N
N

N

HAL

open science

Superparamagnetic nanohybrids with cross-linked
polymers providing higher in vitro stability

Weerakanya Maneeprakorn, Lionel Maurizi, Hathainan Siriket, Tuksadon
Wutikhun, Tararaj Dharakul, Heinrich Hofmann

» To cite this version:

Weerakanya Maneeprakorn, Lionel Maurizi,

2. hal-02163533

Hathainan Siriket, Tuksadon Wutikhun, Tararaj
Dharakul, et al.. Superparamagnetic nanohybrids with cross-linked polymers providing higher in
vitro stability. Journal of Materials Science, 2017, 52 (16), pp.9249-9261. 10.1007/s10853-017-1098-

HAL Id: hal-02163533
https://hal.science/hal-02163533

Submitted on 11 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02163533
https://hal.archives-ouvertes.fr

Superparamagnetic nanohybrids with cross-linked polymers
providing higher in vitro stability

W. Maneeprakorn,? L. Maurizi,® H. Siriket,® T. Wutikhun, ? T. Dharakul,®¢ and H. Hofmann®

A method for facile synthesis of high stable cross-linked superparamagnetic nanohybrids using pre-coating of biocompatible

polymer, hydroxyl polyvinyl alcohol (PVA-OH) was demonstrated as a simple, controllable, fast, reproducible, and up-

scalable method. To improve stability, morphology and functionalization of the particles, the PVA-OH was first coated onto

superparamagnetic iron oxide nanoparticle (SPION) surfaces before a cross-linking condensation with silica precursor. The

obtained magnetic nanohybrid with compact silica layer was monodispersed with uniform morphology with the size of 50.0

+ 3.7 nm. The particles showed colloidal stability region at pH 7.35 - 7.45 which is applicable in biomedical applications and

long shelf life upon storage of over 9 months. In vitro study in aspect of cytotoxicity and stability of the particle reveled that

these original nanohybrids are non-toxic and highly robust in endosomal/lysosomal condition for up to 42 days without

dissolution of the particles. In order to demonstrate the efficient targeting of the magnetic nanohybrid for their further use

as targeting detection for example in MRI, we prepared folate reactive cross-linked magnetic nanohybrid which showed an

interesting affinity to folate receptor (FR)-positive cervix (HeLa) cells. Our work to develop the characteristics of non-toxic

and stable cross-linked magnetic nanohybrids would be beneficial for the further development of safer and more efficient

targeting MRI contrast agent for diagnosis of various cancers.

Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) have
received a growing interest for various biomedical applications
such as magnetic resonance imaging (MRI),22 cell sorting,3
magnetic separation,* biosensing, and therapy.>® Among those
applications, SPIONs are particularly useful as MRI contrast
agents because of their strong magnetic properties, desirable
biocompatibility and biodegradability properties.”# However,
the naked SPIONs are not stable and generally form sediment
under physiological conditions that can impede blood vessels
especially for clinical applications.® Thus, the surfaces of SPIONs
are essential to tailor to improve the stability, biocompatibility,
biodegradability, and biodistribution of the particle in vivo.
Commercially available SPION-based MRI contrast agents in
target organ are surface coated with biocompatible materials
such as dextran, carboxy dextran and carbohydrate
polyethylene glycol (PEG).1° Dextran can improve the blood
circulation time, stability, and biocompatibility of SPIONs.1?
However, they are not stable and can leach from coating matrix.
There are evidences that coating material such as dextran and
carboxy dextran are not strongly bound on iron oxide
nanoparticles and tends to detach.12-1# Hydrophilic polymer
coating, such as polyethylene glycol (PEG) and poly(vinyl
alcohol) (PVA) have been widely used to cover SPION surfaces.
Although, PEG coating can enhance the hydrophilicity and
water-solublility, improve the biocompatibility, and blood
circulation times,>16 it can induce anti-PEG antibodies that
accelerate the clearance and reduce the efficacy of the
nanoparticle conjugates.l’” Recently, PVA, a biodegradable,
biocompatible, water-soluble, and inexpensive polymer, has
been increased in attention due to a good interaction with
metal oxide nanoparticles.1819 Colloidal stability,
monodispersibility, and biocompatibility of iron oxide
nanoparticles were improved after PVA coating.2%21 A previous
study reported the advantages of using PVA as a coating
material of SPIONs for preparation of robust magnetic iron
oxide-PVA gel beads for drug delivery application with tunable
drug release rate. Also, SPIONs coated with amino-polyvinyl

alcohol (A-PVA) was found to be non-toxic to cells allowing
usability of SPIONs in vivo. For example, A-PVA-SPIONs showed
efficient internalization by mesenchymal stromal cells (MSCs)
without cell toxicity and the need to use transfection agents. In
addition,?3 A-PVA-SPIONs were found to accumulate in bone
marrow and increase the bone marrow stromal cells (BMSCs)
metabolic activity and migration rate enabled the suitability of
A-PVA-SPIONs for MRI contrast enhancement in bone
marrow.24

