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Carbon-based nanomaterials, such as carbon-encapsulated magnetic nanoparticles (CEMNP, core @shell), present a wide range
of desirable properties for applications in the biomedical field (clinical MRI, hyperthermia), for energy production and storage
(hydrogen storage), for the improvement of electronic components and for environmental applications (water-treatment). How-
ever this kind of nanoparticles tends to aggregate in water suspensions. This often hampers the processability of the suspensions
and presents an obstacle for their application in many fields. Here the stabilisation of core-shell Fe-C nanoparticles by surface
adsorbed polyvinyl-alcohol (PVA) is presented. Different PVA/CEMNP mass ratios (9, 36, 144 and 576 w/w) were studied.
Several characterisation techniques were used in order to determine the size distribution of the particles and to optimize the
PVA/CEMNP ratio. A good colloidal stability was obtained for spherical nanoparticles of about 50 nm in diameter containing
several superparamagnetic Fe cores. The nanoparticles were found to be isolated and well dispersed in solution. The use of PVA
for coating carbon-encapsulated Fe nanoparticles does not only result in a good colloidal stability in aqueous suspensions, but the
resulting particles also show low cytotoxicity and an interesting cell internalization behaviour. The simple stabilization method
developed here can likely be extended to other core @shell nanoparticle systems as well as other carbon-based nanomaterials in

the future.

1 Introduction

Carbon-encapsulated superparamagnetic iron nanoparticles
(core-shell Fe-C NPs) are very interesting for a wide range
of applications from the biomedical field !-®, (hyperthermia,
local therapy, magnetic resonance imaging, biosensing), to en-
ergy storage and production’'? (hydrogen storage, improved
electrodes in batteries or supercapacitors), environmental is-
sues (soil remediation, 112 water treatment, 1>14 waste-water
treatment '°) and electronic applications '® (spintronics). For
several of the above mentioned applications, superparamag-
netic rather than ferromagnetic behaviour of the Fe cores is
required for instance to avoid the aggregation of nanoparticles
due to magnetic forces upon the removal of an external mag-
netic field (previously applied to e.g. provide a controllable
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local heating) or for a better control of the response to an exter-
nal field (non hysteresis loop). The carbon encapsulation plays
an important role in the nanoparticle structure, since it pro-
tects the magnetic core against oxidation, thermal or tempo-
rary degradation. Additionally the carbon coating adds some
special characteristics to the nanoparticles, such as good elec-
trocatalytic activity and other interesting electrical properties
as well as the possibility of chemical functionalisation. How-
ever, the coated NPs are often obtained in aggregated state
(due to hydrophobic surfaces) and thus the synthesis of well-
dispersed and stable carbon-coated magnetic NPs with narrow
size distributions in aqueous media is still a challenge.!” The
control of the size distribution and the avoidance of nanoparti-
cle agglomeration in aqueous solutions (i.e. the colloidal sta-
bility) are crucial for the mentioned applications.

In the literature several methods for the stabilisation of NPs
were reported, but these usually affect the magnetic proper-
ties of the nanoparticles or modify the morphology and struc-
tural properties of the final product. To improve the disper-
sion of carbon-based nanomaterials (single, multiple carbon
nanotubes or graphene), some treatments such as aggressive
chemical functionalisation (the use of acid at high tempera-
tures) or mechanical dispersion methods (ultrasonic or high
shear mixing), are commonly used. '82° However, these meth-
ods present drawbacks, since they can introduce structural de-
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fects and may damage the electrical or mechanical properties
of the carbon nanostructures.

In order to favour the colloidal stability of NPs, the use of
polymers or surfactants is widespread.?! Some of the most
common natural or synthetic polymers in this context are dex-
tran, chitosan, poly(ethylene glycol) (PEG), poly(vinyl alco-
hol) (PVA).?>"2* Among those the PVA polymer is one of the
most widely accepted in the biomedicine field, due to its non-
toxicity, biocompatibility, water solubility and biodegradabil-
ity. 2

In the present work, we were able to produce nearly
monodisperse core-shell Fe-C superparamagnetic NPs which
were stable in aqueous solution. The colloidal stability was
achieved with the help of PVA adsorption and was studied in
details by different characterisation methods. This allowed us
not only to assess the colloidal stability of the nanoparticles
and to determine the optimal amount of PVA. In addition the
cellular toxicity and internalization of the PVA-functionalised
nanoparticles was estimated. The results of the last two meth-
ods are promising with respect to the future use of the pro-
duced NPs for biomedical applications. In summary this work
presents a further step towards the use of Fe-C particles in
nanomedicine.

2 Experimental Details

2.1 Synthesis of superparamagnetic core-shell Fe-C
nanoparticles (Fe-C NPs)

Superparamagnetic core-shell Fe-C NPs were produced by
means of a modified arc-discharge plasma method (mADP),
developed in the FEMAN group. >62” The technique was mod-
ified to achieve better control of the core size distribution,
which is essential for the superparamagnetic properties of the
nanoparticles. The synthesis was carried out at atmospheric
pressure under a He flow rate of 1.6 L/min. The applied cur-
rent used was 30 A. The iron source came from an iron pre-
cursor based on a solution of ferrocene diluted in isooctane
(0.5 wt.%) and the carbon source was provided by the elec-
trodes, which were made of pure graphite (99.99 % purity).
NPs were collected from the walls of the reactor and magnet-
ically separated in order to only obtain the magnetic product
only. Samples were stored in absolute ethanol for clean and
easy nanoparticle manipulation at a total NP concentration of
70 pg/mL.

