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M
agnetic nanoparticles have been
widely used in biomedicine in
applications such as magnetic

separation, temperature induced drug deliv-
ery, cancer therapy and as contrast agents
for magnetic resonance imaging (MRI).1,2

A particularly interesting application is the
use of nanoparticles for a magnetic heating
(hyperthermia) based cancer treatment.
Cancer cells are much more sensitive to
heat shock than normal healthy cells, and
when exposed to temperatures above
43�45 �C, their proliferation and metabolic
activity is inhibited, which can lead to either
apoptosis or necrosis.3,4 Magnetic hyper-
thermia exploits the heat generated by
magnetic nanoparticles when stimulated
by an external high-frequency alternating
magnetic field (AMF), to provide local heat-
ing to targeted cancer cells.5,6 The trans-
formation of electromagnetic energy into
heat occurs when the frequency-dependent
magnetization versus applied field (M-H)
shows a closed loop response, such as that
seen in alternating current (AC) hysteresis.

The energy released per cycle of the applied
field is proportional to the area of this closed
loop. However, although hysteresis loss
heating shows great potential for hyper-
thermia applications, to date it has proved
a challenging task to tune the nanoparticle
properties to obtain a sufficient heating
effect within clinically allowed magnetic
field conditions.7,8

When the AMF amplitude is sufficiently
small, a hysteresis-like M-H loop can also be
obtained because of the phase lag between
the external field and the nanoparticle
magnetization, caused by magnetization
relaxation processes.4,6,7,9 For particles with
permanent (stable) magnetization (known
as magnetically blocked particles), a Brow-
nian mechanism of magnetization relaxa-
tion can occur due to scattering of the
particles in solution, provided that the
particles are free to move (Figure 1A).10 On
the other hand, superparamagnetic nano-
particles can relax purely by thermal
processes: an effect known as Néel relax-
ation (Figure 1A) .11 In both relaxation
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ABSTRACT Magnetization relaxation mechanisms strongly influence how magnetic nanoparticles

respond to high-frequency fields in applications such as magnetic hyperthermia. The dominant

mechanism depends on the mobility of the particles, which will be affected in turn by their

microenvironment. In this study AC susceptometry was used to follow the in situ magnetic response of

model systems of blocked and superparamagnetic nanoparticles, following their cellular internalization

and subsequent release by freeze�thaw lysis. The AC susceptibility signal from internalized particles in

live cells showed only Néel relaxation, consistent with measurements of immobilized nanoparticle

suspensions. However, Brownian relaxation was restored after cell lysis, indicating that the

immobilization effect was reversible and that nanoparticle integrity was maintained in the cells.

The results presented demonstrate that cellular internalization can disable Brownian relaxation, which has significant implications for designing suitable

nanoparticles for intracellular hyperthermia applications. Further to this, the results highlight the possibility that particles could be released in reusable

form from degrading cells following hyperthermia treatment, and subsequently reabsorbed by viable cells.
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mechanisms a strong heating effect is found when the
relaxation time is matched to the time period of the
AMF, as this leads to the optimum phase lag and
consequently the largest M-H loop area. However,
reducing nanoparticle mobility can suppress the
Brownian mechanism and lead to a loss of the heating
effect, as seen whenmagnetically blocked particles are
suspended in high viscosity suspensions.10,12,13 In
contrast, superparamagnetic nanoparticles can still
undergo Néel relaxation and thus generate heat, even
when completely immobilized.14 To achieve significant
heating effects in the latter case, precise control of
magnetic nanoparticle properties such as their size and
polydispersity is required.15,16