Apart from hydrophilic polymers, an inorganic layer such as
silica metal is considered to be an alternative candidate for
surface coating of SPIONs. Practically, this coating not only
provides the stability and biocompatibility to the SPIONs, but
also helps in covalent binding the various biological or the other
ligands at the SPION surface allowing different kinds of bio-
applications.?> There are many approaches to generate silica
nanoshell including, sol-gel method,25-27 emulsion method,282°
and pyrolysis method.3® However,
complicated and require long reaction time for coating of silica.
Moreover, they are difficult to scale-up and reproduce.
Generally, classical sol-gel method requires several steps and
long synthesis time of 6 — 48 h.2” Other methods such as an
emulsion method and aerosol pyrolysis also requires long
reaction times (16-48 h),%° and provide a low amount of the
particle products. At present, sol-gel method has been used
extensively for silica coating because of mild reaction condition,
low cost, and surfactant-free media. For this method, silica layer
was formed through the hydrolysis and condensation of a sol-
gel precursor, in alcoholic basic condition.3! However, noble
metal nanoparticles are not stable in alcoholic solution and
have low chemical affinity for silica. This could result in low
production yield and unpacked silica layer which effect the
stability of the particles regarding to their shelf-life and their
breakdown in vitro or in vivo.32 Recently, we reported the silica
coating method with improved production vyield and
reproducibility by using pre-functionalizing mixed-PVA
(hydroxyl polyvinyl alcohol (OH-PVA) and amino PVA (A-PVA))
on SPION surfaces as the iron core followed by the hydrolysis
condensation reaction using tetraethyl orthosilicate (TEOS) as

these methods are



the silica precursor in ethanoic solution. The method provided
a non-cytotoxic raspberry-like shape silica coated PVA-SPIONs
with the high rate of internalization of the particles into various
cell types.33 In addition, the method was improved to one-step
reaction for preparation of silane-coated silica encapsulated
PVA-SPIONs by using silica (TEOS) and amino-silica ((3-
aminopropyl)triethoxysilane, APTES) precursor together
instead of silica precursor solely.3* Also, this method allowed
reproducibility and easy scale-up for preparation of the
biocompatible silica coated SPIONS.

In this work, we improved our previous silica coating to be
an easier, gram-scaled, and reproducible method for a well-
defined core shell structure of silica coated PVA-SPION
synthesis by using pre-coating hydroxyl-PVA-SPIONs (OH-PVA-
SPIONs) as the core particle. Some aspects associated with the
cytotoxicity and colloidal stability of the particles in
physiological and endosomal/lysosomal
environment were elucidated. The potential of the particles for
biomedical application such as targeted MRI contrast agent was
also demonstrated by functionalizing the particles with folic
acid to become folate-reactive particles. The affinity of the
folate-reactive nanohybrid particles to folate receptor (FR)-
positive cervix (Hela) cells was investigated in vitro. By taking
the advantages of OH-PVA stabilization together with silica
coating, high stable cross-linked magnetic nanohybrids with no
cytotoxicity and long shelf life were obtained.

conditions

Experimental
Materials and characterizations

Iron (Ill) chloride hexahydrate (FeCls.6H,0), iron (Il) chloride
tetrahydrate (FeCl,.4H,0), iron (lll) nitrate nonahydrate
(Fe(NOs3)3.9H,0), tetraethyl orthosilicate (TEOS), (3-
aminopropyl)triethoxysilane (APTES), sodium chloride (NacCl),
and folic acid (FA) were purchased from Sigma-Aldrich.
Ammonium hydroxide (NH4OH), trimethylamine (N(CHs)s), and
potassium ferrocyanide (K4[Fe(CN)s]) were purchased from
Merck, while hydrochloric acid and ethanol were purchased
from Carlo Erba. Nitric acid (HNOs) was purchased from J.T.
Baker. Hydroxyl polyvinyl alcohol (OH-PVA), Mowiol 3-85 was
supplied by Kuraray Europe GmbH. All reagents were used as
received without further purification. All aqueous solutions
were prepared with ultrapure water from a Milli-Q system
(Millipore). All media and cell culture components (RPMI-1640,
Fetal bovine serum (FBS), penicillin G, and streptomycin) and
PrestoBlue cell viability reagent were obtained from Life
Technologies. The morphology and structure the particles were
characterized with transmission electron microscope operated
at 200kV (TEM, JEM 2100, JEOL Ltd., Japan). Hydrodynamic
diameter (number weighted) potential
investigated by dynamic light scattering using a Zeta Nanosizer
(Malvern Instruments, UK). The iron concentration ([Fe] in
mgFe/mL) was measured by Prussian blue colorimetric assay
using the reaction between K4[Fe(CN)s] and Fe3* to give a blue
product called Prussian blue (Fes[Fe(CN)sls) and the optical
density of the blue product was measured at 690 nm using
microplate spectrophotometer (BioTek Instrument, USA). For
cytotoxicity experiments, fluorescence measurements was

