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This study investigated the behavior of ferrofluids containing superparamagnetic iron oxide nanoparticles
(SPION) of various compositions for potential applications in drug delivery and imaging. To ensure
biocompatibility, the interaction of these SPION with two cell lines (adhesive and suspended) was also
investigated using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The
cell lines studied were primary mouse connective tissue cells (adhesive) and human leukemia cells
(suspended). SPION were synthesized with a co-precipitation method under different stirring rates and
NaOH molarities. The SPION demonstrated a range of magnetic saturations due to their different shapes,
which included magnetite colloidal nanocrystal clusters (CNC’s), magnetic beads, and single-coated
nanoparticles. All synthesized SPION maintained reasonable cell viability following exposure to cells.
Flow cytometer tests showed that no apoptosis took place in cells exposed to SPION. A multiphysics
numerical model was developed to study the dynamic behavior of ferrofluids containing the SPION in
a blood vessel while under an externally applied magnetic field. Simulation results suggest that the
SPION magnetic properties and the strength of the external field are important factors in determining
both the shape and amplitude of the resulting ferrofluid velocity field.

1. Introduction

Due to their ultrafine size and biocompatibility, super-
paramagnetic iron oxide nanoparticles (SPION) are emerging
as promising candidates for biomedical applications, such as in
enhanced-resolution magnetic resonance imaging, drug delivery,
and cellular targeting. While magnetite and maghemite SPION
have been used in biomedical applications, magnetite SPION
may be more promising candidates due to better biocompatibility
and better magnetic properties.1 Their super-paramagnetism is
particularly useful in applications such as externally guided drug
delivery since removal of the external magnetic field prevents
agglomeration and subsequent embolism.1-6 However, major
shortcomings of these particles in vivo include their destabiliza-
tion following adsorption of plasma proteins and nonspecific
uptake by the reticulum-endothelial system (RES).7,8 To

enhance therapeutic efficacy by inhibiting these phenomena and
prolonging circulation times, SPION can be coated with
hydrophilic and biocompatible natural or synthetic polymers.9,10

This leads to composite heterogeneous particles comprising a
magnetic inner core with a modifying outer coating. Due to
excellent film forming, emulsifying, and adhesive properties of
poly(vinyl alcohol) (PVA), SPION coated with PVA prevent
agglomeration.11

SPION that evade clearance by the RES and avoid ag-
glomeration, such as PVA-coated magnetite particles, are of
particular interest for targeted chemotherapy in cancer patients.
Most chemotherapeutic agents possess a narrow therapeutic
index, thereby limiting their dosage and resulting efficacy to
avoid severe side effects. Noninvasive tumor-targeted chemo-
therapy using super-paramagnetic, biocompatible, and nanosized
delivery vehicles would allow patients to receive increased
treatment dosages while minimizing side effects. Potential
candidate systems for similar applications have previously been
reported.12,13

The main objective of this work was to investigate the
effect on blood flow of the interaction between an applied
magnetic field and the magnetic properties of synthesized
SPION. Most recent research investigating SPION is dedi-
cated to the early detection of cancer, diabetes, and athero-
sclerosis. This paper focuses on early detection of athero-
sclerosis in major arteries (vessel size and speed data given
by Saltzman14). The ability to detect arterial plaque formation
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during the early stages of development would identify
potential causes of blood flow restriction, and thereby
ultimately prevent myocardial infarction. The biocompat-
ibility of prepared SPION was initially assessed using in vitro
assays. Since the behavior of magnetic particles in a viscous
medium can be modeled using the finite element method
(FEM),15 a numerical analysis framework was then employed
to simulate how these particles would function in vivo when
subjected to applied fields of various strength. Although
information about the toxicity of SPION continues to
increase, a significant knowledge gap still exists on a
complete toxicological profile of these promising magnetic
materials proposed for future use in many aspects of
biomedical engineering. Without the data, risk assessment
or regulation for safety of the materials shall suffer im-
measurably. To fill the information gap, we also conducted
a study to assess the toxic effect of SPION on the cellular
viability of L929 (adhesive) cells in vitro.

