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ARTICLE INFO ABSTRACT

Keywords: Among nanoparticles, magnetic nanoparticles are the most appealing candidate for diagnosis and cancer
Hyperthermia therapy. The researchers are tempting to improve the particles properties, including the size, shape, coating, and
Magnetite nanoparticles magnetic behavior or heating characteristics. Core shell type of magnetic nanoparticle is an important property
Aminosilane

that modulates their internalization via normal and cancer cells. In this study, magnetite nanoparticles (MNP)
covered by N-(2-aminoethyl)-3-aminopropyltriethoxysilane (aminosilane — APTES) were synthesized by co-
precipitation of aqueous solution of ferric chloride and ferrous sulfate iron salts with ammonium hydroxide as a
base and functionalized by APTES to increase the viability and affinity of the particles to the cancer cells. The
structural and morphological properties of these particles were characterized by transmission electron micro-
scopy (TEM), X-ray diffraction (XRD) and Fourier transformed infrared spectroscopy (FTIR). 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT assay) was carried out, to check the viability of the cells
treatment with MNP and APTES-MNP. To study the cellular uptake in vitro, two prostate cell lines were in-
vestigated: PC3 as a cancerous cell line and BPH1 as a benign epithelial cell line (normal cells). Both cell lines
were incubated for 24 h with different concentrations of MNP and APTES-MNP (100 and 500 pg/ml and one
untreated sample as control). TEM and flow cytometry (FC) analyses were subsequently carried out to monitor
the cellular uptake of MNP and APTES-MNP. FC data revealed an increase in cell granularity following the
treatment with high concentration of the particles. Data showed that PC3 cancer cells take up more APTES-MNP
with respect to control cells than BPH1 benign cells and in contrast BPH1 cell uptake MNP correlated to control
cells more efficient than PC3 cells. The results from FC and TEM analyses demonstrate increasing of affinity of
particles to cancer cell line (PC3). In this project we investigated the effect of surface functionalization of NP to
affinity of the MNP and APTES-MNP on PC3 cells as a malignancy prostate cell and BPH1 benign cells as a
normal cells. This approach may help to optimize the efficiency of hyperthermia for prostate cancer through
internalization of particles to the cells or attaching to the membrane.

PC3 and BPH1 cell line

1. Introduction critical role. One criterion is the affinity of particles to the cell mem-
brane. Therefore, different types of surface coating have been taken
In recent years, iron oxide nanoparticles and especially magnetite [5-11] to investigate the uptake of the particles into specific target

(Fe;04) nanoparticles are considered as useful materials for biological cells.

and biomedical applications like magnetic resonance imaging, drug
delivery, cell separation and hyperthermia due to, e.g., their bio-
compatibility and low toxicity [1-4]. To improve the magnetite nano-
particles’ applications, their internalization to the target cells play a

APTES is a very prevalent coupling agent and forms a monolayer of
aminosilane on the MNP surface by changing the surface decoration
[12-16]. This tiny monolayer film with (-NH,) active groups is a plat-
form for additional bio-functionalization and increases the
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Fig. 1. (a) TEM images for aminosilane coated magnetite nanoparticles (APTES-MNP). (b) Related size distribution histogram of coated magnetite nanoparticles.
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Fig. 2. DLS histogram of (a) MNP and (b) APTES-MNP. The significant smaller hydrodynamic diameter of the coated particles is observed due to the stability and

decreased aggregation of the particles after coating.
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Fig. 3. FTIR spectra of (A) uncoated and (B) coated magnetite nanoparticles.

internalization of MNP to the cells. Due to the aminosilane shell, the
uptake of the nanoparticles occurs due to endocytosis [17,18].

In this study, we synthesized the magnetite nanoparticles with
aminosilane coating and characterized the particles’ properties.
Subsequently, we investigated the internalization of coated and un-
coated nanoparticles after treatment of prostate cancer cells (PC3 cell
line) and prostate benign cells (BPH1 cell line) by application of TEM
and flow cytometry.
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Fig. 4. XRD of (A) uncoated and (B) coated magnetite nanoparticles.