and Zeta were

performed using a microplate reader (SpectraMax M2,
Molecular Devices LLC, Sunnyvale, CA) and real time cell
monitoring was recorded using real time cell analyzer (RTCA)

(xCELLigence, ACEA Biosciences, San Diego, CA).

Starting material preparation

PVA coated SPIONs (PVA-SPIONs). SPIONs were obtained
from a known classical co-precipitation method described
elsewhere.2334 PVA-SPION suspension was prepared by mixing
OH-PVA and SPIONs at a mass ratio PVA/Fe of 9. Briefly, equi-
volumes of SPIONs (at 10 mgFe mL 1) and OH-PVA (at 90 mgPVA
mL1) were mixed and stored at 4°C for at least one week before
further use to let the equilibration of the PVA adsorption onto
SPIONs.3>

Synthesis of silica cross-linked PVA-iron oxide nanohybrids (Silica-
CL-PVA-SPIONSs)

Silica-CL-PVA-SPIONs were synthesized from a cross-linking
condensation of silica precursor onto PVA-SPIONs (Scheme 1).
In a typical experiment, 10 mL of PVA-SPIONs (4.5 mgFe mL1
PVA-SPIONs) were suspended in 3600 mL of water and ethanol
(v/v; 1:3) and mixed by sonication. Next, 3.75 mL of TEOS and
40 mL of NH4,OH were added to the suspension, respectively,
and mixed at room temperature under sonication for 1 h. The
suspensions were washed 3 times using water with 30 min of
centrifugation at 15,000 g. The Silica-CL-PVA-SPION suspension
was redispersed in 10 mL of water to give the final

concentration of 3.4 mgFe mL! at pH 8.
Scheme 1 Schematic diagram of silica cross-linked PVA-iron oxide nanohybrids (Silica-CL-
PVA-SPIONSs).

Cytotoxicity study

Cytotoxicity study was conducted in human cervical cancer
cell (HeLa cells). The cultured cells were kept at 37°C in a
humidified CO; incubator during the culture and the
experiments. For cell viability study, PrestoBlue assay was
performed. Cells were seeded at a density of 4.0x104 cells per
well in flat-bottomed 96-well plates and treated with the
nanoparticles at a range of concentrations (0-125 pgFe mL1),
allowed to grow for a further 24 h., washed once with
phosphate buffered saline (PBS) to remove excess nanoparticles
and replaced with fresh medium containing the PrestoBlue cell
viability reagent according the manufacturer’s specifications.
The fluorescence of each well was measured in a microplate
reader at excitation and emission wavelength of 560 and 590
nm, respectively. For monitoring toxicity of cells during cultures,
real analyzer (RTCA) was used. The detailed
experiments on cytotoxicity were shown in electronic
supplementary information (ESI)

time cell

Stability and degradation of the particles

The colloidal stability of the particles was investigated by
studying the effects of pH and ionic strength on stability of the
dispersion. The Zeta potential and the size distribution of
nanoparticles exposed to a range of pHs from 2 to 12 and to
different NaCl concentrations (from 0 to 1 M) were measured
using a Zeta Nanosizer.
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For stability of the particles in the acidic lysosomal
microenvironment, a degradation of the nanoparticles in a
model of lysosomal environment was performed based on
previously described procedures.’?3 Seven reagents were
prepared: (a) RPMI-1640 at pH 7.4; (b) RPMI-1640 at pH 5.5; (c)
RPMI-1640 at pH 4.5; (d) 20 mM sodium citrate in RPMI-1640
pH 5.5; (e) 20 mM sodium citrate in RPMI-1640 pH 4.5; (f) 20
mM sodium acetate in RPMI-1640 pH 5.5; and (g) 20 mM
sodium acetate in RPMI-1640 pH 4.5. Concentrated HCl was
added to adjust the pH of solutions (a)-(c), citric acid was added
to adjust the pH of solutions (d) and (e), and glacial acetic acid
was used to adjust the pH of solutions (f) and (g). Nanoparticles
(50 pg, Fe basis) were added to test tubes containing 1 mL
buffers and incubated at 37°C for up to 56 days. At several time
points, samples were taken for measurement of free iron ions
in solution by Prussian blue colorimetric assay and observed for
particle aggregation.

