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ABSTRACT

Among many different types of fabricated nanoparticles, magnetic
iron oxide nanoparticles (MNPs) have unique physical and chem-
ical properties and have been widely used due to theirs enhanced
permeability and retention effect for biomedical applications. The
incorporated theranostic MNPs into biopolymer coatings are cur-
rently particular interest to investigators in the fields of nanobio-
medicine because of efficiently delivering of various drugs, genes
and providing imaging properties. Hepatocellular carcinoma (HCC)
is the most prevalent reason of cancer-related deaths, makes it
one of the worst malignant tumors in the world. Because, there is
a lack of effective treatment methods for HCC, aforementioned
magnetic carrier technology with recent innovations could be a
promising tool in HCC diagnosis and treatment. Therefore, this
study proposes a novel fatty-acid-based polymeric magnetic
nanoprobe for diagnosis of hepatocellular tumors using polyethyl-
ene glycol (PEG)-terminated polystyrene (PS)-linoleic copolymer
coated magnetic iron oxide nanoparticles. MNPs were synthesized
by a co-precipitation method and were subsequently coated with
a copolymer containing PEG group as termini. Fifty-nanometer-
sized MNPs were incorporated into the core of PLinaS-g-PEG
nanoparticles. The morphology and size distribution of the bare
and magnetic PLinaS-g-PEG were determined by transmission
electron microscopy (TEM), and dynamic light scattering (DLS),
respectively. MTT and flow cytometry assays showed that PLinaS-
g-PEG MNPs demonstrated ultrasentive apoptotic behavior
against cancerous cell line, i.e. HepG2 in the culture plate when
the fatty acid-containing polymer coated MNPs showed no
adverse effect on L929 cell growth. The localization, and accumu-
lation in hepatocytes of PLinaS-g-PEG MNPs without specific tar-
geting ligand was confirmed by fluorescence and confocal
microscopy. Therefore, PLinaS-g-PEG MNPs may be potentially
used as a unique candidate for diagnosis of hepatocellu-
lar carcinomas.
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Introduction

Hepatocellular carcinoma (HCC), known as hepatoma, is the most common primary
liver cancer form diagnosed with late stage, and besides, the second most leading
cause of cancer deaths worldwide [1]. As well as nonsurgical treatment methods of
HCC such as chemoembolization, radiation, and ablation, surgical treatments is lim-
ited because the greater part of HCC cases are detected at an advanced stage [2]. In
addition to the surgical- and nonsurgical options, a range of chemotherapeutic agents
such as doxorubicin, mitomycin, cisplatin, epirubicin and sorafenib that is only avail-
able first-line systemic drug, have also been used for HCC treatment. Further, they
have shown low clinical efficacy due to their nonspecific accumulation which lead to
severe systemic side-effects and inadequate distribution in the body which causes
insufficient dosage at the tumor site [3]. Therefore, there is a lack of efficient treat-
ment of HCC. Nanomedicine could represent a promising solution for the prevention
and treatment of HCC with several unique opportunities such as creating diagnostic
and therapeutic functionalities via surface modification using specific HCC molecule
targeting ligands and drugs [4].

Recently, superparamagnetic iron oxide nanocrystals (SPIONs) are getting
increased attention due to their impressive activity in biomedical fields including tar-
geted drug delivery, diagnosis via magnetic resonance imaging, tissue engineering,
bioseparation, and nanoparticle-mediated hyperthermia in cancer therapy [5,6].
Surface functionality is the most critical parameter for the successful development of
well-interacted SPIONs with biological systems. Modification of SPION surface with
bioactive molecules directly improve the biological activities such as cellular uptake,
bio-distribution, blood circulation, and metabolism of nanoparticles [7-10]. These
surface coatings can increase the targeting specificity of nanoparticles [11], provide
specifically illumination at the targeted tissue when is used as a contrast agents [12],
and do not allow unwanted interaction with healthy tissue [13]. Therefore, SPIONs
are typically surface-modified or coated with biocompatible polymers such as dextran,
poly-ethylene glycol (PEG), alginate, and pullulan [14-16].

Ideally, a SPIONs formulation should prevent the rapid clearance from the blood
by the reticular endothelial system (RES), and the physical properties or magnetiza-
tion property of the core material should not affect the drug loading ability of formu-
lation and the formulation is capable to conjugate with a ligand or antibody.
Furthermore, the above-mentioned coating materials should improve the cellular bio-
compatibility and increase half-life in the bloodstream by minimizing the protein
absorption on the SPIONs surface besides providing a colloidal stability in physio-
logical media [17,18]. Especially, PEG is frequently used as a coating agent because of
its hydrophilicity, nontoxicity and absence of antigenicity and immunogenicity [19].
The molecule prevents phagocytic capture of SPIONs by cellular members of the
immune system and tends to circulate for longer times when administered intraven-
ously. Furthermore, due to PEG’s enhanced permeability and retention (EPR) effect,
PEG-coated-SPIONs can penetrate preferentially into tumor tissue due to a leaky
tumor vasculature and poor lymphatic drainage, and retained there [20]. Currently,
RES-targeted iron oxide-based contrast agents are used to prevent the accumulation
of nanoparticles. For example, Khandar et al. found that colloidal stability of SPION
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after PEG-modification enhanced with the increasing PEG’s molecular weight. In
addition to the stability effect of PEG, the blood circulation evaluations in mice dem-
onstrated that the t1/2 of SPIO tracers varied with both PEG’s molecular weight and
loading [21]. Therefore, PEG-modification of SPIONs’ surface comes with a number
of privileges.