2. Materials and Methods

2.1. SPION Biocompatibility Assessment. 2.1.1. Particle
Preparation. Poly(vinyl alcohol) (PVA; MW ) 30000-40000;
degree of hydrolysis, 86-89%) was purchased from Fluka
(Germany). Analytical grade ferrous and ferric chloride
(FeCl2 and FeCl3) and sodium hydroxide (NaOH) were
purchased from Merck (Darmstadt, Germany) and used
without further processing.

Solutions were prepared by bubbling argon through deionized
(DI) water for 30 min for deaeration. Iron salts were dissolved
in DI water containing 0.5 M HCl, with the mole fractions of
Fe2+ to Fe3+ adjusted to 2:1 for all samples. Particle precipitation

was performed by dropwise addition of iron salt solutions to
NaOH solutions under an argon atmosphere. To prevent the
development of large polycrystalline particles, turbulence was
created by placing the reaction flask in an ultrasonic bath and
controlling the homogenization rate (3600-9000 rpm) during
the initial 2 min of reaction; various NaOH molarities where
also examined (see Mahmoudi et al.16). After 30 min, PVA
solution (polymer to iron mass ratio of 2) was added as a
stabilizer, and the reaction proceeded (3600 rpm, 35 °C) for an
additional 30 min. PVA-coated SPION were subsequently
collected by centrifugation at 2000g for 10 min and re-dispersed
in DI water. The resulting ferrofluid was stored at 4 °C for future
use.

To recall the synthesis parameters of a particular sample,
samples are herein referred to as S(x) M(x), where S is the
stirring rate and M is the NaOH molarity. For instance,
S(3600)M(1.2) indicates a sample prepared with a stirring
rate of 3600 rpm and a molarity of 1.2. Complete information
regarding synthesis, characterization methods (X-ray diffrac-
tion (XRD), Fourier transform infrared (FT-IR), UV/vis,
transmission electron microscopy (TEM), thermogravimetric
analysis (TGA), and differential thermal analysis (DTA)),
and particle core and hydrodynamic sizes are reported in a
previous study.16

2.1.2. In Vitro Biocompatibility Assessment. Since SPION
are thought to have a shelf life of 6 months, cytotoxicity
was studied using 6 month old samples. Fresh samples were
not studied since reports are available in the literature
documenting the biocompatibility of freshly prepared
SPION.17-19

Figure 1. VSM curves for the 18 synthesized samples (H, applied magnetic field (Oe); M, magnetization (emu/g)).16 The SPION sample code is
S(x)M(x), where S is the stirring rate and M is the NaOH molarity
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Primary mouse fibroblasts (L929, adhesive) and human
leukemia cells (K562, suspended) from the National Cell
Bank of Iran (NCBI), Pasteur Institute, were seeded on glass
coverslips in 96-well plates at 10000 cells/well in 150 μL of
medium and incubated for 24 h. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) at 37 °C in a 5% CO2

incubator. After the 24 h incubation period, medium contain-
ing SPION (0.2, 1, 5, and 20 mM iron, measured by atomic
absorption) was added to the wells, and cells were incubated
for additional periods ranging from 3 to 48 h. Control cells
were incubated with the same culture medium without
particles. All particle concentrations and controls were each
seeded in five separate wells.

Cytotoxicity was assessed using the MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, which
is a nonradioactive, colorimetric assay.19 After 3, 24, and 48 h
of incubation of the cells with the SPION samples, 100 μL of
MTT (0.5 mg/mL) was added to each well. Following incuba-
tion, the medium was removed and formazan crystals were
solubilized by incubation for 20 min in 150 μL of 2-propanol.
The absorbance of each well, which assesses viable cells, was

read at 545 nm on a microplate reader (Stat Fax-2100,
AWARENESS, Palm City, FL).

2.1.3. Outlier Detection. All MTT experiments were per-
formed in triplicate or more, with the results expressed as mean
( standard deviation; standard deviation values are indicated
as error bars in the MTT results plots. The results were
statistically processed for outlier detection using a “T proce-
dure”20 using MINITAB software (Minitab Inc., State College,
PA). One-way analysis of variance (ANOVA) with p < 0.05
was performed for each set of MTT assay test repeats. Outlier
samples have then been excluded from the corresponding asset
viability calculations.