Perhaps the most sophisticated potential cancer
therapy based on magnetic hyperthermia is the use
of intracellular heating, which remains a relatively
unexplored area.4,13,17,18 In this case the nanoparticles
are internalized and accumulate within live cells before
being exposed to the AMF such that heat is generated
directly inside the cells. In principle, because of the
more localized nature of this form of heating,19 much
lower nanoparticle concentrations should be required
in order generate apoptosis or necrosis of the cancer
cells, thus minimizing systemic treatments while
maximizing the probability that every cancer cell is

affected. However, to date intracellular magnetic
hyperthermia has proved to be challenging since
insufficient heating has been generated by nanoparti-
cles once internalized by cells.13 Thus, the ability to
probe the magnetization relaxation mechanism of
these internalized nanoparticles in situ is essential to
determine how to generate effective heating, and to
assess how the nanoparticle properties can be tailored
for intracellular hyperthermia applications.
The magnetization relaxation of suspensions of

nanoparticles can be determined by measuring
the (complex) AC magnetic susceptibility, χ~ = χ0 þ
iχ00.16,20�22 The AMF frequency at which optimum
phase lag occurs for a given particle type can be seen
as a peak in the out-of-phase, χ00, susceptibility com-
ponent (Figure 1B). For magnetically blocked particles
that are free to move, the peak position reveals the
Brownian relaxation time (see Figure 1A,B) and can be
used to calculate the hydrodynamic size of the parti-
cles according to eq 1. When the mobility of such
particles is reduced (e.g., by increasing the viscosity of
the suspension) the Brownian relaxation mechanism is
suppressed and both the χ0 and χ00 susceptibility
components are lost (Figure 1C). However, the suscept-
ibility components for superparamagnetic nanoparti-
cles reflect the Néel relaxation, and as such are
insensitive to the mobility of the particles (Figure 1B,
C). In practice the Néel relaxation “peak” in χ00 is very
much broadened due to polydispersity in themagnetic
core sizes of the particles.15,23,24

Thus, AC susceptibility provides a direct method for
determining the effect of the microenvironment on
the magnetization relaxation of nanoparticles, and
conversely, an indirect method for probing the micro-
environment of the particles. However, to our knowl-
edge, such measurements have not previously been
used to assess magnetic nanoparticles in live cells. For
in vitro and in vivo applications the interaction of the
nanoparticles with the microenvironment cannot be
neglected as it is critically important for intracellular
hyperthermia. The resulting cell-particle interactions
will depend on numerous parameters including the
cellular microstructure, the intracellular location of
internalized particles, and the particle coatings used.
In particular, in order to assess if specific nanoparticles
are suitable for intracellular hyperthermia, it is essential
to know which relaxation mechanisms persist at each
step of their lifetime cycle (from stable suspension to
cellular internalization and subsequent release).
In this study a novel application of AC susceptome-

try, as a noninvasive method, was used to probe the
in situ magnetization relaxation of nanoparticles in
different biological environments. Model systems of
both blocked and superparamagnetic nanoparticles,
typical of those investigated for magnetic hyperther-
mia applications were studied, i.e., commercially avail-
able synthetic polydisperse magnetite nanoparticles

Figure 1. Schematic representation of the Brownian and
Néel relaxation mechanisms of nanoparticles (A) and their
corresponding AC susceptibility curves in water (B) and in
glycerol (C), representing low and high viscosity disper-
sions, respectively. The in-phase and out-of-phase compo-
nents of the complex AC susceptibility are labeled in the
usual notation as χ0 and χ00 respectively.
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consisting of mainly blocked particles (average mag-
netic core sizes of 23.8 ( 0.5 nm), and smaller predo-
minantly superparamagnetic nanoparticles produced
by iron reducing bacteria (average magnetic core sizes
of 10.5( 0.4 nm).25,26 Themagnetization relaxationwas
probed in cell culture media, following cellular inter-
nalization in live MG-63 osteosarcoma cells, and after
subsequent freeze�thaw lysis.