Silica-CL-PVA-SPIONs as the targeting molecule

Folic acid grafting on Silica-CL-PVA-SPIONSs. Silica-CL-PVA-
SPIONs were first functionalized with amine for further
chemical linking. Briefly, 2 mL of Silica-CL-PVA-SPIONs were
diluted in 60 mL ethanol and 10.5 mL of APTES and the reaction
was stirred for 3 h at 37°C. Then the suspension was centrifuge
at 10,000 g for 15 min, redispersed in water and magnetically
washed three times and redispered in 2 mL DI water. The pH of
the suspension was adjusted to 5 by adding 6 N HCI and kept at
4°C overnight. The obtained particle was called NH,-Silica-CL-
PVA-SPIONs at the concentration of 1.21 mgFe mL™. Then, an
activated folic acid (FA-NHS) was prepared according to Sonvico
et al.3% and Yang et al.3” Then, NH,-Silica-CL-PVA-SPIONs was
mixed with FA-NHS to get the Silica-CL-PVA-SPIONs-FA. The final
concentration of the Silica-CL-PVA-SPIONs-FA is 0.89 mgFe mL?
based on Prussian blue assay. The detailed experiments were
shown in electronic supplementary information (ESI).

Cellular internalization of the particles.

To determine the iron uptake by cells, HeLa and A549 cell
lines were used as FR-positive control and FR-negative control,
respectively. Cells were seeded at a density of 1.0x105 cells per
well in 12-well plates in folate-free culture medium and treated
with nanoparticles at a range of concentrations (0-125 pugFe mL-
1). The cells were allowed to grow for a further 24 h. and washed
once with folate-free RPMI and then three times with PBS. The
cultured cells were collected by trypsinization and digested. The
solubilized iron ions were determined by Prussian blue
colorimetric assay. Similarly, for the specific binding to folate
receptor of the particles, cells were incubated with Silica-CL-

PVA-SPIONs-FA, Silica-CL-PVA-SPIONs or the mixture of Silica-
CL-PVA-SPIONs-FA and folic acid (FA + Silica-CL-PVA-SPIONs-FA)
for 4 h. All cells were exposed to 15.6 pgFe mL! of the particles
unless the FA + Silica-CL-PVA-SPIONs-FA which the cells were
first treated with 0.125 pg mL? folic acid for 30 min. before
addition of Silica-CL-PVA-SPIONs-FA. Then, the cells were
washed, harvested by trypsinization and digested. The
solubilized ions were determined by Prussian blue
colorimetric assay. All
triplicate. Cells that were not exposed to nanoparticles were

iron
experiments were performed in

used as the control experiment. Intercellular uptake of Silica-CL-
PVA-SPIONs-FA was studied by using TEM. The detailed
shown in electronic

experiments supplementary

information (ESI).

were

Results and discussion
Nanoparticle synthesis and characterization

The well-defined core-shell structured silica-coated SPIONs
(Silica-CL-PVA-SPIONs) were prepared successfully by a cross-
linking condensation of silica precursor onto the pre-coating
hydroxyl-PVA-SPIONs (OH-PVA-SPIONs). We reported the gram-
scale and short reaction time synthesis by improving the
conventional sol-gel process. Generally, the conventional sol-
gel protocols for silica coating methods for example Stober
method are performed in alcoholic solution, where metal or
metal oxide nanoparticles are not stable. Besides, metal
nanoparticles have low chemical affinity for silica, thus, the
directly coating of silica on metal surfaces are not as effective
as expected. In this work, SPION surfaces were pre-coated by
PVA to provide the particles with good dispersibility in water
and alcohol mixed solution as well as prevent the aggregation
of SPION during sol-gel reaction. Thus, using this particle as the
metal core can improve the effectiveness of conventional sol-
gel method. Our method was one step reaction with a good
reproducibility and easy scaled-up without changes in
morphology and size of the nanoparticle products. One
synthesis batch allowed for the production of 50 mL volume at
concentration of 4 mg/mL iron basis. The transmission electron
microscope (TEM) image of PVA-SPIONs and Silica-CL-PVA-
SPIONs are shown in Fig. 1(a)-1(b). Monodispered magnetic
nanohybrids with smooth surfaces of silica were obtained. The
diameter of uncoated PVA-SPION core was 7.2 £ 2.5 nm and
after coating with silica the size was increased to 50.0 + 3.7 nm
with the average silica layer thickness of 11.2 nm. The
hydrodynamic diameter and zeta potential of uncoated and
coated particles are shown in Fig.1(c). SPION coated with PVA-
OH showed increase in hydrodynamic size from 17 + 2 nm to 31
+ 2 nm, while the hydroxyl group of PVA resulting in decrease of
surface charge from +32 £+ 1 mV to +17 £ 1 mV as compared to
naked SPION core. This suggested successful encapsulating of
polymer onto a SPION surfaces. After silica coating, the Silica-
CL-PVA-SPION hydrodynamic diameter increases to 71 £ 3 nm.
Also, the zeta potential of particle shows negative shift from +17
+ 1 mV to -42 £+ 1 mV which confirm that the particles were
covered by silica layer.