Most recently, besides the RES-mediated contrast agents, different methods such as
hepatocyte selective agents for HCC treatment have been investigated. Hepatocyte-
selective contrast agents could be promising tool in the evaluation of hepatic function
with a high specific hepatic affinity. It is well known that essential polyunsaturated
fatty acids (PUFAs) accumulate in hepatocytes and have a primary role in cholesterol
and triglyceride synthesis, and linoleic acid (LA) is also one of the most common
PUFAs [22,23]. There are a lot of studies related to hepatocyte affinity of PUFAs.
For instance, Yotsumoto et al. showed that one of the conjugated linoleic acid
(CLA)-isomer suppressed cellular cholesterol and triglyceride synthesis in HepG2 cells
[24]. Pandey and colleagues also reported that LA-enriched phospholipids stimulate
hepatic apolipoprotein A-I secretion in HepG2 cells and human primary hepatocytes
[25]. These findings mean that LA could improve specific affinity of nanocarriers
against hepatocytes and also these carriers owing to hydrophobic carbon chain can be
easily combined with a hydrophilic polymer as a diagnostic tool.

Herein, we developed a magnetic iron oxide nanoparticle (MNP) formulation con-
tains an iron-oxide core and PLinaS-g-PEG-coating layer as a hepatocyte-targeting
contrast agent. It was hypothesized that PLinaS-g-PEG-coating of MNPs due to LAs
component would enhance the accumulation of nanoparticles in the liver through
lipid metabolism as a hepatocyte-targeting contrast probe, and this provides a tar-
geted detection ability of hepatocellular carcinomas. Another novelty of the study is
that we examined the effect of synthesized nanoparticles on the growth of hepatocel-
lular carcinoma cells and respective normal connective tissue cells i.e. L929 though
many studies did not consider the effect of fatty acid e.g. linoleic acid on normal
cells. Moreover, PEG-content of these MNPs would prevent their rapid clearance by
the RES besides enhancing their water dispersity and steric stability. Further, the con-
jugation of antibody or targeting ligands to the structure can easily be realized due to
the functionalized groups on PEG-termini in future studies.

Materials and methods
Materials

Phosphate-buffered saline (1x PBS), Octadeca-9,12-dienoic acid (linoleic acid), Live/
Dead Cell Double Staining kit, iron (III) chloride, iron (II) chloride, MTT (3-[4,5-
dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium bromide) reagent and paraformaldehyde
were purchased from Sigma-Aldrich (St Louis, MO, USA). Dulbecco’s modified
Eagle’s medium (DMEM), penicillin-streptomycin solution, fetal bovine serum (FBS),
and TACS Annexin V-Fluorescein Apoptosis Detection Kit were supplied from
Biological Industries (Israel), and R&D Systems, Inc., (MN, USA), respectively.
Cholesterol assay kit was purchased from Abcam. All other chemicals were used dir-
ectly without further purification.
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Methods

Cell culture

HepG2 (ATCC HB-8065) and 1929 (ATCC CCL-1) cell lines were purchased from
American Type Culture Collection. L929 was also cultured in cell growth medium
(RPMI) while HepG2 cells were cultured in low glucose DMEM medium supple-
mented with 10% (v/v) FBS, 1% penicillin and 1% streptomycin. The cells were rou-
tinely passaged once a week under standard cell culture conditions and maintained
at 37°C.

Synthesis of PLinaS-g-PEG graft copolymer

Autoxidation process of soya oil was carried out according to previously established
protocol [26]. Initially, 12.7g of linoleic acid was spread out in a Petri dish
(U=14cm, oil thickness: 0.8 mm), and then subjected to daylight at room tempera-
ture for ca. 4 weeks. A yellow viscous polymeric linoleic acid (PLina) was obtained,
and the soluble part of the PLina was extracted using chloroform.

PS-g-PLina graft copolymer was synthesized by free radical polymerization of styr-
ene. For this purpose, argon gas flowed into flask, which contains 0.5g of PLina, and
8.0g of styrene, at 95°C for 5h. After stopping reaction, the obtained polymer was
dissolved in chloroform, and precipitated in methanol and then, the graft copolymer
was filtered, and dried under vacuum at 40°C for 24h following drying at room
temperature.

For the synthesis of PLinaS-g-PEG, as long as 1.05g of PLina and 3.04g of
PEG1000NH, were dissolved in a 10 mL-volumetric flask using toluene, the argon gas
passed through the flask at 95°C for 5h. The solvent was quickly evaporated at the end
of process. After precipitation step with methanol, the gained polymer was dried at
room temperature overnight. For further purification studies, the crude polymer was
soaked into distilled water to remove unreacted PEG-molecules. The pure PLinaS-g-
PEG graft copolymer was filtered, and dried under vacuum at 40 °C for 24 h.