2.2 Coating and characterisation of Fe-C@PVA and
Fe-C@ A-PVAFITC

It was reported previously that the surface charge has an im-
portant effect on cellular internalisation; negatively charged
NPs are not as easily internalised as positively charged ones.?

Consequently, to be able to use the particles for cell internal-
isation studies they needed to be coated. In addition a judi-
ciously chosen coating can provide a better colloidal stability
due to steric repulsion. Thus the particles were coated with
polyvinyl-alcohol (PVA), which has been used previously for
the stabilisation of different nanoparticles.?~>! For the coat-
ing, PVA (Mowiol® 3-85) with a hydrolysis degree of 85 % to
89 % and average molecular weight of 14000 g/mol, supplied
by courtesy of Kuraray, was used.

PVA-coated Fe-C nanoparticles (Fe-C@PVA) were pre-
pared using different PVA to total NP mass ratios: 9, 36, 144
and 576 w/w. The PVA polymer was first diluted in water.
Then it was added to the Fe-C NP suspensions at the differ-
ent PVA to NP ratios and mixed in an ultrasound bath for
10 min. The final Fe-C@PVA suspensions were obtained with
a NP concentration of 37 ug/mL in a water/ethanol mixture
(50:50 v/v). The particles were then fully characterized by dif-
ferent methods, which were applied a week after the prepara-
tion, to ensure that equilibrium was reached.

Scanning electron microscope observations were carried
out using a Hitachi H-4100FE instrument operating at an ac-
celerating voltage of 20 kV. Transmission electron microscope
observations were done using a JEOL JEM 2100 operated at
200 kV. Nanoparticles were analysed by STEM-EDX using a
JEOL JEM 2100 operating at 200 kV equipped with a Oxford
INCAXx-sight Si(Li) detector for EDX. EELS was done using
a Jeol 2010F FEG operating at 200kV equipped with a Gatan
Image Filter (GIF). Magnetic properties were studied using a
superconducting-quantum-interference device (SQUID) mag-
netometer at temperatures from 5 to 300 K and using fields up
to5.5T.

Zeta-potential measurements were performed using a
Brookhaven ZetaPALS instrument, equipped with a 661 nm
laser illumination. The detector position was set to 90°. More
details are described elsewhere?. PVA-coated NPs were di-
luted in pure water at a NP concentration of 2 pg/mL for the
Zeta-potential measurements. At this NP concentration the
measurements were well reproducible. The measurements
were treated using the Smoluchowski model. Measurements
were repeated 4 times.

Particle size measurement (number and volume weighted
distributions) with an analytical disc centrifuge were carried
out with a CPS Instruments Europe at 17633 rpm. A density
of 2.2 g/mL, an absorption coefficient of K = 0.7 and the theo-
retical refractive index of carbon (n = 2.67) were used for the
calculations. For each measurement a volume of 200 ul of the
Fe-C@PVA at a total NP concentration of 37 ptg/mL was used.
Measurements were repeated 5 times. The volume weighted
distributions obtained were fitted and when two populations
were found, the mean diameter value of each population ob-
tained (Dyso) were given with the volume percentages of this
population. Each Dysy was given with its geometrical stan-
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dard deviation (0g).The mean diameter standard deviation of
the number weighted distribution was obtained from the CPS
software.

As the initial PVA coating results in neutral particles, the
Fe-C@PVA samples were additionally functionalised using an
small amount of amino-PVA (A-PVA) with an average molec-
ular weight of 80000 to 140000 g/mol and an amine content
Mnmo/Mpya of 2.3-2.6, supplied by courtesy of ERKOL®
(M12). A week after their preparation, Fe-C@PVA suspen-
sions (37 pg nanoparticle/mL) were mixed with A-PVA, pre-
viously diluted in water, using an A-PVA quantity leading to
a final A-PVA/PVA mass ratio of 2 %.

In order to detect the Fe-C@A-PVA NPs, they were func-
tionalised with A-PVA labelled with Fluoresceine isothio-
cyanate (FITC) by using a protocol described previously by
the LTP group.>? Briefly, 200 mg of A-PVA were dissolved
in 10 mL Borate buffer solution at pH 10 and 12.5mM and
heated at 80 °C for one hour. The final solution had an A-PVA
concentration of 20 mga_pya/mL. 0.05 mmol of FITC were
dissolved in 2mL of Dimethylsulfoxide solution (DMSO).
The A-PVA and FITC solutions were mixed under magnetic
stirring for 24 hours, protected from light. After the reac-
tion, the solution was dialysed three times against 800 mL
distilled water with 12 hours between each water change.
The 3 dialysed solutions were then analysed in UV-visible at
490 nm. The estimated yield of FITC grafting is 0.045 mmol
of FITC, which reacted with the 200 mg of A-PVA. The final
A-PVAFpTc solution had a concentration of 4.76 mg of poly-
mer/mL and 0.0011 mmolgrrc/mL.