In order to obtain the highly stable cross-linked magnetic
nanohybrid, all parameters including the SPION core, silica
precursor, ethanol to water ratio, ammonium solution, reaction
time, and mixing method (stirring or sonicating) were optimized
to get a compact silica layer. It is important to stress that under
the same condition, core-shell nanoparticle was unable to form
by using naked SPION as the core particles, while core-shell
particles were achieved when using pre-coating PVA-SPIONSs.
However, different functional groups of PVA can provide
different morphologies of silica layer of the core-shell
nanostructures (Figure S1). There was the report that the
presence of PVA can affect the condensation of the silica onto
the SPION surfaces.18

T
2w "

100 nm

Mooscooe
210

(c) Particles Diameter by TEM | Hydrodynamic diameter Zeta potential
[nm] (by number) [nm] [mV]
SPIONs 7.2%25 173922 +32.4710.7
PVA-SPIONs 7225 3134%2 +17.23+1.2
Silica-CL-PVA-SPIONs 50.0%3.7 7145%3 -42.33+0.4

Fig. 1. TEM images of (a) PVA-SPIONSs, (b) Silica-CL-PVA-SPIONSs, and (c) summary of size
and Zeta potential of particles measured in DI water.

In this work, we explored the effect of PVA functional group
by using hydroxyl-PVA (OH-PVA) and mixture of carboxyl-PVA
(COOH-PVA) and hydroxyl-PVA (OH-PVA) called mixed-PVA
coated SPIONs as the core particles. Our results revealed that
an irregular porous silica layer was obtained by using mixed-
PVA-SPIONs instead of compact silica layer corresponding to
our previous report using mixed-PVA coated SPIONs (the
mixture of OH-PVA and A-PVA) on the preparation of the
irregular raspberry-like porous silica coated-SPIONs.33
Meanwhile, the compact silica layer was obtained by using OH-
PVA-SPIONs solely. These results were attributed to the
hydroxyl groups on both SPION and PVA which can facilitate the
silica condensation. Another parameter that have the effect to
the morphology of the particles is PVA to iron mass ratio
(PVA/Fe) of PVA-SPIONs. Herein, the PVA/Fe ratio of 9 was
selected as mentioned in our previous report that at this PVA/Fe
ratio, the core shell structure of silica coated SPION was
achieved reproducibly.

Cytotoxicity of the particles

The cytotoxicity of the stabilized SPIONs (Silica-CL-PVA-
SPIONs) was investigated. Real-time cell analyser (RTCA) was
utilized to monitoring the dynamic response profile of living
cells such as cell proliferation and death induced by toxicant.
This system based on electrical impedance measurement on the
bottom of cell culture plates. Impedance data created by
attached cells are automatically converted to cell index value
which is defined as relative change in electrical impedance
created by cell. As cells detach and die, the cell-covered area
reduces and cell index value decreases.383°

Fig. 2. (a) Dynamic monitoring of the cytotoxic response of HeLa cell exposed to different
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of Silica-CL-PVA-SPIONSs using PrestoBlue assay.
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Since the measurement is non-invasive and label free, the
system can continuously monitor the cells from the time when
they are seeded.’04! The time-dependent concentration
response of Silica-CL-PVA-SPIONs to Hela cell using RTCA was
shown in Fig. 2(a). The untreated control cells appeared healthy
with good cell attachment at post growth time of 96 h, while
another control cell exposed to 0.1% Triton X-100 instead of the
nanoparticles showed dramatic decline in the cell index
indicating cell death. The cells exposed to nanoparticles showed
no decrease in cell index values for all concentrations revealed
that Silica-CL-PVA-SPION was nontoxic. Cells continue to grow
with no adverse effect until 72 h after nanoparticle addition.
However, the cell index values are low as compared to an
untreated control cells. A transient decrease of cell index value



was observed after nanoparticle exposure, related to the
interruption of impedance during the
nanoparticle addition. According to nanoparticles
concentrations, kinetic profiles showed two transient decrease
areas of cell index at 45-50 h and 77 h, followed by an increase
until the end of measurement. The transient decrease phase

measurement

was observed obviously at 45 h for low concentrations (e.g. 3.8
and 7.81 pugFe/mL).