The synthesized pure polymer was characterized by attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Perkin-Elmer
SpectrumOne, Nicolet 520, USA) with a spectral range of 500-4000cm ' and 'H-
nuclear magnetic resonance (H-NMR, Bruker DPX-4,00,400-MHz High-Performance
Digital FT-NMR Spectrometer, Karlsruhe, Germany).

Synthesis of MNPs

MNPs were synthesized according to protocol reported in our previous work [27].
Fifty nanometer MNPs were synthesized by co-precipitation method. Initially,
FeCl,-4H,O and FeCl;-6H,0O were dissolved in water in 1:2 molar ratio and then, an
aqueous NHj solution (4 M) was then added dropwise to the above solution under
nitrogen protection and under constant magnetic stirring at room temperature. After
stirring continuously for 1h, the brownish yellow solution was separated by centrifu-
gation at 9000 r/min for 30 min at room temperature, and washing of the particles
was repeated several times with water to remove of any residual salts, which was used
during the co-precipitation. The final product was then dried in a vacuum oven for
several hours.
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Table 1. The compound of PLinaS-g-PEG NPS created at different MNPs ratios.
Component (Polymer/MNPs

Sample ratio, w/w%)
MNPs 0:100
PLinaS-g-PEG NPs 100:0
5PLinaS-g-PEG-MNPs 66:34
7PLinaS-g-PEG-MNPs 53:47
10PLinaS-g-PEG-MNPs 50:50

Preparation of bare PLinaS-g-PEG NPs

PLinaS-g-PEG NPs were prepared for the study using single-emulsion solvent evapor-
ation technique as follows: A solution of PLinaS-g-PEG in dichloromethane (1 mg/
mL, w/v) was prepared and the solution was then emulsified in 50 mL of 6% w/v
Tween-80 solution by sonication over an ice bath using a probe sonicator (T 125
Digital Ultra Turrax Homogenizer; IKA, Germany). The sonication was continued for
2h to evaporate of organic solvent. After that, the particles were collected by centrifu-
gation (Centrifuge 5810R; Eppendorf, Germany) at 12,000r/min for 30min, the
supernatant decanted off and then, washed with deionized water for three times.
Finally, the obtained NPs were freeze-dried and used for further experiments.

Preparation of PLinaS-g-PEG coated MNPs

PLinaS-g-PEG coated MNPs were also prepared by the same procedure. Briefly, as
the compound of samples shown in Table 1; 5, 7 and 10 mg of the synthesized MNPs
and 10 mg of PLinaS-g-PEG were suspended in 1 ml ethanol and 9 ml dichlorometane
(Sigma), respectively. Both solutions were collected in a single tube. The initial
organic phase was added dropwise to 50 ml of 1.5% (w/v) Tween-80 using a sonicator
probe at 90% amplitude, and allowed to mechanically stir for 2h. PLinaS-g-PEG
MNPs were isolated by centrifugation at 12,000 rpm for 20 min and washed thrice
with dH,O.

Characterization of bare and magnetic PLinaS-g-PEG-NPs

Nanoparticle morphology was characterized by transmission electron microscopy
(TEM) (Hitachi HT7800) with accelerating voltage of 80 kV. The aggregation and pol-
ydispersity of particles were characterized using dynamic light scattering (DLS) using
Malvern Instruments, Model 3000 HSA, England. The infrared spectra were recorded
in the range 4000-500cm ™' on a Fourier transform infrared spectrometer (FTIR,
Perkin Elmer SpectrumOne, Nicolet 520, USA).

Electron spin resonance spectrometer (ESR) measurements to verify the superpara-
magnetic behavior of the nanoparticles were recorded with a Bruker ELEXSYS E580
spectrometer operating at frequency 9.2 GHz. The measurements were carried out at
room temperature.

In vitro magnetic resonance imaging

The uncoated and coated MNPs samples were scanned under a 3T Siemens
Magnetom Tim Trio MRI scanner, 32-channel head coil. T1-weighted and T2-
weighted images were obtained using the following parameters, respectively: TI =
[24, 100, 200, 400, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1250, 1500, 1900] ms,
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TR = 2000ms, TE = 11ms, slice thickness = 4mm, field-of-view (FOV) =
160 x 160 mm, resolution = 1.25 x 1.25mm. For T2 values, TE = [10, 15, 20, 25, 30,
40, 50, 60, 80, 100, 125, 150, 200 250, 300, 400, 500, 600, 800, 1000] ms, TR =
3000 ms, slice thickness = 4 mm, FOV = 160 x 160 mm, resolution = 1.25 x 1.25 mm.
To calculate rl1 and r2 relaxivities in an aqueous solution, MNPs were suspended in
tubes with water using 0.05-0.8 mM concentration range. r2 maps (r2=1/T2) were
calculated using an in-house script developed in Matlab (Mathworks, Natik,
MA, USA).