For all the Fe-C@A-PVA samples with polymer/NP ratios
of 9, 36, 144 and 576 w/w, 8 ug A-PVApTc/mL were added.
The labelled samples will be referred to as Fe-C@ A-PVAgc.

The amount of additional PVA added by the A-PVA and A-
PVAErc was so small (2% mass or 0.2% molar of the total
amount of PVA in the coating) that it was considered to be
negligible for the particle size.

2.3 Cell culture, cytotoxicity and cellular internalisation
studies

As a first approach to estimate the usability of the particles for
the biomedical applications, Fe-C @ A-PVAgrc were used for
cellular incubation experiments. These were done at least 24
hours after the sample preparation to ensure equilibration. The
biological behaviour, such as cytotoxicity and internalisation,
was studied on cervix adenocarcinoma cells (HeLa). The con-
centration of Fe-C@ A-PVAFgTc/cells was kept constant for
all experiments.

Cytotoxicity was evaluated using MTS assays. HeLa cells
were plated at a density of 20000 cells/well in a 96 well plate
at 37°C in 5% CO, atmosphere. 100 uL of 25 times di-
Iuted Fe-C@A-PVAFrrc suspensions and pure PVA solutions

(mixture of PVA-OH and A-PVAgrc, to estimate the poten-
tial influence of fluorescence on this test), at the same con-
centrations as the corresponding Fe-C@A-PVAgrc suspen-
sions, were prepared. For each condition, triplicate experi-
ments were performed. After 1, 3, 6 and 24h of incubation,
the medium was removed and 100 uL of MTS reagent, previ-
ously diluted 6 times, were added. After two hours of incu-
bation, the absorbance at 490 nm was recorded using a plate
reader Infinite M200 from TECAN. The cell viability (%) was
calculated relatively to control wells, where only medium was
added to the cells. A statistical analysis of the measured cell
viability was done using standard least squares multiple linear
regression. Initially a set of 7 predictor variables was consid-
ered: time 7, PVA/NP mass ratio r,,, , presence of particles p,,
and repetition number of the experiments s, as well as 7 - 7, ,
t-p, and ¢ -5, due to the possibility that any effect on the vi-
ability might change over time. The significance of each pre-
dictor was then estimated using the t-test statistics and the set
of predictor variables was reduced to the maximum set con-
taining only predictors with a p-value of < 0.005. In addition
to the full set of data, two subsets containing only viability
test up to three hours and only measurements for r,,, up to
144 were analysed as well. The validity of the linear regres-
sion was checked with the Tuckey-Anscombe as well as with
a QQ-plot. All statistical analyses were done with the R Envi-
ronment for Statistical Computing. 3*

For internalisation observations, cervix HelLa cells were
grown on 24/24 mm coverslips in the bottom of 6 wells plates
with DMEM (GIBCO, #41966-052) completed with 10 %
FBS (GIBCO, #10270-106, heat inactivated) and 1% Pen-
Strep-Ampho. The initial cell concentration (50000 cells
per well) was chosen to reach 80 % confluence after 4 days.
When 80 % confluence was reached, 1 mL of 10 times di-
luted Fe-C @ A-PVAg;tc or 1 mL of 10 times diluted Fe-C was
added to the well. Each experiment was done in duplicate. As
control, duplicates were loaded with DMEM.

After 24 hours incubation at 37 °C under 5 % CO,, HeLa
cells were washed 3 times with PBS 1X and 1 mL of fresh
medium was added. 1uL of DAPI (1 mg/mL) was injected
to each well and incubate 10 minutes at the same conditions.
After DAPI removal and 3 washings of 1 mL PBS, cells were
fixed with 5 mL of Paraformaldehyde (PFA at 40 mg/mL) for
15 minutes at 37°C and 5% CQO,. The excess was washed
by the same method as previously described. Coverslips were
then placed on slides using prolongold (Invitrogen). The poly-
merisation was carried out for at least 16 hours in darkness.
Finally slides and coverslips were sealed together with nail-
polished.

Slides were then observed on an inverted confocal micro-
scope (Carl Zeiss LSM 700 Invert, software: Zen_2009) with
a laser at 405 nm for DAPI detection (550 nm beam splitter)
and laser at 488 nm for FITC detection (600 nm beam split-
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ter). The magnification was set at 63X on oil immersion.