2.1.4. Apoptosis Measurement. An ubiquitous feature of
apoptosis is the breakup of chromatin, resulting in the exposure
of numerous 3′ OH DNA ends. When the DNA of cells
undergoing apoptosis is analyzed by gel electrophoresis, a
distinctive ladderlike appearance of DNA pieces with discrete
molecular weights is observed. A quick way to assess apoptosis
is then to compare the mobility of DNA extracted from
nonapoptotic cells to that of cells which have been induced to
undergo apoptosis, such as comparing DNA mobility of
untreated Jurkat cells to the mobility of DNA of camptothecin-
induced Jurkat cells.21,22 To determine cellular apoptosis due to
the exposure of SPION, the Apoptosis APO-BRDUTM kit by
dual color flow cytometry and microscopy was used (Invitrogen
Corp., Carlsbad, CA).

The kit provides an easy method of assessing apoptosis;
however, the use of this kit requires that the cells under study
are first lysed. The appearance of the 3′ OH ends can also
be quantified as a measure of apoptosis in whole cells by an
alternative method which does not require cell lysis. Such
an alternative method for use in mixed-cell populations is
called the TUNEL assay (terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end-labeling), also known as the
bromodeoxyuridine terminal deoxynucleotidyl transferase
assay. L929 cells (3 × 106) were placed in a flask and PVA-
coated SPION (200 mM/mL) added for 72 h. Identical
cultures without added SPION were used as controls. Cells
were then fixed with paraformaldehyde in phosphate-buffered
saline (PBS), followed by ethanol fixation. The cells were
then washed and reacted with the TdT enzyme (terminal
deoxynucleotidyl transferase) and Br-dUTP (bromodeoxyuri-
dine triphosphate) in buffered solution at 37 °C for 60 min.
Bromodeoxyuridine was covalently incorporated into the 3′
DNA ends during this incubation. Cells were then thoroughly
rinsed and incubated with a FITC (fluorescein isothiocyanate)
labeled antibody directed to bromodeoxyuridine for 30 min.
After washing away unbound antibody, immunostaining with

Figure 2. X velocity of blood at the input boundary of the vessel. The
plotted function is based on a heart beat model of 60 beats/min.

TABLE 1: Fluid (Blood) Physical Constants

fluid physical constants value

density (F) 1000 kg/m3

dynamic viscosity (η) 5e-3 NCs/m2

TABLE 2: Magnetic Constants of the Nanoparticles

magnetic constants value

ferrofluid parameter (R) values taken from Figure 1
ferrofluid parameter (�) values taken from Figure 1
magnet magnetization 0.5e5

μr 5e3

tissue relative permeability 0.9998

Figure 3. Normal ferrofluid parameters, R and �, estimated for the
18 synthesized samples. Note that these parameters represent, respec-
tively, the saturation magnetization and the initial susceptibility of
ferrofluids to magnetization. The SPION sample code is given in Figure
1.
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the FITC labeled antibromodeoxyuridine antibody was
indicative of the number of free 3′ ends. The RNA of the
cells was then digested and the total DNA stained by
incubation with a solution containing RNase A plus pro-
pidium iodide. Staining of cells with propidium iodide allows
normalizing FITC staining to the total amount of DNA in
the cells. The stained cells were then analyzed by flow
cytometry (FACScan Becton Dickinson, Mountain View, CA)

with an argon laser emitting at 488 nm. FITC fluorescence
was observed at 520 nm and propidium iodide simultaneously
at 623 nm.

2.2. Numerical Modeling of Nanoparticles Flow in an
Applied Field. To investigate how different magnetic properties
and particle size affect blood flow conditions, the flow dynamics
of ferrofluid containing SPION under an applied static magnetic
field was studied by iteratively solving coupled Maxwell and

Figure 4. (a) Photograph and (b) optical microscopy of colonies (L929) in wells containing SPION after treatment with MTT for 4 h; (c) optical
MTT for suitable treatment time (∼2 h); (d and e) optical microscopy for 4 h and suitable time, respectively.