In vitro cytotoxicity assay

MTT cell viability assay was realized to determine the toxicity of uncoated and coated
MNPs. Initially, the cells were seeded in 96-well plate at a density of 9 x 10° cells/well
and incubated overnight before the nanoparticles were applied. Twenty-four hours
later, the old medium was removed and replaced with fresh medium containing
PLinaS-g-PEG NPs or PLinaS-g-PEG MNPs in a range of concentrations at 25, 50,
100 and 200 pug/ml (Bare PLinaS-g-PEGNPs, 5PLinaS-g-PEG MNPs, 7PLinaS-g-PEG
MNPs, 10PLinaS-g-PEG MNPs), while culture media alone without nanoparticles
accepted as a control. After 24 h incubation, the medium was aspirated and the cells
were washed three times with PBS (pH 7.0). Then, 200 uL. of the reaction solution
(MTT reagent) were added to each well and the plate was incubated at 37°C, 5%
CO, for 4h. After the end of incubation, the medium was replaced with isopropanol/
HCl mixture and the optical density at 570 nm was measured using a microplate
reader (Biochrom Asys Expert Plus. Microplate Reader, Holliston, MA). Absorbance
value of the control group was equated to 100% and the rest of the values were nor-
malized to the control group.

To support the obtained MTT assay data, a double staining assay was performed.
HepG2 and L1929 (5 x 10° cells/well) cells were grown in a 24 well plate overnight
and incubated with 25 ug/mL extraction medium of PLinaS-g-PEG nanoparticles.
After 3h of incubation in CO, incubator at 37°C, the cells were washed with PBS
(pH 7.4), stained with Calcein-AM and ethidium homodimer-1 (EthD-1) following
kit manufacturer’s instructions. Briefly, cells were stained with 100 ul of Calcein-AM/
ethidium homodimer-1 (EthD-1) cocktail for 5min at room temperature, the cells
were then observed by imaging using fluorescence microscope (Leica, Germany)
including Texas Red and fluorescein (FITC) filters.

Prussian blue staining for iron detection

Imaging of PLinaS-g-PEG MNPs-labeled cells was performed by Prussian blue stain-
ing. Initially, the cells were incubated with a nanoparticle solution at a concentration
of 25 ug/mL for 3h, and then the cells were washed with PBS to remove nanoparticle
residues. Following several washes, the cells were fixed with 4% paraformaldehyde in
PBS for 10min. For staining procedure, they were incubated with Prussian blue
(10 wt%) and mixture of Prussian blue and 20% HCI solution in ratio of 1:1 for 5
and 30 min, respectively. After washing with PBS, they were counterstained using
neutral red solution (0.05%) for 5min. The stained cells were observed under an
inverted optical microscope at 20x magnification.
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Flow cytometry analysis

Evaluation of nanoparticle uptake was carried out using a fluorescence-activated cell
sorting analysis and data were analyzed using BD FACSDiva software. Initially, HepG2
and 1929 cells (1 x 10° cells/mL) treated with a dose (25 ug/mL) of NPs for 24h in
CO, incubator at 37°C, and the apoptotic assay was performed according to the manu-
facturer’s instructions. Briefly, the cells were trypsinized and centrifuged at 3500 rpm
for 5min. Then, the cells were washed several times with PBS. Finally, the cell pellets
were resuspended in 400 uL binding buffer and stained with 100 uL of incubation
reagent which include 1uL annexin V-FITC, 10uL of PI, and buffer solution for
15min in the dark, and fluorescence signals were measured via flow cytometry.

Characterization of cellular uptake of nanoparticles by confocal microscopy
Confocal microscopy was performed on a LSM 800 confocal laser-scanning micro-
scope (Jena, Germany). HepG2 and 1929 cells were seeded on lean cover-slips placed
in a 24 well-plate at 1 x 10> cells per cover-slip with 200 uL of medium per chamber.
The cells were allowed to grow overnight, and then the medium was replaced with
extraction medium (25 ug/mL) as mentioned in the section of in vitro cytotoxicity
assay. The cells were incubated with extraction medium of NPs for 3h, and then the
medium was removed, and the cells were washed three times with phosphate buffer
solution (PBS, pH = 7.4). For the confocal studies, the cells were fixed at 4°C for
10min using paraformaldehyde solution (4 w/v % in PBS), and the images
were obtained.

Cholesterol and triglyceride analysis

Qualitative estimation of membrane cholesterol in HepG2 and L1929 cells was per-
formed by cholesterol assay Kit (Abcam, ab133116). Previously, the cells were grown
in a 24 well plate at 3 x 10* cells/well, and incubated overnight. The cells were
exposed to the nanoparticle extraction medium (25 ug/mL) for 3h and subsequently,
the medium was removed from the wells, and the cells were fixed with Cell-Based
Assay Fixative Solution for 10 min. Thereafter, the cells were washed three times with
buffer, and stained with filipin III solution in the dark for 1h, and the images were
collected by fluorescent microscopy using an excitation of 340-380 nm and emission
of 385-470 nm.

Statistical analysis

Data were presented as means + SD. Statistical evaluations between groups were con-
ducted by one way ANOVA and Student’s t-test. Statistically significant value was set
at p <0.05.

Results and discussions
Characterization of PLinaS-g-PEG copolymer

The graft copolymers containing primary amine terminal were synthesized via three
steps. First, linoleic acid was autoxidized under daylight in order to obtain a macro
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peroxide initiator (PLina). Styrene that includes free carbocyclic acid groups was
polymerized by free radical polymerization technique via PLina. Then, PEG was
reacted with the carbocyclic acid groups of polystyrene (PS)-g-PLina graft copolymer
to produce PS-g-PLina-g-PEG rod-coil tadpole amphiphilic graft copolymer [26].
Characterization of PLinaS-g-PEG graft copolymer was performed by using FTIR,
and '"H NMR techniques. Their "H NMR spectra are presented in Figure 1. The sig-
nals between 6.2 and 7.6 ppm assigned to phenyl group of PS. The broad peak at
3.6 ppm was attributed to the -CH-O- groups of PLina and PEG terminal end.