To correlate with the confocal experiments, TEM imag-
ing of HeLa cell internalisation was also done. HeLa cells
were seeded in 12-well plates 225000 cells per well; 1.3 mL
per well. Cells were incubated for 24h at 37 °C under 5 %
CO,. After 24h incubation, the medium was replaced by
DMEM, naked particles or coated NPs at a PVA/NP mass ra-
tio of 9, 36, 144 and 576 w/w or with a mixture of PVA at
a different PVA/NP ratios (9, 36, 144 and 576 w/w). Cells
were again incubated for 24h at 37 °C under 5 % CO,. After
treatment the cells were washed once with PBS1x (GBICO,
#10010-015). Cells were covered with 1.8 mL Glutaralde-
hyde 0.15 M Hepes buffer and store at 4 °C until further treat-
ment. Cells were washed twice in 0.15 M Hepes buffer and
left overnight in it. Then the cells were rinsed three times
in 0.05M maleate, NaOH buffer before contrasting the sam-
ples for an hour using 0.5 % Uranylacetate, 0.05 M Maleate,
NaOH buffer. Cells were washed again in 0.05 M Maleate,
NaOH buffer and then progressively dehydrated in increasing
concentrations of ethanol (70 %, 80 %, 96 % and 100 %). The
samples were then embedded in Epon for few days. Sections
of 80 nm thickness were made for each condition. Contrast,
embedment, sectioning and TEM analysis were made on a
Philips/FEI CM12 in the Institute of Anatomy at the Univer-
sity of Bern.

3 Results and Discussion

3.1 Characterisation of Fe-C NPs

Superparamagnetic core-shell Fe-C NPs were charac-
terised by high-resolution, transmission electron microscopy
(HRTEM, TEM) and scanning electron microscope observa-
tions (SEM) (Fig. 1). The primary size of the Fe-C particles
and the diameter of the Fe cores (Ferets diameters) were cal-
culated by counting NPs from TEM (220 counts) and SEM
(514 counts) images and fitting the corresponding histograms
to the commonly used lognormal distribution.

The fitting was done via the median diameter Dysg of the
lognormal distribution, which corresponds to the geometric
average of the measured diameters (equal to the median value
in a lognormal distribution) and via the geometric standard
deviation ©,. The particle counting and diameter calculations
(Ferets diameter) from microscopy observations were done us-
ing Image]. »

TEM observations show that the crystalline Fe cores pre-
sented nearly monodisperse diameters of 6.7nm with 6, =
1.18. HRTEM image (Fig. 1A) showed a representative Fe
core coated by several graphitic layers. SAED pattern (in-
set Fig. 1A) confirmed the bce ¢-Fe phase of the iron cores.
The Fe cores were well protected against oxidation by the
graphitic shell. XRD and EELS analyses also confirmed this

(see supplementary information). On SEM images (Fig. 1B)
one can see that the coated Fe-C NPs have spherical shape
with a measured primary diameter of 42nm with a narrow
size distribution (0, = 1.23). Elemental analysis was per-
formed by means of a controlled combustion at high tempera-
tures (around 1800 °C) in a pure oxygen stream using a CHN
analyser. The weight percentage of carbon found in the NPs
was around 70 % (C 71.48 %, H 2.35 %, N 1.56 %).

The morphology of the naked and coated Fe-C NPs can be
seen in figures 2 and 3. The naked Fe-C NPs appear as ag-
glomerates of vaguely spherical carbon particles with up to
~ 3 iron cores inside. The coated NPs on the other hand are
more dispersed, and seem to contain more (several tens of)
iron cores per particle. The iron cores seem to be uniformly
distributed throughout the particles. The change in morphol-
ogy is surprising. It is possible that the interaction between the
Fe-C particles and the PVA exceeds simple surface adsorption.
There are several possible scenarios for this. One explanation
would be that the PVA partially or completely dissolves and
replaces the carbon coating. However it is difficult to imagine
that a simple PVA coating in itself could prevent the iron cores
from oxidizing, yet the unchanging size and morphology of
the Fe core would indicate that they are not oxidized. Conse-
quently other explanations seem more likely. It is also possible
that the interaction with PVA changes the structure of the car-
bon coating. For instance the interaction with the PVA could
lead to a partial amorphization of the carbon coating, with the
PVA absorbing in the pores of the amorphous carbon, thus
leading to a PVA-carbon coating. Similar mechanisms have
been observed before.3® Another scenario would be that only
the amorphous part of the Fe-C particles is dissolved upon the
addition of PVA whereas the graphitic shell remains. On these
particles the PVA could then form a semi-crystalline coating,
similar to what is observed for carbon nanotubes.3’ The ob-
served particles would then be semi-crystalline PVA particles
containing several Fe-C cores. It is clear that the exact struc-
ture of the produced Fe-C@PVA particles will warrant further
study in future, however such a study was outside the scope
of this article, whose aim it was only to study the colloidal
stability and the possible applicability of the particles in the
biomedical field. However we added a discussion of the struc-
ture of the Fe-C@PVA particles and the possible scenarios in
the manuscript.

The magnetic properties of the superparamagnetic NPs
were also studied. In Fig 4 the magnetic response from the
hysteresis loop at room temperature is depicted. Experimental
data fitted the typical Langevin function® corresponding to
a superparamagnetic behaviour with a magnetic moment per
a-Fe core of 1t =7.5-1072 Am?, which corresponds to a sat-
uration magnetisation of about 60 Am?/kg, smaller than the
bulk a-Fe (220 Amzlkg) due to the interaction of the carbon
coating with the iron core. > Although carbon coating can lead
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Fig. 1 Microscopy observations of the superparamagnetic core-shell Fe-C NPs. (A) TEM image of a representative a-Fe core of about 6.7 nm
encapsulated by several graphitic layers. SAED pattern (inset A) confirmed the bcc structure of the ferrite cores. (B) SEM images showed
spherical primary NPs of about 42 nm in diameter with a 6, = 1.23.