2. Materials and methods
2.1. Reagents and material

Ferric chloride (FeCl;«6H,0, 99\%, CAS NO.10025-77-1) was pur-
chased from ROTH company and ferrous sulfate
(FeSO,+7H,0, 99,5\%-CAS NO.7782-63-0) from ACROS company (USA).
Ammonium hydroxide (NH,OH, 25\%, CAS NO.1336-21-6) was obtained
from VWR company. 3-Aminopropyltriethoxysilane
(NH,(CH,);Si (OC,Hs);, APTES) was purchased from SIGMA ALDRICH,
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Fig. 5. MTT analysis of cell viability of BPH1 cells (a) and PC3 cells (b) shows the decreased the cell viability depending on concentration of coated and uncoated
MNPs.

Fig. 6. TEM images of PC3 cells fixed after treatment and incubation for 24 h with uncoated nanoparticles (MNP): treatment with 100 ug/ml (a, b) and 500 pg/ml (c,
d) with magnification of 5000 % (a, ¢) and 15000 x (b, d).

Germany. The PC3 prostate cancer cell line was from Professor Schulz 2.2. Synthesis of magnetite nanoparticles (MNP)

group (Research Institute of Urology) and the BPH1 benign cell line

from Professor Ahmadian group (Institute of Biochemistry and Magnetite nanoparticles were synthesized as described previously

Molecular Biology, Heinrich Heine Universitét, Diisseldorf). by Molday [19], via the standard co-precipitation method, magnetic
nanoparticles precipitated by adding alkali solution to Fe (II) and Fe
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Fig. 7. TEM images of BPH1 cells fixed after treatment and incubation for 24 h with uncoated nanoparticles (MNP): treatment with 100 pg/ml (a, b) and 500 pug/ml

(c, d) with magnification of 5000 x (a, ¢) and 15000 x (b, d).

(IlI) solution (molar ratio 2:1). Briefly, FeCl+6H,O (2.704g,
0.0196 mol) and FeSO4+7H,0 (1.3704 g, 0.0095 mol) was dissolved in
180 ml distilled water while N, gas was flowing through a three-necked
flask under vigorous mechanical stirring. After sufficiently stirring of
the iron salt, 5.5ml of ammonium hydroxide (NH,OH) was injected
abruptly in one portion to the reaction mixture by a 10 ml syringe while
continuing stirring with the same speed (1000 rpm) for an additional
half an hour. Due to addition of the alkaline solution the color of the
mixture changed from orange to brown and finally black which shows
the formation of MNPs precipitation immediately. In order to decrease
the pH from 9.5 to 7 and to remove the residual ions the black solution
was washed by magnetic separation with distilled water and ethanol. At
the end, magnetite nanoparticles were dispersed in ethanol for the
subsequent coating procedure.

2.3. Coating procedure

70 mg of obtained magnetite nanoparticles in solution was dissolved
in 150 ml of ethanol and 1 ml of water and sonicated for 5min [20].
After sonication, 35ul of 3-aminopropyltriethoxysilane
(NH,(CH,)3Si(OC,Hs);, APTES) was added to the reaction environment
while mechanically stirring (1000 rpm) for 7 h. The aminosilane coated
particles were obtained after washing 5 times with ethanol.

2.4. Characterization

In order to determine the particles’ size, distribution and
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morphology, transmission electron microscopy measurements were
carried out. In this experiment a TEM Zeiss 902, 80 kV was used. To
prepare the TEM sample, one drop of the diluted sample deposited on a
copper grid (Formvar/carbon film on 200 mesh nets, Plano Company,
Germany) was dried for approximately one hour. An X-ray powder
diffraction system (XRD, BRUKER D2 Phaser) with Cu-Ka; = 1.54056 A
was used to characterize the crystalline structure of MNP with and
without coating in the 26 range from 10 to 80 degrees. Dynamic light
scattering (DLS) (Zetasizer Nano from Malvern Company) was used to
measure the hydrodynamic diameter Dy of the nanoparticles by dilu-
tion of a few drops of the prepared nanoparticles in distilled water and
also one filtered probe (with 0.2 ym filter) for each sample.

The Fourier transformed infrared (FTIR) measurements were carried
out with a Bruker Tensor 37 in MIR (Mid Infrared) range
(400-4000 cm ™ 1) through a KBr disc at room temperature to char-
acterize the bands due to vibration of different functional groups for the
uncoated and coated MNP.