According to the FTIR spectra in Figure 2, the sharp peak at 1709 and 1597 cm™
was attributed to C=O stretching and phenyl group of PLina and polystyrene,
respectively. After PEGylation, the peak that appeared at 1100 cm ™' was from ether
band of PEG terminal end, which confirmed successful PEGylation of (PS)-g-PLina
graft copolymer.

In the next step, PLinaS-g-PEG NPs having magnetic and non-magnetic properties
were synthesized by emulsion/solvent evaporation method. TEM images of PLinaS-g-
PEG-NPs obtained at a Tween-80 concentration of 0.6% wt/vol, polymer concentra-
tion of 0.1% wt/vol, and sonication amplitude of 90%, are shown in Figure 3A., and
the observed bare PLinaS-g-PEG-NPs have a solid spherical morphology with an
average size 202 nm.

PLinaS-g-PEG-coated MNPs were obtained with the aforementioned nanoparticle
preparation technique after superparamagnetic iron oxide nanoparticles were synthe-
sized by coprecipitation method as previously established protocol [27]. The surface
morphologies and sizes of PLinaS-g-PEG-MNPs containing different ratio of MNPs

1



JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION . 9

0. PlinaS-g-PEG
%
®
70
%7 PLinaS
g 50
g “1 PLina .
kL
2 2 )
10
o
-10
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (em-1)

Figure 2. FTIR spectra of PLinaS-g-PEG copolymer.

[ o |

Figure 3. TEM images of PLinaS-g-PEG-NPs (A) and 5PLinaS-g-PEG-MNPs (B), 7PLinaS-g-PEG-MNPs
(C), 10PLinaS-g-PEG-MNPs (D). Scale bars, 100 and 200 nm.

were observed by TEM. From the image, magnetic nanoparticles are spherical with a
mean size around 168, 162, and 181 nm for 5PLinaS-g-PEG-MNPs, 7PLinaS-g-PEG-
MNPs, and 10PLinaS-g-PEG-MNPs, respectively.

The particle size distribution of PLinaS-g-PEG NPs and PLinaS-g-PEG-MNPs was
characterized by DLS. The effect of the concentration variation of MNPs on the size,
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Table 2. Physicohemical properties of PLinaS-g-PEG-NPS. The mean+SD for three replicates is
illustrated.

Size Polydispersity Zeta
Sample (nm) Index (PDI) Potential (mV)
MNPs 52+23 0.05+0.002 1.32+0.09
PLinaS-g-PEG NPs 148+7.8 0.14+0.05 476+0.2
5PLinaS-g-PEG-MNPs 170+8.5 0.29+0.04 0.35+0.07
7PLinaS-g-PEG-MNPs 185+ 10.2 0.34+0.07 0.45+0.05
10PLinaS-g-PEG-MNPs 202+11.4 0.35+0.09 0.69+0.07

polydispersity index and zeta potential of PLinaS-g-PEG nanoparticles was investi-
gated. The DLS data obtained by varying MNPs concentrations was shown in
Table 2. According to the DLS results, we found that the hydrodynamic diameters of
PLinaS-g-PEG-MNPs are larger than from naked NPs (148 +7.8, 170+ 8.5, 185+ 10.2,
and 202+ 11.4nm for PLinaS-g-PEG-MNPs, 5PLinaS-g-PEG-MNPs, 7PLinaS-g-PEG-
MNPs, and 10PLinaS-g-PEG-MNPs, respectively), and the size of nanoparticles
became bigger by increasing the MNPs concentration. Varshosaz et al. prepared
MNPs coated with oleic acid (OA), and encapsulated within the micelles. The particle
size of theirs grew after entrapping of MNPs into copolymeric micelles [28]. Further;
it was found that measurements by DLS are slightly smaller when compared to TEM,
the obtained size difference can be attributed to the local measurement capability of
TEM analysis, i.e. the analysis could not catch the smaller particles. Furthermore, it
was confirmed by study that the measurements obtained by DLS presented more
accurate results when compared to TEM [29].

Furthermore, as shown in Table 2, the zeta potential of all NPs formulations was
positive. The observed surface charge is the most important parameter for imaging,
gene transfer, and drug delivery because nanoparticles having a net positive charge
can easily penetrate into negatively charged plasma membrane of the target cells com-
pared negatively charged ones due to their stronger coulombic interactions [30,31].
Due to the fact that PLinaS-g-PEG particles could successively interact with the cells
surface toward a positive zeta potential.

Figure 4 shows the FTIR spectra of magnetic- and nonmagnetic PLinaS-g-PEG
NPS. For magnetite nanoparticle formulations, the obtained absorption peaks at
520cm™ " were attributed to the Fe-O stretching of Fe;O,, and especially, the intense
peak can be associated with Fe ions coming from core of PLinaS-g-PEG [32,33]. In
the curve, the peaks observed at 1704/1600cm ™' and 1100cm ™' are typical linoleic
acid, polystyrene and PEG signals, respectively. From the above observation, we can
confirm that magnetic core was encapsulated into PLinaS-g-PEG matrix.