Fig. 2 TEM images comparing initial Fe-C NPs (A) with well-dispersed isolated Fe-C@PVA 144 NPs (B). The effect of the steric repulsion of
the polymer coating was clearly observed even during the drying process of the Fe-C@PVA144 NPs on the TEM grids.
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Fig. 3 (A) TEM images of Fe-C@PVA144. (B) The corresponding size distribution was obtained from TEM observations (n=), a lognormal
fitting showed a median diameter of about 48 nm with a geometric standard deviation of o, = 1.42, in agreement with the particle size

distribution of CPS disc centrifuge.

to a reduce of the magnetisation, it protects the iron core from
oxidation and harsh environments providing stable magnetic
properties to the nanoparticles. The inset in Fig 4A shows
the hysteresis loop at 5 K. At this temperature, Fe-C NPs did
not present superparamagnetic behaviour and thus a coercive
field of about 47mT was observed. This value nearly cor-
responds to a perfect bulk a-Fe crystal (51 mT),* in agree-
ment with the composition of the Fe cores characterised pre-
viously. In Fig 4B, the Zero-Field-Cooled and Field-Cooled
(ZFC-FC) curves from the Fe-C NPs are depicted. The Gittle-
man model*!, which consider an assembly of non-interacting
particles with a volume size distributions, was fitted to the
ZFC curves considering as the magnetic diameter the value
6.7 nm obtained from the TEM images. The average 75 and
the effective anisotropy energy (Keg) found from the fitting
were 27.8 K and 5.66- 10* Jm 3, very close to the value of
the anisotropy energy for the bulk a-Fe, K| = 4.8-10* Jm 3.
In summary, these results show that the produced Fe-C NPs
present suitable properties for several applications. Particu-
larly narrow primary size distribution, the superparamagnetic
behaviour as well as the small average primary size of the car-
bon encapsulated Fe NPs (about 42 nm), comparable to bi-
ological entities, make them very interesting for biomedical
applications.

3.2 Hydrodynamic behaviour of NPs: effect of the PVA
coating

As we shown in the previous section, Fe-C NPs present suit-
able properties for different applications. However, for several
possible applications NPs are required to be well dispersed in
liquid media. Consequently it is necessary to properly charac-
terise their hydrodynamic behaviour to correctly assess their

potential for the use in different fields. When NPs are dis-
persed in aqueous suspensions, they may start to agglomer-
ate or aggregate and some sedimentation can be observed.*?
The stability of nanoparticles depends on different repulsive
and attractive interactions (electrostatic, steric, magnetic and
van-der-Waals forces).*} For carbon-based NPs, their agglom-
eration or aggregation in aqueous systems is mainly caused
by the hydrophobic nature of their surfaces and the attractive
van-der-Waals attractive forces.** The attractive interpaticle
forces leading to agglomeration/aggregation can be counter-
acted to some degree by adding a steric repulsion e.g. by
adsorbing polymers at the NP surface. To this end the Fe-C
NPs were coated using different PVA to nanoparticle mass ra-
tios: 9 w/w (Fe-C@PVA9), 36 w/w (Fe-C@PVA36), 144 wiw
(Fe-C@PVA144), and 576 w/w (Fe-C@PVAS576).

The effect of the polymer coating was immediately apparent
after sample preparation. Whereas Fe-C NPs without the poly-
mer coating rapidly and irreversibly sedimented (redispersion
was possible neither using conventional ultrasonic bath nor a
high-power ultrasound technique), no sedimentation was ob-
served for the Fe-C @PVA suspensions (see supplementary in-
formation).

Figure 5 shows the number and volume-weighted size dis-
tributions obtained by CPS disc centrifuge whereas table 1
summarizes the Dyso and the total weight percentage of the
different populations as obtained by fitting to the volume dis-
tribution measured by CPS. Also shown are the global Dysg
measured by different techniques (CPS, SEM and TEM).

CPS disc centrifuge allows the size characterisation of NPs
based on the sedimentation process which takes place under
centrifugal forces. This technique is able to characterise bi-
modal dispersions of NPs.*> Consequently the CPS measure-
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Fig. 4 Magnetic properties of the Fe-C NPs were depicted. (A) Hysteresis response at room temperature (300 K) followed a Langevin
function corresponding to superparamagnetic behaviour. The hysteresis response at 5 K lower than 7p (inset graph) showed a coercive field of
about 47 mT in agreement with bulk a-Fe. (B) ZFC-FC curves confirmed 7p lower than room temperature and ¢-Fe composition of the

nanoparticles (K¢ close to the K; o-Fe bulk value).