RESULTS AND DISCUSSION

Before evaluation of theAC susceptibility of the nano-
particles in live cells, measurements were performed on

the two nanoparticle types suspended under different
biologically relevant conditions. Figure 2 shows the AC
susceptibility curvesmeasured from bothmagnetically
blocked nanoparticles (Figure 2A�C) and superpara-
magnetic nanoparticles (Figure 2D�F), in water (a low
viscosity suspension), glycerol (a high viscosity) and
cell culture media.
In water, synthetic magnetite showed a clear peak in

the χ00 susceptibility component at approximately
9 kHz (Figure 2A), which corresponds to Brownian
relaxation of the magnetically blocked nanoparticles.
The hydrodynamic size of these particles, calculated

Figure 2. AC Susceptibility curves of magnetically blocked nanoparticles in water (A), in glycerol (B) and in cell culture media
(C), and for superparamagnetic nanoparticles in water (D), in glycerol (E) and in cell culture media (F). χ00 signal is scaled (�4)
for samples where indicated. For ease of visualization, data were normalized such that the maximum χ0 values were unity in
each case. For more dilute samples (C, F) the frequency range was limited to 10 kHz due to reduced sensitivity of the
instrument at the higher frequencies.
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from eq 1 is ∼46 nm which is in agreement with
measurements using dynamic light scattering (DLS)
(47.3 ( 2.4 nm).
In glycerol the χ00 susceptibility component disap-

peared (Figure 2B) because of the reduced mobility of
the nanoparticles in this high viscosity suspension. The
Brownian contribution to the χ00 susceptibility in this
case occurs at frequencies below the measurable
range. However, the χ0 signal remains present in
Figure 2B, in contrast to the expected result depicted
in Figure 1C. In fact TEM image analysis of particle
magnetic core sizes (Figure S1, Supporting Infor-
mation) revealed that the synthetic magnetite sample
is composed of two distinct populations of particles;
the majority represented by magnetically blocked
particles and a small portion (∼12% by number) of
superparamagnetic particles. This minority superpara-
magnetic population is likely to be responsible for the
residual χ0 susceptibility component seen in Figure 2B
(see Supporting Information, Section 2).
In cell culture media (of similar viscosity to water), a

peak in χ00 can be seen due to Brownian relaxation
(Figure 2C), but this is shifted to a lower frequency than
that found in water, corresponding to an increase in
the hydrodynamic size to ∼127 nm (determined by
substituting the viscosity for cell culturemedia in eq 1).
The origin of this increase could be a clustering effect
that can occur following a change of microenviron-
ment from water to media due to differences in ionic
strength, or the binding of proteins from the media to
the particle surfaces; an effect sometimes referred to
as the protein corona.27 Cell culture media is a com-
plex cocktail containing charged proteins which tend
to spontaneously adsorb on the largely negatively
charged surface of citric acid coated nanoparticles.
As expected, results for the mainly superpara-

magnetic nanoparticles differed from their magneti-
cally blocked counterpart (Figure 2D�F). In water
(Figure 2D), the χ00 susceptibility contains contributions
from both the Brownian and Néel relaxation mechan-
isms. An estimate of the hydrodynamic sizes of the
superparamagnetic particles (as opposed to their mag-
netic core sizes) can be made by assuming an approx-
imate Brownianmaximumat∼10 kHz, giving a value of
∼44 nm which is consistent with DLS measurements
(45.0 ( 0.15 nm). On immobilization in glycerol
(Figure 2E) the Brownian contribution is much reduced
and the smaller Néel effect dominates, with a max-
imum χ00 occurring somewhere above the highest
measured frequency (100 kHz). Unlike themagnetically
blocked particles, no significant Brownian contribution
is observed in media (Figure 2F). This is due to the fact
that only a small proportion of nanoparticles in the
superparamagnetic sample are magnetically blocked
at lower frequencies, and so Brownian relaxation in this
frequency region isminimal. This effect is related to the
polydispersity of the magnetic core sizes.28

From Figure 2 it can be seen that the effect of
the microenvironment on the magnetization relaxa-
tion of the nanoparticles can be effectively evaluated
by AC susceptibility. An additional advantage of the
technique is that the hydrodynamic particle sizes
measured are inherently specific to magnetic particles,
thus avoiding complications that arise in light scatter-
ing measurements from contaminants or larger pro-
tein aggregates in the suspensions.
Following this initial assessment of the magnetiza-