ESR analysis

To confirm the super paramagnetic behavior, we conducted ESR analysis on these
nanoparticles. The room-temperature ESR spectra of the lyophilized 5PLinaS-g-PEG-
MNPs, 7PLinaS-g-PEG-MNPs, 10PLinaS-g-PEG-MNPs are shown in Figure 5. The g
values are found to be 2.29, 2.28 and 2.30 for 5PLinaS-g-PEG-MNPs, 7PLinaS-g-
PEG-MNPs, 10PLinaS-g-PEG-MNPs. As can be seen from ESR spectra (Figure 5), the
resonance absorption peaks of all three samples showed broad peak intensity while
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there is no considerable variety related to magnetic behavior of commercial MNPs,
and PLinaS-g-PEG-MNPs. This suggests the superparamagnetic characteristic of

PLinaS-g-PEG-MNPs as reported in the literature [34,35].
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Figure 6. T2-weighted MRI images of 5PLinaS-g-PEG-MNPs, 7PLinaS-g-PEG-MNPs, and 10PLinaS-g-
PEG-MNPs.

In vitro magnetic resonance imaging

To investigate the effect of PLinaS-g-PEG coating on MRI signal-enhancement, a
phantom test was carried out. Figure 6 shows T2-weighted MRI images of various
concentrations of PLinaS-g-PEG-coated MNPs in water. It can be seen that T2-
weighted MR images of 10 PLinaS-g-PEG-MNPs were darker than those of either the
PLinaS-g-PEG NPs coated with lower Fe;O, concentrations. Further, MRI signal
intensity enhanced significantly with increasing MNPs concentration in water.

Since MNPs are T2-type (negative) contrast agents in MRI, the spin-spin relaxation
rate, 1/T,, was calculated and shown in Figure 7. For 5, 7, and 10PLinaS-g-PEG-coated
MNPs, the r, values were 0.396 mM ~'sec™ ', 0.532 and 1.309 mM 'sec™ ', respectively,
at 3T. The 10PLinaS-g-PEG-coated MNPs showed an enhanced relaxivity of r, =
1.309mM 'sec " in DI H,O, at 3 T. The comparison of the relaxivity changes of vary-
ing MNPs core formulations coated with PLinaS-g-PEG demonstrated that while the
core concentration was increased, r, was increased. These obtained relaxivity values
were comparable with previous reports of other counterpart MRI contrast agents. For
instance, Mu et al. reported BSA-coated GA-Fe (gallic acid (GA)-Fe(III) coordination
polymer) (GA-Fe@BSA) NPs with a 3.5nm for cancer theranostic applications [36].
Relaxivity values of these NPs for r1 and r2 are 0.89 mM/second and 0.95 mM/second,
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Figure 7. The r, values of MNPs, 5PLinaS-g-PEG-MNPs, 7PLinaS-g-PEG-MNPs, and 10PLinaS-g-
PEG-MNPs.

respectively. These results confirmed that PLinaS-g-PEG-coated MNPs would provide
good T2-weighted contrast.

In vitro cytotoxicity assay

PLinaS-g-PEG-NPs or -MNPs cytotoxicity was tested in vitro using an MTT assay,
and all results were given in Figure 8. It shows cell viability results of increasing
amount of NPs formulations for HepG2 and 1929 cells after 24 of incubation. As can
be seen in Figure 8A, for HepG2 cell types, the cytoxicity value of cells treated with
5, 7 and 10PLinaS-g-PEG MNPs are 53.4, 55.7, and 48.4%, respectively, while cells
after incubation with 200 ug/mL of MNPs and naked PLinaS-g-PEG-NPs for 24 h are
approximately 48.9 and 66.95% viable, respectively. The cell viability of MNPs
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Figure 8. The in vitro cytotoxicity of PLinaS-g-PEG-NPs or -MNPs. The cell viability of HepG2(A) and
L929 cells (B) after 24-h treatment of NPs with different concentrations were measured by MTT
assay. Values are mean +SEM; n=3.

encapsulated nanoparticles decreased with increasing magnetite concentration, and
the cytotoxicity of PLinaS-g-PEG-MNPs effectively increased against HepG2 com-
pared with naked PLinaS-g-PEG-NPs (*, p<0.05). Furthermore, PLinaS-g-PEG-
MNPs showed a dose-dependent cytotoxicity against HepG2 cancer cells in the range
of test concentration (25-200 pg/mL). The decrease in the cell viability can be associ-
ated with interaction between subcellular membrane molecules and the affected
metabolism [37,38].