ments clearly show the effect of the PVA (figure 5). Without
any coating, the Dy of the Fe-C particles was much higher
than for PVA coated Fe-C (table 1). For naked Fe-C only
one population, extending the measured size range of up to
1 um, was observed . On the contrary, for PVA/Fe-C mass ra-
tios between 9 and 576, two populations of particle diameters
were observed: one around 70-90 nm and another one, proba-
bly corresponding to agglomerated particles, around 170-220
nm. The mean volume weighted diameter of the first popu-
lation seems to initially decrease with increasing PVA ratios
from Fe-C@PVAO to Fe-C@PVA144 and increased again for
higher PVA contents (table 1). Moreover simultaneously to
the initial decrease of the Dy 5, the proportion of the smallest
population increased, up to a PVA/NP ratio of 36 above which
the relative amount of small particles decreased again. Con-
trary to what one would expect, there is no substantial increase
in the hydrodynamic diameter of the population of dispersed
particles due to the polymer coating. This could indicate that,
even if the PVA can be expected to increase the monolayer
size, it might disperse preferentially smaller particles and thus
decreases the mean diameter of the dispersed Fe-C particles.
In addition, as we have discussed before, it is possible that
the addition of PVA has a more pronounced effect than sim-
ple surface adsorption, which might lead to a more complex
dependence of the particle size on the amount of PVA.

These results indicate, that best dispersion of the particles,
meaning with the smallest Dysy and the highest proportion
of small particles, can be obtained for an optimal PVA/Fe-
C mass ratio should be between 36 and 144. Moreover, in

number-weighted size distribution measurements, contrary to
the naked Fe-C NPs (DN50: 130 nm) the median diame-
ter of the number-weighted size distribution (DN50) of all
PVA coated Fe-C@PVA NPs were around 50 nm (table 1) in
good agreement with the primary NP size calculated from mi-
croscopy observations (Fig. 1-B). This shows the effect of the
polymer coating on the NP dispersion in aqueous suspension.

The TEM observations of the Fe-C@PVA NPs also give
some indication of the stabilization of the NPs by the PVA.
The effect of the polymer coating is clearly visible, espe-
cially for sample Fe-C@PVA144 (fig. 2). For this sample
the polymer was able to inhibit the agglomeration of the NPs
even during the drying process after deposition of NPs onto
holey carbon-coated TEM grids (hydrophobic surfaces). We
should underline that samples were stable and TEM grids
looked the same even 12 months after preparation. How-
ever, NPs with a lower amount of polymer (Fe-C@PVAO9, Fe-
C@PVA36) were agglomerated during the drying process and
for Fe-C@PVAS576 NPs, the amount of polymer on the grids
made their observation by TEM very difficult (the electron
beam was partially transmitted through the grid).

The number-weighted size distribution of Fe-C@PVA144
from TEM images (248 counts) is represented in fig. 3. The
median TEM diameter was about 48 nm, in excellent agree-
ment with CPS results, pointing out the reliability of the CPS
method for the characterization of the present samples and the
effect of the polymer coating.

In summary we can say that for several applications,
carbon-coated magnetic NPs are very interesting due to their

This journal is © The Royal Society of Chemistry [year]
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stable characteristics under harsh conditions (e.g. under acidic
or basic conditions, reactive atmospheres or high tempera-
tures). However, their poor colloidal stability can make their
use for some applications difficult. Using PVA to coat the Fe-
C particles at different NPVA/NP mass ratios (9; 36; 144 and
576) allowed a better colloidal stability, with an optimal PVA
to NP ratio between 36 and 144.

3.3 Zeta ({) potential of nanoparticles: effect of the PVA
coating

The Zeta potentials of the Fe-C and Fe-C @PVA NPs were also
investigated (table 1). As a general rule a higher absolute value
of the zeta potential helps stabilize the particles in solution®.

The measured Zeta potential of naked Fe-C NPs dispersed
in water is about -46 mV. The negative Zeta potential is most
likely due to charges determined by the surface chemistry of
the carbon shell, such as the presence of surface carboxyl
groups due to some carbon defects, and depends on the surface
oxygen content.*” For increasing polymer concentrations, the
absolute value of the Zeta potential tends towards a lower ab-
solute value. This is indicative of the presence of polymers
on the surface of the NPs, increasing the size of the electri-
cal double layer. Clearly the electrostatic repulsions between
the naked NPs were not enough to stabilise them in aqueous
suspensions. Upon addition of the polymer, the Zeta poten-
tial strength decreases and hence the electrostatic interactions
are expected to become weaker as well. Consequently it is
the steric repulsion coming from the polymer coating which is
responsible for the previously discussed colloidal stabilisation
of PVA-coated NPs dispersed in water.

The Zeta potential measurements (table 1) for
Fe-C@A-PVAFTc showed higher values than Fe-C@PVA
NPs. Initially the zeta potential increased continuously with
the ratio of PVA and for ratios greater than 36 w/w, the Zeta
values became positive. However at PVA ratios > 144 w/w,
the zeta potential appears to reach a constant value of about 20
mV. This indicates that the PVA is either completely masking
the particles and thus dominating the surface properties or
that the additional PVA is no longer adsorbed at the particle
surfaces.

3.4 First approach to biomedical applications: cytoxicity
and cellular internalisation

The cytotoxicity and cellular internalisation were examined
by incubating amino-functionalised PVA-coated nanoparticles
and HeLa cells. The influence of the Fe-C@A-PVAgTc with
different PVA/NPs mass ratios on the viability of incubated
HeLa cells was measured after 1, 3, 6 and 24 hours by MTS.
The results can be seen in figure 6 and the results of the statis-
tical analysis in table 2. First of all, the analysis revealed sta-

tistically significant variations between the repetitions of the
measurements, which increased over time. Since the effect of
the repetitions of the measurements is probably not linear we
might be at the limit of the applicability of the linear model
used, however the Tukey-Anscombe and the QQ-plot did not
reveal any significant model violations, apart from a couple
of outliers. Consequently we assume that the results of the
analysis are valid.