In order to confirm the result from RTCA, an end-point
PrestoBlue assay, a resazurin-based compound assay, which is
converted to the reduced form by mitochondrial enzymes of
viable cells was performed. Fig. 2(b) showed the data of cell
viability of the Hela cells after 24 h of incubation with the Silica-
CL-PVA-SPIONSs. Hela cell with untreated particles was used as
the control and the cell viability of which was set as 100%. It was
found that the Silica-CL-PVA-SPIONs had hardly any toxicity to
the cells. In the presence of Silica-CL-PVA-SPIONs, the cell
viabilities increased to be more than 90%. The results from
PrestoBlue assay showed a good consistency to RTCA indicated
that Silica-CL-PVA-SPIONs exhibited no apparent cytotoxicity to
Hela cells and were favourably biocompatible.

Colloidal stability of the particles

Usually, SPION is sedimentary at physiological pH and
reactive with chemical compounds of human organism and
immune system. Our starting material, the PVA coating SPION
was reported as the biocompatible coating materials. Also, silica
is an inert and non-toxic material with high potential for
functionalization with different ligands. The electrostatic
repulsion mechanism at silica surface can prevent aggregation
of particles at pH 7. Thus, by cross-linking silica to PVA-SPIONSs,
the biocompatibility and stability of the particles are expected
to be improved. In order to demonstrate the colloidal stability
of the particles, the effects of pH and ionic strength on colloidal
stability of the particles were investigated. Silica-CL-PVA-SPIONs
were exposed to a range of pHs from 2 to 12 and to different
NaCl concentrations (from 0 to 1 M). Zeta-potential values and
hydrodynamic size distributions of treated PVA-SPIONs and
Silica-CL-PVA-SPIONs were represented on Fig. 3. The results in
Fig. 3(a) revealed that PVA-SPION is stable at acidic pHs ranging
from 2-6 and basic pHs ranging 9-12, whereas Silica-CL-PVA-

SPIONs is stable at basic pHs (pH 7-12). Comparing to uncoated
Fig. 3 (a) The effects of pHs on colloidal stability of PVA-SPIONs and Silica-CL-PVA-SPIONs
and (b) the hydrodynamic diameter size, polydispersity index (PDI), and Zeta potential of
Silica-CL-PVA-SPIONs at different NaCl concentrations.

nanoparticles, Silica-CL-PVA-SPIONs show stability region at
physiological pH of 7.35 to 7.45 with high negative zeta
potential around -37 mV and point of zero charge (PZC) at pH 3,
while PVA-SPIONs have zero potential point at pH around 7.5.
This proves a necessity of silica coating and the efficiency of
silica to stabilize the nanoparticles at physiological pH. The
hydrodynamic diameter size, polydispersity index (PDI), and
Zeta potential of the Silica-CL-PVA-SPIONs at different NaCl
concentrations were shown in Fig. 3 (b). Although, the Zeta
potential of the particles decreased as the concentration of
NaCl increased, the size of Silica-CL-PVA-SPIONs remains almost
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[M] number) [nm]
1 98.0+04 0.333 -15.3+0.1
0.1 67.1=0.9 0.164 -18.0£0.5
0.01 62.3=1.0 0.150 -22.8+£0.6
0.001 63.3£1.9 0.119 -26.1+£0.2
0.0001 64.2+1.7 0.133 -36.6 =05
0 67.4=4.7 0.134 -34.2+£0.6

unchanged at NaCl concentrations as high as 0.1 M proving that
the influence of ionic strength on the colloidal stability can
effectively be reduced with silica coating.

In additions, the stability of the Silica-CL-PVA-SPIONs
suspended in deionized water was investigated by observing
the aggregation and measuring free iron ions released from the
particles at different time points. The result showed that the
particle was stable for over 9 months. No aggregation and iron
solubilisation were observed, indicating a good shelf life of the
concentrated particles (Data not shown).

In order to design the nanoparticles utilizable for biomedical
applications in vivo, understanding degradation rate and iron
ions release from the nanoparticles after cell internalization is
important to better understand nanoparticles toxicity and their
long term effects. To elucidate the stability of Silica-CL-PVA-
SPIONs in the body, the dissolution of the iron core of the
particles was investigated. An in vitro endosomal or lysosomal
model was utilized by incubating Silica-CL-PVA-SPIONs in

different buffer systems (with or without chelate) at pH 4.5-5.5.
from  Silica-CL-PVA-SPIONs
endosomal/lysosomal conditions measured from a blue product called Prussian blue
(Fe4[Fe(CN)g]3) absorbed at 690 nm.