tion relaxation of the two particle types, the nanopar-
ticles were incubated with MG-63 osteosarcoma cells
to allow cellular internalization. In a concurrent experi-
ment the (incubation time dependent) nanoparticle
uptake in the live cells was monitored using AC
susceptibility (see Supporting Information, Section 3).
These additional measurements confirmed that the
amplitude of the AC susceptibility signal positively
scaled with the internalized nanoparticle population
(Figure S3). Following nanoparticle loading and AC
susceptibility measurements, cell viability was evalu-
ated using a standard live/dead staining technique.
Fluorescence micrographs are shown in Figure 3A�C
and confirm that the cells remained viable following
susceptibilitymeasurements, with no evidence of dead
cells (stained red) found in any of the areas studied.
From bright field images (Figure 3G�I), clusters of

nanoparticles appear to be localized in the peri-nuclear
region of the cells. To better visualize the internalized
particles, a composite confocal micrograph was ob-
tained of vertical sections from the apex to the base of
cells using fluorescence and bright field microscopy
(Figure 3D�F). These measurements indicated that
both nanoparticle types were readily internalized.
Cellular morphology was consistently polygonal in
shape and well-spread throughout the experiments,
a healthy morphology further indicating that the na-
noparticles did not affect cell viability.
Figure 4 shows AC susceptibility curves from mag-

netically blocked and superparamagnetic internalized
nanoparticles measured in situ in the cell culture
experiments. The χ00 susceptibility curve from magne-
tically blocked nanoparticles in cells (Figure 4A) closely
resembled that of the same particles in glycerol
(Figure 2B) revealing a loss in Brownian relaxation. This
suggests that the particles are either immobilized, or
clustered into aggregates larger than ∼400 nm (the
maximum hydrodynamic size that can be detected
within the frequency range of the instrument). Inter-
estingly, however, after cell lysis to release the inter-
nalized nanoparticles, Brownian relaxation was
restored with a clear peak in χ00 seen at ∼100 Hz
(Figure 4B). Thus, clustering alone cannot account for
the complete loss of Brownian relaxation seen in
Figure 4A, although the shift in the χ00 peak to lower
frequency compared to the same particles in cell
culture media (Figure 2C), reveals an increase in
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hydrodynamic size from ∼127 nm in media to
∼206 nm after the particles are released from cells.
Following sonication of lysed cells, the released

magnetically blocked nanoparticles were restored al-
most to their original water suspension sizes
(Figure 4C), with a measured peak in χ00 between that
found for the same particles in media (Figure 2C) and
water (Figure 2A). The hydrodynamic size of the soni-
cated particles (∼76 nm) was significantly reduced
from that found for the same particles after cell lysis
(∼206 nm), indicating that any clusters formed as
result of cellular internalization could be easily broken
down. Further, it was found that after sonication the
nanoparticles retrieved from the cells could form stable
suspensions in water, implying the preservation of the
negatively charged citric acid coating originally used to
create aqueous suspensions.
The interpretation of the AC susceptibility results

was confirmed by transmission electron microscopy
(TEM) of both the magnetically blocked and

superparamagnetic nanoparticles obtained from par-
ticle suspensions in water, media and after cell lysis
(Figure 5). While the formation of nanoparticle clusters
can be seen in all cases, a thick surface coating due to
the protein corona is only obvious in the nanoparticles
obtained from the media suspensions (Figure 5B,E). In
particular, the surface morphology of nanoparticle
clusters in the original water suspensions (Figure 5A,D)
and after cell lysis (Figure 5C,F) appears very similar,
but with larger clusters formed in the latter case.
Significantly, the lack of the surface corona on

nanoparticles after being released from the cells
implies that the cells remove the particle protein coat-
ing before they store them. Although significant work
has been done on the acute toxicity of iron oxide
nanoparticles,29,30 little is known about the degrada-
tion of iron oxide nanoparticles inside living cells.31 In
such cases the nanoparticles are exposed to various
microenvironments as the cells interact with the
nanoparticles; for example, they transfer them in