The statistical analysis of the results did not reveal any tox-
icity effect of the Fe-C NPs on HeLa cells. However the addi-
tion of PVA and A-PVA appears to have a slightly toxic effect.
The effect becomes only statistically significant if the results
for higher PVA/NP ratios than 144 w/w and incubation times
longer than 3 hours are included (see additional results in the
supplementary information). Consequently the toxicity seems
to be due to the higher amount of A-PVA coated on these NPs
and longer incubation times. The observed toxicity is likely to
be caused by the increasing surface charge with the increasing
quantity of A-PVA. In fact it has been reported previously,
that highly positively charged particles decrease cell viabil-
ity*8. As observed in paragraph 3.3, it is possible that for the
highest ratio (576 w/w), part of the PVA is not adsorbed at the
particle surface but is present as freely floating polymers in
solution. Thus the observed toxicity might be due to the free
PVA rather than the coated particles.

Table 2 Results of the statistical analysis of the viability results:
estimated parameters 3 with their standard error A and their
p-value as well as the estimated standard deviation of the random
fluctuations 6%, the estimated mean squared error of the
predictions and the global p-value of the model.

Best A p-value
tx1py, [h] —14-10° 0.2-107° 54-10°°
txs [h] 1.7-107! 0.2-107! 4.4.107"

o R? p-value
global 4.8 0.5 4.8-1071°

The uptake of the NPs by HeLa cells was investigated by
confocal fluorescence microscopy and TEM imaging. The
confocal microscopy images (Fig. 7) show that the labelled
particles (Fe-C@A-PVAprrc: apple-green spots) can be found
principally surrounding HeLa cells and in the same focal plan
of the cell nuclei stained with DAPI (blue colour). This is in-
dicative of the colocalisation of the Fe-C@A-PVAgrc and the
HeLa cell membranes, meaning that only few particles could
pass this membrane. For the 36 and 144 mass ratios parti-
cles, more cells and flourescent particles were observed than
on the Fe-C@A-PVAgrc9 and 576. It could seem that par-
ticles with PVA/NP ratio of 9 interacted less with the cells
because of their initial surface charges still negative. For the
Fe-C@A-PVAFTc576, fewer cells were observed, correlating

8| Journal Name, 2010, [vol]1-14
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Fig. 5 Number (a) and volume (b) size distributions and corresponding cumulative distributions obtained by CPS Disc Centrifuge of the
Fe-C@PVA NPs with different PVA/NP mass ratio.

Table 1 Number and volume-weighted size distribution of Fe-C and Fe-C@PVA NPs characterised using different methods. ¢ indicates the
standard deviation whereas o, corresponds to the geometric standard deviation. nd indicates that the value was not determined. *this value

could not be determined as the measured size distribution was incomplete.

Sample Method Dy [0g] Dysp [0g] Dnso (0) ¢ pot. (o) ¢ pot. (o)
[nm] [nm] [nm] [mV] [mV]
(% pop. 1) (% pop. 2) @PVA @A-PVAFTC
Fe-C SEM nd 42 [o,: 1.23]
CPS 380 [nd*] - 130 (25) -46 (2) -46 (2)
(100 %) -
Fe-C@PVA9 TEM nd nd
CPS 86 [1.56] 189 [1.27] 52 (5) -22 (3) -16 (1)
(60 %) (40 %)
Fe-C@PVA36 TEM nd nd
CPS 80 [1.64] 171 [1.26] 46 (3) -28 (3) 9 (1)
(81 %) (19 %)
Fe-C@PVA144 TEM nd 48 [o,: 1.42]
CPS 72 [1.63] 168 [1.31] 48 (7) -20 (1) 19 (1)
(67 %) (33 %)
Fe-C@PVA576 TEM nd nd
CPS 75 [1.45] 216 [1.49] 50 (5) -14 (1) 21 (1)
(52 %) (48 %)

the results of the viability study.

Some black dots were also observed (arrows on Fig 7),
which could correspond to big aggregates (>1 um) of mag-
netic NPs. Again this correlates with the CPS results dis-
cussed above, where a population of agglomerated particles
was observed. Those spots showed no or little fluorescence,
indicating an absence of a significant amount of PVA. This
could mean that the agglomerated particles were not stabilised
by PVA. Another possibility could be the release of the PVA
and its replacement by medium proteins. This protein adso-
prtion could have led to the extracellular aggregation observed
in confocal microscopy and already mentioned by Calmon
and coworkers*’. As green sports were observed, the pres-

ence of Fe-C@A-PVAgrc around the Hela cells membranes
is proven with the confocal pictures.