Figure 5. Optical microscopy of L929 cells containing SPION before (a and c) and after (b and d) MTT treatment.
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Navier-Stokes equations via a finite element approach in
COMSOL (COMSOL Inc., Burlington, MA). More specifically,
a multiphysics numerical model was developed to study the
effects of (a) interactions between magnetic properties of the
SPION and (b) the strength of the applied field, on the amplitude
and shape of the resulting ferrofluid velocity field. The main
governing equations and physical constants of this model are
briefly described.

2.2.1. Maxwell’s Equations. The static case for Maxwell’s
equation is defined by23

∇ × Η) J (1)

∇ · Β) 0 (2)

Β)μ0μr(Η+Μ) (3)

where μ is the permeability (μ ) μ0μr), Β is the magnetic
induction, Η is magnetic field strength, Μ is the magnetization
vector, and J is the induced current density. It is worth noting

that B )∇ × A and ∇ ·A ) 0, where A is the magnetic vector
potential and ∇ is the gradient operator. The following equations
can then be derived:

∇ × A) μ(Η+Μ) (4)

∇ × (μ-1 ∇ × A)) ∇ × Η+ ∇ × Μ (5)

∇ × (μ-1 ∇ × A-Μ)) J (6)

Since this work considers a 2D model, eq 6 can be rewritten
as23

- ∇ · (μ-1 ∇ A- γ)) J (7)

where γ replaces M, magnetization of the ferrofluid, and is
approximated as24

γ ) (R arctan(� ∂A(x, y)
∂x ), R arctan(-� ∂A(x, y)

∂y )) (8)

Note that, for a 2D model, A ) Az and J ) Jz. R and � are
model constants computed by fitting the arctangent function of
eq 8 to the vector space model (VSM) curves obtained for the
SPION (Figure 1).

2.2.2. NaWier-Stokes Equations. The dynamic representa-
tion of ferrofluid motion is based on a momentum conserva-

Figure 6. (a) Cell viability of MTT assay results for all SPION samples
on K562 cells over 24 h. Average MTT assay values for L929 (b) and
K562 (c) cells. The control standard deviations (SD) were 3.43 and
2.31, respectively. Concentrations are for the amount of SPION. The
SPION sample code is given in Figure 1.

Figure 7. (a and c) TEM images of nanosized SPION with PVA
polymeric beads (S(10800)M(1.3)). (b and d) TEM diffraction patterns
SPION showing the magnetite phase (spinel structure) for a and c,
respectively. (e) Magnetite lattice fringes. (f) Single SPION without
beads.
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tion equation that assumes an incompressible Newtonian flow,
as given by the Navier-Stokes equations.25 The general
vector form of these equations for an incompressible flow is
given by eq 9. Equation 10 is the continuity of mass, where
D is the substantive derivative operator. In eqs 9 and 10, F
is the density, η is the viscosity, t is time, u is the velocity
vector, and p denotes the fluid pressure. ∇u is the tensor
derivative of the velocity vector denoting convective ac-
celeration. Conventionally, for a nonrotational fluid (∇ × u
) 0), the latter derivative is often written as (u ·∇)u. The

pressure effect is represented by ∇F, and the viscosity
contribution is η∇2u. The external force vector F ) (Fx,Fy)
includes the magnetic volume force and gravity (Fj ) Fj

mag

+ Fj
grav; j ) x or y). The magnetic force components for a

2D field are described by eqs 11 and 12.26

F ∂u
∂t

- η∇2u+F(u · ∇ u)+ ∇ p)F (9)

DF
Dt

+F(∇ · u)) 0 (10)

Figure 8. Flow cytometery results for L929 Cells (a) with no SPION added and (b) with 200 mM SPION added.
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Fi
mag(x, y)) μ0(Mi(x, y)+Mj(x, y))1⁄2μ-1 ×

[(∂A(x, y)
∂x

∂
2A(x, y)
∂x ∂ x

+ ∂A(x, y)
∂y

∂
2A(x, y)
∂x ∂ y )/

((∂A(x, y)
∂y )2+ (∂A(x, y)

∂x )2)1⁄2] (11)