2.5. Cell experiments

2.5.1. Cell culture

PC3 (prostate cancer epithelial cell) and BPH1 (benign prostate
hyperplastic epithelia cell) were cultured in RPIM 1640 medium
(ThermoFisher, 11875093) supplemented with 10% fetal bovine serum
(FBS) (ThermoFisher, 10270-106) and 5% penicillin-streptomycin
(Genaxxon bioscience, M3140.0100).
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Fig. 8. TEM images of PC3 cells fixed after treatment and incubation for 24h with APTES-MNP: treatment with 100 ug/ml (a, b) and 500 pg/ml (c, d) with

magnification of 5000 X (a, ¢) and 15000 x (b, d).

2.5.2. Cell viability

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl  tetrazolium bromide
(MTT assay) was used to evaluate the cell viability after treatment by
the nanoparticles according to Mosmann [21]. 5mg/ml of tetrazolium
salt were dissolved in PBS and filtered to sterilize. When the PC3 and
BPHI cells reached the confluency of 70-80%, they were treated with
100 and 500 pg/ml of MNP and APTES-MNP in a 96-well plate in 37 °C.
After 24 h, the cells were washed three times to remove the rest of the
particles. The MTT was added and incubated with 10% (20 pl per 200 pl
medium) concentration for 4h to form formazan crystals and then
150 ul DMSO was added per well to dissolve the formazan crystal. The
quantity of formazan is proportional to the viable cells. An ELIZA
reader was used to record the absorbance changes at 570 nm.

2.5.3. Transmission electron microscopy

To investigate the internalization of the particles to the cells, a TEM
(Hitachi H600, 75kV) was used. For embedding the cells, they were
fixed with 2,5% glutaraldehyde, 4% paraformaldehyde in 0,1 M caco-
dylate buffer solution for at least 2h. Subsequently, the cells were
washed and fixed with cacodylate buffer and osmium tetroxide (2%)
respectively, dehydrated with 70-100% acetone and embedded in spur
and cut in a tiny film using an ultra-microtome.

2.5.4. Flow cytometry

PC3 and BPHI cells were treated with 100 and 500 pg/ml of MNP
and APTES-MNP for 24h. For flow cytometric analysis, single-cell
suspensions were obtained with trypsin and the cells were washed with

209

ice-cold PBS. The cells were fixed in 4% paraformaldehyde (PFA;
Merck) for 10 min on ice, followed by two times washing with PBS. The
samples were analyzed with FACS Canto II (BD Pharmingen).
Evaluation of data was carried out with “Flowing software” (version: 2.
5. 1) (Turku Center for Biotechnology, University of Turku, Finland).

3. Results and discussion

After the synthesis of APTES-MNP and a subsequent treatment of
the cells by particles, different characterization techniques were carried
out: TEM measurement to determine the particles’ size, XRD to char-
acterize the crystalline structure of the nanoparticles and FTIR to ac-
quire knowledge of the chemical components of the ligand shell. For the
cells treatments, TEM and flow cytometry were carried out to in-
vestigate the internalization of particles to cells.

3.1. Characterization of APTES-MNP nanoparticles

Fig. 1a shows the TEM image of quasi-spherical magnetite nano-
particles coated with APTES. The average diameter of the metallic core
is about 10 nm (s. Fig. 1b) which can be seen from the distribution of
the particle diameter according to TEM measurements. The size of the
nanoparticles was measured by calculating the ratio of the particle to
the figure scale bar in pixel with help of a graphic software and the
Origin pro version 9 program.

The hydrodynamic size of nanoparticles is measured by DLS. The
DLS data of MNP and APTES-MNP are presented in Fig. 2a and b,
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Fig. 9. TEM images of BPH1 cells fixed after treatment and incubation for 24 h with APTES-MNP: treatment with 100 ug/ml (a, b) and 500 pg/ml (c, d) with

magnification of 5000 X (a, ¢) and 15000 x (b, d).

respectively. The larger size of the particles are measured in comparison
by TEM which can be cause by forming of particles agglomeration due
to magnetic interaction of nanoparticles [22]. DLS analysis illustrated
larger particles for MNP than APTES-MNP which can be interpreted
such that the coating of the particles increased the stability that resulted
in less agglomeration for APTES-MNP.