The confocal analysis was correlated with TEM imag-
ing at the same concentration of Fe-C@A-PVApyrc per cell.
Fig. 8 shows the TEM images for Fe-C@A-PVAprc with
a PVA/NP ratio of 9 and 144, taken at two different mag-
nifications. Whereas no naked Fe-C particles were detected
inside the cells, Hela cells seem to have internalised the
Fe-C@A-PVAF1c particles. Several black dots around 10 nm
can be seen inside cell’s vacuoles. The particles appear to be
aggregated in a matrix, which could be endozomes. These par-
ticles look the same as already observed in TEM pictures of
Fe-C@A-PVAFTc144 in Fig. 2 and Fig. 3 and so indicate the

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Confocal images of cellular (HeLa cells) internalisation experiments using Fe-C@ A-PVApTc NPs with different polymer/NP mass
ratios. The black points represent larger agglomerates of Fe-C NPs and larger aggregates (>1 um) which were not well-covered by the
polymer, since most of the black points did not emit green light due to the A-PVA-FITC coating. Scale bar: 15 um.
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Fig. 8 TEM images of HeLa cells internalisation experiments using Fe-C@A-PVAgtc with PVA/NP mass ratio of 9 and 144.
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Fig. 6 Cell viability of HeLa cells incubated with
Fe-C@A-PVAfpTc and PVA-OH/A-PVAgTc solutions compared to
control HeLa cells incubated with cell medium. Cell viabilities were
measured 1, 3, 6 and 24 hours after incubation. Incubation
conditions from left to right: control cell medium, Fe-C only,
Fe-C@A-PVAgTc PVA/NP mass ratio 9, Fe-C@ A-PVAgTc
PVA/NP mass ratio 36, Fe-C@A-PVAgrrc PVA/NP mass ratio 144,
Fe-C@A-PVAgrc PVA/NP mass ratio 576, PVA-OH/A-PVAgTC
solution mixture at the same concentration than Fe-C@ A-PVAgTc
ratio 9, PVA-OH/A-PVAgrc solution mixture at the same
concentration than Fe-C @ A-PVAgtc ratio 36,
PVA-OH/A-PVAgrTc solution mixture at the same concentration
than Fe-C @ A-PVAgrc ratio 144,PVA-OH/A-PVAgtc solution
mixture at the same concentration than Fe-C@ A-PVAgrc ratio 576.

internalisation of Fe-C@ A-PVAgtc particles by HeLa cells.

4 Conclusions

Superparamagnetic carbon-encapsulated iron nanoparticles
(Fe-C NPs) were obtained by using a modified arc-discharge
plasma method. The measured diameter and magnetic proper-
ties were suitable for several applications, in particular in the
biomedical field. The colloidal stabilisation of the obtained
Fe-C NPs in aqueous suspensions was achieved by an addi-
tional PVA coating. Several mass ratios of PVA/NPs (9, 36,
144 and 576 w/w) were studied. The particle size distribu-
tion measurements carried out by different methods (CPS and
microscopy observations) allowed the characterisation of the
whole range of nanoparticles present in the samples. CPS and
microscopy observations both showed a population of isolated
primary particles of Dysg 70-90 nm, containing several tens of
superparamagnetic Fe cores. These particles are very inter-
esting for biosensors, gas detectors or magnetic applications,
such as hyperthermia or spintronics. A small population of ag-
glomerates, around 170-220 nm, were also detected; their size
was small enough to be useful for biomedical applications.
However the fitting of their volume weighted size distribu-

tions proved that the optimal mass ratio of PVA/NP should
be between 36 and 144 (smallest mean diameter and highest
proportion of small particles).

Zeta potential measurements correlated the colloidal stabil-
ity results with a decrease of the absolute zeta potential of the
NPs (from an initial value of -46 mV for naked Fe-C NPs).
This was related to the increase of PVA on the surface of
the particles. When PVA coated particles were functionalised
with amino-PVA, in order to positively charge them for the
use for cell internalisation, an increase of the Zeta potential to
a positive value was observed for PVA/NP ratios of 36 w/w or
higher.

The A-PVA/PVA stabilised particles were labeled with flu-
orophore amino-PVA (referred to as Fe-C@A-PVAprTc NPs)
for cytotoxicity tests and cell internalisation detection in con-
focal and transmission electron microscopy.

For PVA/NP mass ratios less than 144 no cytotoxicity on
HeLa cells was observed after 24 hours. However for parti-
cles with a ratio of 576 and incubation times of more than 3
hours a toxic effect was observed. This observation was cor-
related to internalization analysis with confocal microscopy.
However, interactions of all the Fe-C@A-PVApTc particles
and cells were demonstrated by fluorescence of particles colo-
calized with the HeLa cells membrane in the same focal plan
as the stained nuclei. In this part too, the Fe-C @ A-PVAgrc36
and 144 had the best cell internalization. Moreover vacuoles
inside the cells observed with TEM, containing NP-endosome
hybrids, confirmed their internalization to a certain point.

In summary PVA coating is very interesting to colloidally
stabilize carbon coated iron nanoparticles in aqueous media.
Moreover, with A-PVAFpTc functionalization, the change from
a negative to a positive zeta potential, coupled with a fluo-
rescent label, permits the observation of the internalization of
non-toxic NPs inside HeLa cells, making their use for promis-
ing biomedical applications possible.
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