Figure 3. (A�C) Micrographs using fluorescencemicroscopy of human osteoblast-likeMG-63 cells on glass cover slides stained
with live/dead viability/cytotoxicity dyes (green-fluorescent calcein-AM stains for live cells and red-fluorescent ethidium
homodimer-1 to indicate dead cells), following internalization of magnetically blocked nanoparticles (A), superparamagnetic
nanoparticles (B),with control cells (particle free) shown in (C). Imageswereobtainedafter AC susceptibilitymeasurements. Live
cells are stained green and no dead cells (stained red) can be observed. (D�F) Composite confocal micrographs of vertical
sections from the apex to the base of human osteoblast-like MG-63 cells using fluorescence and bright field microscopy.
Morphologyof cells cultured on glass cover slideswith internalizedmagnetically blockednanoparticles (D), superparamagnetic
nanoparticles (E) and control cells (F). Cells were stained with ActinRed and Hoechst #33342. (G�I) Bright-field micrographs of
the cells, following internalization ofmagnetically blocked nanoparticles (G), superparamagnetic nanoparticles (H), with control
cells (particle free) shown in (I). Nanoparticles appear as black granules in the Bright-field images.
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lysosomes, which are highly specialized intracellular
enzyme-containing organelles tasked with degrading
material which is unessential for cell maintenance.32

Thus, nanoparticles are exposed to dramatic changes
in pH as they move from the extracellular microenvi-
ronment (pH 7.4), to the intracellular microenvironment
(pH 6) and finally to lysosomes (pH 4.5).33,34 Cells use an
arsenal of digestive enzymes in this acidic environment
to degrade the material, but also iron chelating
agents35 since iron is a biogenic element and iron
homeostasis must be maintained.36 Such processes
could be responsible for the removal of the protein

corona in the particles studied here, and also for the
observed clustering effect. More generally, knowledge
of the integrity of both the magnetic particle core and
surface coatings, after cellular internalization, is impor-
tant as these affect the nanoparticle properties both
in vitro and in vivo.
Although TEM revealed that the smaller superpar-

amagnetic nanoparticles underwent similar conforma-
tional changes to their larger magnetically blocked
counterparts in the different microenvironments
examined (Figure 5), the AC susceptibility curves
obtained for these particles did not change

Figure 4. AC Susceptibility curves of live MG-63 cells with internalized magnetically blocked nanoparticles (A), freeze�thaw
lysed cells with internalized nanoparticles (B) and the same freeze�thaw lysed cell sample following sonication for 60min (C).
(D�F) show the equivalent liveMG-63 cell samples butwith internalized superparamagnetic nanoparticles. χ00 signal is scaled
(�4) for sampleswhere indicated. For ease of visualization, datawere normalized such that themaximum χ0 valueswere unity
in each case. For more dilute samples (A�F) the frequency range was limited to 10 kHz because of the reduced sensitivity of
the instrument at the higher frequencies.
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(Figure 4D�F). This demonstrates the insensitivity of
the Néel relaxation mechanism to the local microen-
vironment for the superparamagnetic nanoparticles, in
contrast to the effects seen for Brownian relaxation of
the magnetically blocked nanoparticles (Figure 4A�C).
The fact that superparamagnetic nanoparticles under-
go Néel relaxation in live cells is vital for intracellular
hyperthermia, as suitably sized particles could gener-
ate heat by both magnetization relaxation and hyster-
esis losses. Conversely, the magnetically blocked
nanoparticles used in this study were found to be
immobilized inside live cells and so could not generate
heat by relaxation processes. The intrinsic magnetic
properties of such blocked magnetite nanoparticles

also make them unsuitable for hysteresis heating, due
to the limitations in AMF strength that can be safely
applied in clinically based hyperthermia treatments.37

CONCLUSIONS

A novel application of AC susceptometry was used
to probe the magnetization relaxation mechanisms of
nanoparticles following internalization in live cells. The
results presented demonstrate that the biological
microenvironment significantly influences themagnetic
response of nanoparticles, and can suppress Brownian
relaxation for magnetically blocked nanoparticles in
cells. However, the AC susceptibility signal correspond-
ing to Néel relaxation in the superparamagnetic