The stable coating with the APTES molecules is due to the large
surface-to-volume ratio of the nanoparticles, the high surface activity,
and the OH-rich surface [23]. This is shown in Fig. 3 by comparing the
FTIR spectra of magnetite nanoparticles without coating (A) and with
coating (B). Fe-O bonds in bulk magnetite has »; and v, band at
570 cm ! and 375cm ™}, respectively [24]. The FTIR spectra in Fig. 3
show two absorption bands at around 568 cm ™! and 621 cm ™! which
result from splitting of the v; band. The band at 441 cm ™! comes from a
shift of the v, band. In comparison to the coated magnetite nano-
particles, FTIR spectra of APTES-MNP show additional absorption
bands at 2855 cm ™! and 2920 cm ~ ! due to stretching vibrations of G-H
bonds. The bands at 1017 cm ™~ * and 1091 cm ™! result from stretching
vibrations of Si—O. The band at 804cm ™! is due to -NH, vibration
which only occur for aminosilane coated magnetite nanoparticles. To
determine the crystalline structure of the magnetite nanoparticles with
and without functionalization, XRD measurements have been carried
out. The XRD pattern confirm the cubic inverse structure of both MNP
and APTES-MNP with their characteristic peaks (220), (311), (400),
(422),(511)and (4 4 0) being shown in XRD pattern in Fig. 4 which is
in a good agreement with literature [25]. The XRD results prove that
magnetite nanoparticles coated with APTES do not change the
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crystalline structure.

3.2. Cell viability (MTT)

The BPH1 and PC3 cells were treated for 24 h with 100 and 500 pg/
mL of MNP and APTES-MNP and the cell viability was measured by
MTT assay Fig. 5. In both cell line, the higher viability is observed for
coated nanoparticles (APTES-MNP). The BPHI1 cells treated with
100 pg/ml MNP, shows 72% (MNP) and 86% (APTES-MNP) viability
and lower levels of toxicity was observed for PC3 cells 83% and 85%.
This trend is also seen in concentration of 500 pg/ml. The higher con-
centration of the MNP results in the lower cell viability for both tested
cell lines. Collectively, in both conditions PC3 cells illustrated more
viability than BPHI cells. In the same line of evidence, Naqvi and
colleagues reported after 6 h of treatment with MNP 95% viability at
the concentration 25-200 pug/ml and 55%-65% viability at the higher
concentration 300-500 pg/ml [26].

3.3. In vitro investigation of particle internalization by the cells

In order to compare the effect of surface functionalization in NP
uptaking and the mechanism of the internalization, the cellular uptake
of MNP and APTES-MNP with different concentrations of 100 and
500 pg/ml, was examined for two cell lines of PC3 and BPH1 by TEM (s.
Figs. 6-9) and flow cytometry (s. Figs. 10, 11, 12, and 13). The cells
were seeded on 6-well plates and after reaching 70% to 80% con-
fluency, were treated with MNP for 24 h. We observed that after the
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Fig. 10. Flow cytometry cytogram of SSC and FSC: (a, b, ¢) showing PC3 cells with a concentration of 0, 100, and 500 pg/ml of magnetite nanoparticles respectively

and (a, b, ¢') presenting BPH1 SSC cytogram with the same concentration.
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control) changes with concentration for PC3 (black line) and BPH1 (red line). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

exposure of nanoparticles to the cells, first of all the nanoparticles ad-
here to the surface and subsequently, due to endocytosis, they inter-
nalize to the cells followed by agglomeration inside the cells (s.
Figs. 6-9) [23]. In the case of PC3 cells (s. Fig. 8), it is obvious that with
increasing concentration of coated particles, the cells take up more
particles which accumulate in bigger agglomerations. In contrast, the
benign cells take up particles at the lower levels in comparison with
PC3 prostate cancer cells. The same results were obtained for the both