Fj
mag(x, y)) μ0(Mi(x, y)+Mj(x, y))1⁄2μ-1 ×

[(∂A(x, y)
∂x

∂
2A(x, y)
∂y ∂ x

+ ∂A(x, y)
∂y

∂
2A(x, y)
∂y ∂ y )/

((∂A(x, y)
∂y )2+ (∂A(x, y)

∂x )2)1⁄2] (12)

For boundary conditions, a nonslip wall condition was applied
to the vessel wall; i.e., u ) (0,0). At the vessel inlet, we applied
a parabolic x-velocity flow profile in the form of “(ν0/4)S(1 -
S)amp[sin(ωt) + sin(ωt)]”. S is a model parameter which varies
between 0 and 1. We assumed a heart rate of 60 beats/min (ω
) 2π rad/s, sinusoidal) and a peak velocity of V0 ) 1 m/s for
all simulations. A typical input flow profile is depicted in Figure
2.

To avoid numerical instabilities inherent in coupling the
differential equations (i.e., Maxwell and Navier-Stokes equa-
tions), as well as singularities that may occur in nonlinear finite
element methods (FEM), we used an adaptive meshing scheme
in COMSOL to facilitate smoothness of the solution. Adaptive
meshing in FEM permits mesh refinements in regions that
require higher numerical resolutions. In addition to optimum
memory performance, adaptive meshing also normally requires
fewer convergence iterations.

2.2.3. Physical Constants. The physical constants used to
model blood are shown in Table 1. Table 2 includes the
magnetic parameters used for Maxwell’s equations. Figure 3
provides the normalized R and � values of ferrofluid constants
for the various synthesized SPION. The key R and � parameters
represent the saturation magnetization and the initial susceptibil-
ity of ferrofluids to magnetization. To this end, the magnetization
function of eq 8 was curve-fitted to the VSM results for SPION
(Figure 1).3,16 It was assumed that the error variance under
testing was normal and did not vary with the level, Η, of the
applied magnetic field.27

3. Results and Discussion

3.1. MTT Results. 3.1.1. Biocompatibility of SPION-MTT
Assay. MTT reduction was used to metabolically quantify viable
cells after exposure to SPION. Since published reports confirm
that use of the MTT assay for measuring the toxicity of
magnetite nanoparticles has high variability and nonspecificity,28

the outlier detection method was applied to minimize variability.
Cell detachment upon exposure to SPION also necessitated the
development of customized protocols for the MTT assay;
detachment increased with both increasing SPION concentration
and contact time. During the assay, cells exposed to SPION
detached from the wells after 4 h (Figure 4). In reducing the
adhesive properties of L929 cells, SPION exposure may have
increased error in the MTT assay through the elimination of
crystals during removal of the supernatant.

To accommodate for cell detachment, cells were examined
by optical microscopy to ascertain the density of violet spots
prior to detachment (Figure 4c-e). The supernatant was then
carefully removed to quantify precipitated formazan. For
samples exposed to SPION concentrations of 20 mM over 48 h,
cell detachment occurred prior to MTT addition. This required
a reduction in the MTT incubation time to about 2 h to avoid
cell detachment (Figure 5). The MTT protocol customization
also included the removal of iron ions by UV-vis during
centrifugation and storage.16 Results of the MTT assays for K562
cells exposed to all SPION samples are shown in Figure 6a.
Average results are illustrated in Figures 6b,c for K562 and
L929 cells, respectively.

All synthesized SPION samples demonstrated acceptable
levels of cell viability following exposure, with none demon-
strating toxic effects at the concentrations tested. In addition to
the effects of exposure time and concentration, reductions in
cell viability depended on the physical characteristics of the
SPION. Different shapes and sizes, which are affected by the
composition and reaction conditions during formation, impart
different effects to the cells. The SPION used in this study have
a narrow size distribution and are dispersed in a PVA polymeric
substrate (Figures 7a,c), providing good cell viability. Parts b
and d of Figure 7 demonstrate the diffraction patterns of SPION,
which show the spinel structure. For instance, Figure 7d
highlights the corresponding (400), (422), (440), (533), and (800)
planes of Fe3O4. In addition, the lattice fringes are illustrated
in Figure 7e. In contrast, samples containing singular SPION
nanoparticles, such as S(9000)M(1.6), had comparatively re-
duced cell viability due to their higher chemical reactivity
(Figure 7f).