Figure 5. TEM micrographs of magnetically blocked nanoparticles in water (A) in cell culture media (B), arrow indicates the
protein corona around the particle, and in freeze�thaw lysed MG-63 cells (C), black arrow indicates nanoparticles release
without protein corona, white arrow shows cell debris. Superparamagnetic nanoparticles in water (D) cell culturemedia with
the protein corona (black arrow) (E) and in freeze�thaw lysed MG-63 cells (F); black arrow indicates nanoparticles release
without protein corona, white arrow shows cell debris.
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nanoparticles was unaffected by changes to their
biological microenvironement, emphasizing the im-
portance of such intrinsic magnetic properties for
hyperthermia applications when particle mobility
cannot be guaranteed.13 These results are in good
agreement with recent studies that have shown
that magnetic nanoparticles are immobilized in cancer
cells but also when they are bound to the cell
membrane.38,39 This immobilization effect in turn
caused a significant decrease in the heating capacity
of magnetic nanoparticles in vivo.38 Thus, magnetic
nanoparticles that can generate heat solely through
Brownian relaxation may be unsuitable for magnetic
hyperthermia.40

The protein corona that developed on the nano-
particle surfaces after suspension in cell culture media
appeared to be removed during cellular internaliza-
tion. However, the integrity of the magnetic core and
stabilizing citric acid coating were preserved, leading
to the restoration of Brownian relaxation following the
release of the particles by cell lysis. Thus, it seems that
such nanoparticles have the potential to be recycled in
usable form after cellular degradation, the implications
of which must be considered for in vivo applications of
magnetic nanoparticles. This key result raises the
possibility that after hyperthermia treatment, the can-
cer cells will degrade (undergo apoptosis or necrosis)
and the particles will be released by these degrading
cells with their integrity maintained. The magnetic
nanoparticles can then be reinternalized by cells pre-
viously unaffected by magnetic hyperthermia treat-
ment which lays the basis for a repetition of the
therapeutic procedure. Cells which reinternalize suffi-
cient nanoparticles can be easily tracked with MRI,
allowing in vivo localization of metastasised cells and
future focused hyperthermia treatment.
The experiments reported here demonstrate the

enormous potential for the application of AC

Susceptometry techniques to probe the magnetic
response of particles in situ. While relatively simple
nanoparticle types representative of both blocked and
superparamagnetic particles were chosen for this
study, the same techniques could easily be used to
explore a host of different particle types, coating
materials and cellular structures, and could be
extended to ex vivo and possibly in vivo studies. AC
susceptibility also offers the possibility of real life
monitoring of magnetic changes which could shed
more light on cell�nanoparticle interactions in a time
dependent manner, and could be used to noninva-
sively assess qualitative and quantitative cellular up-
take of magnetic nanoparticles.41

As AC susceptibility measures only the response
from a magnetic material it can be used on very
complex matrices containing nonmagnetic material.
Interestingly, the protein corona that developed on the
particles in our experiments could act as a transient
delivery system42 to enhance biocompatibility and
cellular uptake.43 AC susceptibility could also prove
effective to assess other delivery systems such as
liposomes containing magnetic particles,44,45 where a
loss of Brownian relaxation could be used to detect the
in situ breakdown of the liposome.
Finally, susceptibility measurements could also pro-

vide a useful insight into magnetic particle�particle
interactions which could become significant where
intracellular localization leads to the storage of parti-
cles in much more concentrated form. To date, it is not
clear how such particle�particle interactions will affect
the magnetic hyperthermia response, although some
recent studies have suggested these effects could
reduce the heating response of the particles.46�48

It is thus important to determine whether particle�
particle interactions occur in vitro and in vivo, and if
necessary to assess the elimination of such effects
through optimization of nanoparticle design.

MATERIALS AND METHODS

Nanoparticle Preparation. Two types of magnetite nanoparti-
cles were investigated; a commercially available synthetic
nanopowder (magnetically blocked nanoparticles) (Sigma)
and biogenic nanoparticles (superparamagnetic nanoparticles)
prepared as previously described.25,26,49 Both magnetically
blocked and superparamagnetic nanoparticles underwent citric
acid coating as previously described50,51 in order to stabilize
them in water suspensions.