Fig. 4 The free iron released incubating in

The chelating buffer, dicarboxylic acid citrate, which forms
stable complexes with Fe(lll) and non-chelating buffer,
monocarboxylic acid acetate, which forms less stable complex
with Fe(lll) in culture media RPMI 1640 were used as the
endosomal/lysosomal model reagents. RPMI 1640 at pH 4.5 and
5.5 were used as non-chelate reagent, while RPMI 1640 at pH
7.4 and deionized water at pH 5.1 were used as the control

reagents which are extracellular/cytoplasmatic pH and
endosomal/lysosomal pH, respectively.
This experiment is based on the hypothesis that

endocytosed particles are transferred through endosomes to
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lysosomes via intracellular transport pathway where the pH in
lysosomes environment decreases from neutral pH of 7.4 to
acidic pH of 4.5-5.0. This low pH may be an important factors
promoting solubilisation of the iron oxide particles. In addition,
the cellular uptake of iron (Fe) occurs through receptor-
mediated endocytosis of Fe(lll)-transferrin complex, followed
by dissociation of Fe(lll) from transferrin in a low pH
environment of endosomes and then the released Fe is
transferred into cytosol. This involves binding of the iron to
several low molecular weight compounds, such as citrate, and
iso-citrate to form complex with Fe and thus contributes to the

solubilisation of iron oxide particles.*?

Previous reports on degradability of superparamagnetic
nanoparticles suggested that kinetics of particle dissolution also
depends on their surface coating. Lévy et al. compared three
distinct surface ligands coating on SPIONs, dextran, citrate
(carboxylate), and phosphonate, and found that phosphonate
coating particles were more resistant to the particles
degradation than carboxylate ligand and dextran coating,
respectively.*®>  Dextran-coated magnetic nanoparticles
demonstrated the rapid particle decomposition in citrate buffer
pH 4.5 within 3 days.12 Commercial SPION based MRI contrast
agent, oxidized oligomeric starch coating-Clariscan™ was
completely solubilized within 4-7 days when incubated in citrate
buffer pH 4.5.42 In case of silica coating, Malvindi et al. reported
silica coating can prevent the degradation of the particles in
lysosomal pH of 4.5 as compare to bare particles and the iron
solubilisation was observed within 4 days of incubation.*4

Interestingly, in view of our experimental results, silica
coated PVA stabilized SPIONs developed in this work
demonstrated dramatically stability improvement in lysosomal
condition as compare to previous reports. Our results
demonstrated that the low pH of endosomes/lysosomes and
surface coating ligand may be responsible for the kinetics of
particles dissolution. As shown in Fig. 4. Silica-CL-PVA-SPIONs
started to decompose on day 42 and completely decompose on
day 49 at a lysosomal pH of 4.5 and 5.5 in citrate buffer while
on day 49 only minor or no solubilisation on the particle were
observed for other reagents. The data obtained with seven
different reagents all revealed that the rate of solubilisation was
faster in citrate buffer than that in acetate buffer indicating
more stable low molecular weight iron-complex of Fe(lll)-citrate
is the important factor to induce the iron decomposition. Also,
we observed a more rapid iron solubilisation in citrate buffer pH

4.5 than at pH 5.5. The enhanced stability of Silica-CL-PVA-
SPIONs could be attributed to the more compact and stable
silica shell created from silanization agents together with PVA
passivation on SPION surfaces. This enhances nanoparticles
resistance to the acidic condition of lysosomal environment,
reducing the degradation of iron core and slowing down the
iron ions release.

In addition to determine the free iron solubilisation, the
appearance of all reagents was observed during an incubating
times. Silica layer of Silica-CL-PVA-SPIONSs in citrate buffer may
start to detach from the core particles on day 35 as
sedimentation of white chemical at the bottom of the test tubes
(certainly coming from the silica shell) was observed. However,
no solubilisation of SPIONs was observed until day 49. At the
end of experiment, the supernatant solution of Silica-CL-PVA-
SPIONs in citrate buffer pH 4.5 appeared as the clear solution
without yellow colour of iron. This could attribute to the
complete decomposition of the particles and the formation of
iron-citrate complex. Other reagents i.e. Silica-CL-PVA-SPIONs
in RPMI only and in acetate buffer started to aggregate at day
35 without the decomposition of silica layer and iron
solubilisation, while in DI water pH 5.1 no aggregation of the
particles was observed (Figure S2).

