells; ~58.72%
(P < 0.05) (Fig. 9A-D). On the other hand, 8.0 pg mL ™" of the
treatment was able to increase the percentage of necrotic pop-
ulation statistically by 3.35 folds compared to the untreated
cells (~58.77% vs. ~17.5% respectively, P < 0.05), while 4.0 pg
mL ™" of the treatment showed only 1.5 folds change compared
to the untreated cells (~25.94% vs. ~17.5%, respectively)
(Fig. 9A-D).

On the contrary, the percentage of late apoptotic population
was high in the cells treated with 4.0 pg mL~" of the nano-
complex, as the percentage was increased by 13 folds compared
to the control (~34.15% vs. ~2.56%, respectively, P < 0.05). On
the other hand, the nanocomplex of 8.0 ug mL ™" showed only
3.37 folds change compared to the untreated cells (~8.630% vs.
average of ~2.56%, respectively) (Fig. 9A-D).

Quite the opposite of late stages; early apoptotic population
was larger in the control untreated cells (average of ~19.18%)
compared to the cells treated with the nanocomplex. The cells
treated with 4.0 or 8.0 ug mL " of the nanocomplex showed low

RSC Adv., 2019, 9, 12718-12731 | 12727
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Fig. 8 Anti-proliferative activity of the nanocomplex (Chol-A-GNRs), free Compound A, and the nanocarrier (Chol-GNRs) against MCF-7 breast
cancer cells (A) and human dermal fibroblasts (B). The nanocomplex demonstrates potent anti-proliferative activity against MCF-7 cells over low
range of concentrations compared to human dermal fibroblasts. Data are given as mean + SD, n = 3. Unpaired t-test was used to assess the

differences; * represent p < 0.05, ** represents p < 0.01.

percentages of early apoptotic cells (average of ~8% and
~0.455%, respectively) (Fig. 9A-D). This is clearly explained by
the rapid effect of the nanocomplex on cell death, as cells went
through early apoptotic stage toward late apoptotic/necrotic
stage rapidly and proportionally to the increase of the nano-
complex concentration.

Consequently, we concluded that the nanocomplex has
direct impact on cell death modality and this effect is
a concentration dependent.

3.7.2 Cell cycle analysis. Regarding the cell death
modality results; 8.0 pg mL ™" of the nanocomplex showed
the highest percentage of cell death. Therefore, flow cyto-
metric analysis was conducted to investigate whether the
treatment could induce perturbations in the cell cycle of
MCF-7 cells.

12728 | RSC Adv., 2019, 9, 12718-12731

Cell cycle parameters of cells treated with 8.0 ug mL™" of
the nanocomplex were compared to the control (untreated
cells). As shown in Fig. 10, our results interestingly show
a significant difference in the proportion of cells in G0/G1, S
and G2/M phases when cells were treated with 8.0 pg mL™" of
the nanocomplex compared to the untreated cells (P < 0.05). As
cells treated with the aforementioned treatment showed 100%
arrest at GO/G1 phases and were unable to go through other
cell cycle phases (S and G2/M phases) (Fig. 10A). While
untreated cells did not show any perturbations in the cell cycle
phases (Fig. 10B). Thus, this arrest might be resulted in the
activation of different pathways that lead to the programmed
cell death.**®

As a result, we indicate that the nanocomplex is considered
as a strong inhibitor for cell cycle progression.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Flow cytometric analysis of cell cycle parameters. MCF-7 cells were incubated for 24 h; in the presence of 8.0 ug mL™* of the nano-
complex (A) and without additive of treatment (untreated) (B). Cells were stained with propidium iodide for analysis by flow cytometry. The cells
treated with the nanocomplex showed 100% arrest at GO/G1 phases. A statistical difference was observed between MCF-7 cells treated with the
nanocomplex and their control untreated cells (P < 0.05). Data are given as means, n = 3, and unpaired t-test was used to assess the difference.

4. Conclusions efficient drug delivery. In this study, a facile and simple GNRs

decorated with cholesterol moiety was utilized as a promising
Effective delivery of hydrophobic chemotherapeutic agents is nanocarrier to conjugate a small hydrophobic ligand, having
considered as a real challenge in cancer therapy. Gold-based a PI3Ka inhibitory activity, into the hydrophobic pocket of the
nanocarriers have a distinguished role in competent and nanocarrier. The acquired nanocomplex possess an accelerated

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 12718-12731 | 12729
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release of the ligand under cellular environment and exhibited
potent anti-proliferative activity over low range of concentra-
tions. Furthermore, the nanocomplex demonstrated a potent
inhibition of the cell cycle and hastened the cellular apoptotic/
necrotic events. Further investigations are needed to under-
stand the specific pathways responsible for such observed
potent cytotoxic features of the nanocomplex.
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