conditions, 100 and 500 pg/ml of particles (s. Fig. 9), which is in
agreement with previous studies [17]. Collectively, our data indicated
that the prostate cancer cells take up the coated particles with higher
efficiency than benign cells. In contrast to the treatment by coated
particles, treatment with MNP shows different result which indicated
the effect of surface structure in cellular uptake of NP [27]. In contrast
to the coated MNP, treatment of cells with the uncoated NPs, results in
more particles internalized to the normal cells-BPH1 (related to the
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negative control) in comparison to cancer cells (s. Figs. 6 and 7). There
are different factors that may affect the nanoparticles uptake efficiency
such as charge, size, shape and surface modification of the nano-
particles itself as well as cell types [28]. The interaction of cells is also
different with the negatively and positively charged particles because of
electrostatic properties [29]. The efficiency of the cellular NP uptake
could be different among the various cells and this is mainly due to the
cell type specific features of various cells and cell dynamics. Several
endocytic pathways can regulate the nanoparticles entry to the cells,
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such as pinocytosis, clathrin or caveolin dependent and clatherin-ca-
veolon independent pathways [30]. In the same line of evidence,
Chaves and colleagues showed that the breast cancer cells uptake with
higher efficiency NP than normal cells [31]. They reported this is via a
clathrin-dependent endocytosis pathway and cancerous cell line express
higher amount of clathrin but not caveolin than normal cells. However,
the exact mechanism that cells decide, from which pathway uptake the
NP need further investigations.

To quantify the uptake of nanoparticles by the cells in a dose
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Fig. 14. SSC (relative to control) changes with 100 and 500 pg/mL of MNP and APTES-MNP for PC3 cells (a) and BPH1 (b).

dependent comparison, flow cytometry measurements have been ap-
plied. This allows determining the magnetite nanoparticles inter-
nalization by PC3 and BPH1 cells. The flow cytometry results of
treatment with MNP to the cells are presented in Figs. 10 and 11 and
with APTES-MNP are illustrated in Figs. 12 and 13. Flow cytometry
measurements evaluated reactions of cells to magnetite nanoparticles
with O (as a control), 100 and 500 pg/ml concentration quantitatively
after treatment and incubation for 24 h [32,33]. Forward scatter (FSC)
and side scatter (SSC) are two parameters to assess and observe the
cellular uptake. Forward light scattering gives information about the
cell size and side scattering about the internal structure, organelles and
generally internal complexity [34-37]. As shown in Fig. 10 and Fig. 12,
SSC signals grow with increasing concentration of the particles which
demonstrates higher uptake of particles. In contrast, FSC intensity de-
creases with increasing APTES-MNP concentration that is explained
because of absorbing and reflecting the light from nanoparticles [33].
To distinguish between cells with particles and without particles, two
regions were defined. R-1 was used to clarify the control cell samples
and R-2 was used to show cells after treatment with different con-
centration. These tests revealed that the cells with 500 pg/ml of parti-
cles treatment exhibit a huge growth in size. As expected, these ex-
periments also demonstrate the same trend for BPH1.

Fig. 10 presents the application result of MNP to both cell lines. In
flow cytometry histogram granularity of the cells does not show sig-
nificant changes between PC3 and BPH1 but in flow cytometric analysis
(Fig. 11) which concern to untreated control, granularity of BPH1 cells
increased more than cancer cells.

The evaluation of dose dependent uptake of APTES-MNP is plotted
in Fig. 13 (a, b for PC3 and BPH1 cells, resp.). It is obvious that the SSC
intensity increases with increasing concentration for PC3 and similarly
for BPH1. Mean side scatter changes are also plotted in Fig. 13c.

Consistently, the TEM and flow cytometry results indicate that PC3
(cancerous) uptakes with higher rates coated particles and BPH1 un-
coated particles. The overall analysis of flow cytometry measurement is
shown in Fig. 14.

4. Conclusion

In summary, we investigated in vitro cellular uptake of magnetite
and aminosilane coated magnetite nanoparticles by cancer prostate
cells (PC3) and prostate benign cells (BPH1). The nanoparticles were
synthesized by a wet chemical method (co-precipitation method) using
hydrolysis of two iron salts, ferric chloride and ferrous sulfate, and co-
precipitation by ammonium hydroxide and at the end were coated with
APTES which increases biocompatibility and stability of nanoparticles.

Intracellular uptake of particles to cells was investigated by transmis-
sion electron microscopy and flow cytometry. It was demonstrated that
cellular uptake of particles is cell type dependent. It was also shown
that prostate cancer cells take up the coated nanoparticles with a sig-
nificantly higher level than benign cells which are considered as normal
cells. In addition, our experiments indicate the higher uptake of un-
coated particles by BPH1 cells that can be due to the cell type specific
mechanism of the NP uptake. According to TEM figures, we did not
observe the interaction among the NP and cell organelles.
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