In aspect of cytotoxicity, nanoparticles toxicity mainly due
to intracellular ions release after the degradation. They can
react with hydrogen peroxide produced by the mitochondria,
inducing the generation of highly reactive hydroxyl radicals and
ferric ions (Fe(lll)) resulting in cell toxicity. Therefore,
considered from long term acidic degradation, the coating we
proposed using a cross-linking mixture of PVA and silica allowed
to obtain nanoparticles safer to handle for the organism
because of more protected to dissolution than with commonly
used coatings. Our Silica-CL-PVA-SPIONs will allow time for the
cell to process the iron overload by the regulated iron metabolic
pathway (at least 42 days) while a faster dissolution of
nanoparticles, as presented above (from 3 to 7 days), may lead
to an excess of free iron ions, further transferred to the cytosol
with possible toxic effects.
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Fig. 5 Preliminary studies on internalization of the particles to HeLa and A549 cells. (a) Iron uptake by Hela cell at different concentrations of Silica-CL-PVA-SPIONs-FA loaded after
incubation for 4 h. (b) The specificity of the Silica-CL-PVA-SPIONs-FA to folate receptor after incubation for 4 h. (c) TEM images and magnified images of treated Hela cells after
incubation with 15.6 pugFe mL* Silica-CL-PVA-SPIONs-FA for 24 h. Coloured arrows represent selected cell organelles: nuclei (red), cytoplasm (blue) and vacuole (yellow). The black

arrow points to Silica-CL-PVA-SPIONs-FA containing vesicle inside cytoplasm of the cell.

Cellular internalization of the particles

To demonstrate the suitability of Silica-CL-PVA-SPIONs for
further use in biomedical applications, folate receptor (FR)
which have high affinity to folate was selected as the target
model. FR is commonly expressed on the cell surfaces of many
human cancers; however, it provides highly selective sites that
differentiate tumour cells from normal cells. In this work, in
order to bind specifically to folate receptors (FRs), the surfaces
of Silica-CL-PVA-SPIONs were modified to amino group using
aminopropyl triethoxy silane (APTES) and conjugated to folic
acid via EDC/NHS chemistry to form folate reactive Silica-CL-
PVA-SPIONs-FA. High levels of uptake could be achieved for
Silica-CL-PVA-SPIONs-FA at 15.6 pgFe mL? (Fig. 5(a)). The
preliminary studies on internalization of the particles were
performed by incubating 15.6 ngFe mL! the particles to folate
receptor (FR)-positive Hela cells. The iron uptake by cell after 4
h of incubation revealed the specificity of the particles to folate
receptor (Fig. 5(b)). To further confirm that the Silica-CL-PVA-
SPIONs-FA nanoparticles were indeed internalized by the target
cells rather than simply bound to the surface of the cells, and to
visualize the location of the nanoparticles inside the cells after
internalization, TEM images were taken on Hela cells that were
cultured with Silica-CL-PVA-SPIONs-FA nanoparticles. Fig. 5(c)
showed the images of Hela cells treated with Silica-CL-PVA-
SPIONs-FA. The result provides evidence that a large number of
Silica-CL-PVA-SPIONs-FA particles accumulated in Hela cells
treated with Silica-CL-PVA-SPIONs-FA and appeared as black
dots scattered in the cell cytoplasm but not in the nuclei. A
closer look at the images reveals that the majority of the

internalized Silica-CL-PVA-SPIONs-FA resided in the lysosomes
of the cells. These results explained that Silica-CL-PVA-SPIONs-
FA could be used for nanomaterial of detecting cancer cells.
Moreover, the high stable nanoparticles in lysosomal condition
together with high levels of cell uptake may provide these new
materials as candidates for use as cell-labelling agents.

Conclusions

In summary, we demonstrated a facile and up-scalable
approach for high stable silica-coated SPIONs synthesis. The
encapsulation of polyvinyl alcohol (PVA) on SPION surface
before coating of silica is the key factor that improves the
biocompatibility and colloidal stability of the particles. The
particles provide high colloidal stability at physiological pH and
show long term acidic degradation which are stable under
lysosomal condition for up to 42 days without iron solubilisation
and sedimentation of the particles indicating the stability of the
particles inside the cells. By modifying the particle surface, the
particles can be targeted to targeting ligands provide accurate
detecting of desired cells and high accumulation in unhealthy
tissues. These nanoparticles will have potential in various
medical applications such as multiplex detector for disease
diagnosis, cancer treatment by hyperthermia therapy, cell
labelling agent, as well as MRI contrast agents.
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