Nanoparticle Characterization. TheAC susceptibility of citric acid
coated nanoparticles wasmeasuredwith particles suspended in
water; pure glycerol, and Dulbecco's Modified Eagle Minimum
Essential Medium (DMEM) (Lonza) supplemented with 10%
fetal bovine serum (FBS) (HyClone) and 1% Penicillin and
Streptomycin of 5000 U (Lonza). Measurements were per-
formed using a home-built AC susceptometer operating within
the frequency range 10 Hz�100 kHz at 37 �C. For more dilute
samples (containing < 20 μg of magnetic material) the
frequency range was limited to 10 kHz due to the reduced
sensitivity of the instrument at the higher frequencies.

The AC susceptibility curves were obtained by subtracting an
appropriate background (e.g., water, media or cells with no
particles). A known mass of dysprosium oxide was used for
calibration.

Particle hydrodynamic sizes were calculated from the AC
susceptibility Brownian peaks based on the equation for the
Brownian relaxation time

τB ¼ 3ηVH
kBT

(1)

Where VH is the hydrodynamic volume of the particle, η is
the dynamic viscosity of the fluid, kB is Boltzmann's constant,
and T is the absolute temperature. Particle hydrodynamic sizes
in water were also determined using dynamic light scattering
(Malvern Zetasizer 3000 HSA).

For TEM studies, a dilute drop of the sample was placed on a
standard Formvar copper grid and left to air-dry. Once dry, TEM
photomicrographs were obtained for nanoparticles both in
media, and after the cell lysis, using a JOEL1230 TEM operating
at 106 kV.
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Cell Culture Experiments. For all cell culture experiments, T75
flasks (Corning) were seededwith osterosacroma-derivedMG-63
cell line (passages 24�27). Each flask contained 1.5 million cells
(approximately 20 000 cells/cm2) and 10 mL of DMEM supple-
mented with 10% FBS and 1% penicillin and streptomycin. The
cells were incubated at 37 �C in an air atmosphere with 5% of
CO2. On day 1 after seeding, cells were adherent to the flask and
magnetic nanoparticle (MNP) suspensions were added into the
media so that the final concentration of the nanoparticles was
100 μg/mL. The cells were cultured with MNPs for 3 days and on
day 4 after seeding flaskswere rinsed 3 timeswith PBS (Sigma) to
remove all noninternalized nanoparticles. Cells were subse-
quently trypsinized (Lonza) in order to detach them and were
thoroughly washed with and kept in media.

AC susceptibility was performed on cell suspensions in cell
culture media for each nanoparticle type following internaliza-
tion in live cells using the incubation procedure described
above. One tenth of the cells with internalized nanoparticles
were reseeded immediately after the AC susceptibilitymeasure-
ments onto glass cover slides in 24-well plate (Corning). 12 h
after reseeding, the samples were divided into 2 groups. In the
Group 1 cell viability was determined by the epifluorescence
staining method, using the live/dead kit (Invitrogen). In the
Group 2 the cells were fixed with 70% cold ethanol (4 �C) and
stained with ActinRed (Molecular Probes) (Actin filament
staining) and Hoechst #33342 (Invitrogen) (Nuclear staining).
Photomicrographs of vertical sections from the apex to the base
of human osteoblast-like MG-63 with a 200 nm step were taken
using an Olympus FluoView FV 1200 confocal microscope.

Cells that were not reseeded were subjected to repeated
freeze�thaw treatments and AC susceptibility was carried out
on these lysed cells. The freeze�thaw lysed samples were
subsequently sonicated for 60 min and repeat AC susceptibility
measurements performed.

Image Processing. The contrast of the photomicrographs was
enhanced by either ImageJ or Adobe Photoshop. Bright Field
photomicrographs for the confocal composite image under-
went several adjustments. First, contrast was enhanced, then
the colors were inverted, further contrast adjustment was used
when needed. In this case the particles appeared as white-
colored granules on black background. Next, in order for the
particles to appear as shown in themicrographs, their color was
changed to bright green.
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