While PLinaS-g-PEG-NPs or -MNPs was treated with 1929 cells, which is the
most frequently used healthy cell line, as can be seen in Figure 8B, the encapsulated
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MNPs and naked PLinaS-g-PEG-NPs showed similar viability following exposure.
Further, MNPs with increasing concentration caused a progressive toxic effect at the
tested concentrations. However, the difference in cell viability of coated- and
uncoated MNPs formulations is significant (*, p <0.05). Thus, the effect of the
surface coating material would be the best proof for non-toxic properties of PLinaS-
g-PEG-MNPs, and the cell viability may be improved by PEG-terminal end on the
surface of polymer-coating materials. Bae and coworkers investigated the biocompati-
bility of different coated Fe;0,, ZnFe,O,4 and NiFe,O, nanoparticles [39]. Giri et al.
studied the comparatively toxic effect of MnFe,O, in contrast with Fe;O, [40]. All of
studies demonstrated that threshold biocompatibility concentration for biomedical
applications is highly depend on the nature, structure, size and surface coating of fer-
rites [41]. Furthermore, the study performed by Jeng and Swanson showed major
effect of SPIONs on the mitochondrial function [42]. Au et al. also found similar
results and they deduced that SPIONs altered mitochondrial functions besides
decreased cell viability [43].

To support MTT data, live/dead cell rate induced by PLinaS-g-PEG-NPs was fur-
ther investigated by calcein AM and ethidium bromide staining. After 3-h exposure,
HepG2 cells displayed positive PI staining, while only a small portion of nuclei of
L929 cells treated with nanoparticles showed positive PI staining, which was the sign
of high cell viability (Figure 9). On the other hand, the images obviously demon-
strated that PLinaS-g-PEG-MNPs mainly accumulated in HepG2 cells. This effect can
be assigned to nonspecific targeting feature of linoleic acid to various tumor cells
in vitro and in vivo and PEG usage as a passive targeting tool in cancer treatment
[44,45]. Besides that, MNPs encapsulated with PLinaS-g-PEG showed more protective
effect on 1929 compared to HepG2 cells because the normal cells are less affected by
LA conjugation while naked MNPs led to acute toxicity for both cell line, i.e. HepG2
and 1929 [46]. Furthermore, the MNPs concentration-dependent cytotoxicity for both
cell lines was clearly confirmed in Fig. 9.

Prussian blue staining

To confirm PLinaS-g-PEG-MNPs localization in hepatocytes and mouse fibroblasts,
Prussian blue staining was conducted. An ideal marker should show high specificity
towards cancer cells contrary to normal cells. As can be seen in Figure 10, PLinaS-g-
PEG-MNPs were mainly observed in the cytoplasm and perinuclear region of cells.
Prussian blue staining revealed that nanoparticles subsequently internalized by hepa-
tocellular carcinoma cells and carcinoma-associated stromal cells, i.e. fibroblast cells
which assist in distribution and retention of the nanoparticles into the tumor site.
Yang et al. designed urokinase plasminogen activator receptor (uPAR) targeted dual-
modality molecular imaging nanoparticle probe using functionalized MNPs, and they
examined the accumulation of these nanoparticles on the uPAR-expressing human
pancreatic cancer (MIA PaCa-2) and mouse endothelial cell lines (MS1) [47].
According to Prussian blue staining images, they were observed in the cytoplasm of
MIA PaCa-2 and MS1 mouse endothelial cells.
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Figure 9. Fluorescent micrographs of calcein AM/ethidium bromide double-stained HepG2 (A-F)
and L1929 (G-L) cells treated with magnetic and nonmagnetic PLinaS-g-PEG-NPs. Control (A, G),
MNPs (B, H), PLinaS-g-PEG-NPs (C, 1), 5PLinaS-g-PEG-NPs (D, J), 7PLinaS-g-PEG-NPs (E, K),
10PLinaS-g-PEG-NPs (F, L). Scale bar is 100 um.

Flow cytometer analysis

Apoptotic or necrotic cell death induced by the PLinaS-g-PEG-NPs was investigated
further using flow cytometer. As can be seen in Figure 11, a typical dot
plot shows three main populations; Q3 quadrant represents viable cells (Annexin
V-negative/propidium iodide negative), Q4 quadrant shows early apoptotic cells
(Annexin V-positive/propidium iodide negative), and Q2 quadrant represents cells in
late apoptosis and necrosis phase (Annexin V-positive/propidium iodide positive).
Many studies related to the evaluation toxicity of iron oxide nanoparticles against
cancer cells have already published. The studies support that the cells exposed to iron
oxide particles induced apoptosis [48]. In evaluation of the flow cytometry analysis
data obtained in this study, after 24-h incubation with HepG2, MNPs-encapsulated
PLinaS-g-PEG-NPs groups increased apoptosis and necrosis rate depend on dose
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Figure 10. Prussian blue staining labelled with PLinaS-g-PEG-NPs (A, D), 7PLinaS-g-PEG-MNPs (B, E)
and 10PLinaS-g-PEG-MNPs (C, F) by HepG2, and L929 cells by inverted microscope, respectively.

(Figure 11). For example, the total cell population of early apoptosis (Q3) and late
apoptosis (Q2) in HepG2 cells treated with 7PLinaS-g-PEG MNPs and 10PLinaS-g-
PEG MNPs were 1.8/4.7%, and 7.4/5.9%, respectively. Similarly, Huang et al. reported
that malign cells (SKHep-1, HepG2, HelLa) treated with 10nm of anionic iron oxide
nanoparticles, and their findings showed that there was a strong correlation between
cell death and MNPs concentration [49].

On the other hand, to further determine the cytoxicity of PLinaS-g-PEG-NPs
towards healthy cell line, the same experiment was conducted on L929. The assay
results showed that the percentage of necrotic cells increased depending on the con-
centration of encapsulated-MNPs while magnetic- or nonmagnetic PLinaS-g-PEG-
NPs did not cause any apoptotic response. In the meantime, HepG2 cells exposed to
PLinaS-g-PEG-NPs as compared 1929 induced markedly apoptosis depend on encap-
sulated MNPs concentration. Annexin V-positive viable cell population is only 77%
upon the treatments with 10PLinaS-g-PEG MNPs in HepG2 while the rate in 1929 is
91.5%, as shown in Figure 12, indicating uptake of PLinaS-g-PEG-NPs by cancer cells
was significantly higher contrary to normal mouse fibroblast cells.

Liu et al. designed a multifunctional composite by grafting of Fe;O, nanoparticles
functionalized with polyethylene imine (PEI). To evaluate in vitro cytotoxicity of the
prepared material, 1929 and HelLa cells were used, and the cell viability test results
conducted using 1929 showed almost a 100% viability rate [32].

Internalization studies of magnetic and nonmagnetic PLinaS-g-PEG-NPs

The internalization of NPs by HepG2, and L929 was examined in detail by confocal
microscopy, and was given in Figure 13. The HepG2 cells treated with NPs
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Figure 11. Measured cell mortalities data of HepG2 by flow cytometry. HepG2 cells were treated
with magnetic and nonmagnetic PLinaS-g-PEG-NPs.

accumulated more intensely in the cell cytoplasm and perinuclear site. However, nor-
mal mouse fibroblast cells showed also no equal internalization, and their fluores-
cence signal was very low. The selective cellular uptake of NPs can be attributed to
taken up of LA by hepatocytes via its putative plasma membrane transporter although
PEGylation causes an inability in NPS-membrane interaction [50]. The results clearly
showed that PLinaS-g-PEG-MNPs consisting of PEG and LA were more efficient in
cancer cell targeting and internalization in HepG2 cells respect to L929.

Cholesterol analysis

Membrane cholesterol alteration in 1929 and HepG2 cell lines by the synthesized
PLinaS-g-PEGNPs was observed by fluorescent microscopy (Figure 14). We have also
observed significant differences in the membrane cholesterol, especially in HepG2. As
mentioned in earlier reports, cholesterol depletion affects the membrane structure,
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Figure 12. Measured cell mortalities data of L929 by flow cytometry. L929 cells were treated with
magnetic and nonmagnetic PLinaS-g-PEG-NPs.

and so induces cell death [51]. Accordingly, we verified cholesterol depletion and
consequently, cell death after treatment by various concentration of PLinaS-g-PEG
MNPs while there is no significant difference in non-cancerous cell line (L929 cells)
which also exposed to various concentration of PLinaS-g-PEG NPs. Lu et al. investi-
gated the action of LA on colorectal cancer cell lines, LOVO (undifferentiated) and
RKO (semi-differentiated), and the human umbilical vein endothelial cells (HUVEC)
taken as normal cell control, in vitro. They observed that normal human umbilical
vein endothelial cells (HUVEC) compared to other cell lines were less sensitive
against n-6 PUFA linoleic acid (LA) (the degree of sensitivity to LA is as follows:
RKO >LOVO >HUVEC) [51]. In parallel, the results obtained in this study were
strongly confirmed that the linoleic acid affected the cholesterol synthesis in cancer-
ous cells (HepG2). Earlier reports confirmed that the linoleic acid inhibited the chol-
esterol synthesis in HepG2 and accumulated in hepatocytes besides the plasma
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Figure 13. Internalization and uptake of PLinaS-g-PEG-NPs (A, D), 7PLinaS-g-PEG-MNPs (B, E) and
10PLinaS-g-PEG-MNPs (C, F) by HepG2, and L929 cells by confocal microscopy, respectively. Scale
bar is 10 um.

Figure 14. Accumulation of cholesterol inside HepG2 (A, B) and L929 (C, D) after treatment with
7PLinaS-g-PEG-MNPs (A, C) and 10PLinaS-g-PEG-MNPs (B, D), respectively.
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cholesterol-lowering effect of linoleic acid [52,53]. Consequently, it can be concluded
that linoleic acid acts as a cholesterol-depleting agent in cancer cells.

Conclusions

This study presents an extensive investigation on targeting potential of the nonmag-
netic- and magnetic PLinaS-g-PEG-NPs as a function of linoleic acid and PEG- con-
taining coatings. In summary, the synthesized PLinaS-g-PEG-MNPs were found to
have spherical particle morphology with the average particle size 150-200nm.
Furthermore, HepG2 cells exposed NPs results in significant cytotoxicity with a
strong apoptotic response in direct proportion to the dosage of MNPs while not in a
normal mouse fibroblast cell line (L929). The cellular uptake behaviors of NPs veri-
fied that the best cellular internalization was observed in HepG2, and the tropism
was facilitated by linoleic acid, and PEG-content as well as confirmed by Prussian
blue staining images. Furthermore, the excellent targeting feature without need for a
specific targeting ligand molecule may provide excellent sensitivity for imaging as a
potential MRI contrast agent, and have promise for safe usage in anticancer therapy
without killing normal mouse fibroblast cells, and should be investigated further the
biocompatibility onto normal human cell lines.
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