3.1.2. Biocompatibility of SPION-Flow Cytometery. The
toxicity of SPION may relate to the ability of SPION to damage
DNA via magnetite oxidation. Previously, on the basis of a
Comet assay in A549 human lung epithelial cells, Karlsson et
al.29 suggested that magnetite nanoparticles can cause low levels
of DNA toxicity by oxidative effects. Few studies have

Figure 9. Two-dimensional geometry and finite element mesh model
of a blood vessel under a permanent (static) magnetic field for drug
delivery.

TABLE 3: Boundary Condition (BC) of the Static Magnetic
Field and Fluid Flow

magnetostatic fluid BC

magnetic insulation AZ ) 0
constitutive relation B0 ) μ0μrH + Br

relative permeability isotropic
inflow u ) heart beat equation
outflow p0 ) 0
wall u ) 0
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demonstrated oxidative stress in relation to nanomaterials
toxicity in both cell and fish models.30-33 Flow cytometry
analysis indicates that the cells did not face apoptosis due to
SPION exposure even at high molarities of 200 mM (Figure
8). Since no apoptosis was detected with high SPION concen-
trations, it can be concluded that they are biocompatible for
our target application dose.

3.2. Finite Element Model and Flow Simulation Results.
Since we have shown that our PVA-coated nanoparticles are
biocompatible, we wanted to investigate, by simulation, if we
would be able to magnetically direct (stop/influence) them in
large blood vessels. For this purpose, a 2D model triangular
mesh was used, consisting of a blood vessel 1 cm in width,
tissue 1 cm in width, an external magnet, and the surrounding
environment (Figure 9); fluid flow is from left to right. The
magnet is placed above the tissue to provide a permanent
magnetic interaction with ferrofluids carried in the blood vessel.
The fluid and magnetic boundary conditions are listed in Table
3. For this time-dependent analysis, the initial conditions are
similarly listed in Table 3. The calculation process comprises
two steps: the magnetic potential is initially computed, which
is then used as an initial condition to calculate the fluid velocity
field. The magnetic potential is calculated using a time-
independent stationary state to approximate the flux density
distribution. The resulting values are then used to iteratively
approximate the velocity field using the Navier-Stokes equa-
tions in the time domain. The fluid velocity and magnetic flux
density contours are shown in Figure 10. The model confirms

that the highest ferrofluid velocities occur as SPION pass
through the region beneath the applied magnetic field. Simula-
tions for all prepared SPION specimens were performed by
varying the R and � parameters (Figure 11).

To assess the impact of the magnetic field on fluid velocities,
the velocity field was computed in the absence of the applied
field. Since the inflow boundary is governed by a sinusoidal
heart beat function, the resulting fluid velocity field was
observed to be similarly sinusoidal. The peak fluid velocity
without an external magnet was 358 mm/s, with no trace of
turbulence detected. In contrast, application of the external
magnetic field increased the peak velocity field to 835 mm/s,
with the ferrofluid demonstrating turbulent flow. Some turbu-
lence effects can be seen in Figure 10 near and under the external
magnet. The chaotic nature of the flow is more closely realized
in Figure 10, where each velocity component comprises a
fluctuating trend. Between t ) 0.5 and t ) 1 s, during which
time the (heart) inflow velocity vanishes (see also Figure 2),
the magnet effect can be more dominant and the vertical velocity
values are both positive and of a higher order of magnitude.
Hence, during the diastole stage of a cardiac cycle the particles
may collide with the tissue more effectively.

Although the size range of the modeled SPION was narrow
(3-5.5 nm), different x and y fluid velocities were detected,
even in a vessel as small as 1 cm (because of different
hydrodynamic size). This indicates that the SPION synthesis
parameters play an important role in ferrofluid behavior in
vessels. Variations in the fluid velocity at a defined observation

Figure 10. Contour lines of magnetic flux density and ferrofluid velocity surface contours in the blood vessel model (note: results are shown for
t ) 1 s for S(12600)M(1.1)). At the observation point marked in Figure 9, the value of magnetic flux density is 27.7 mT. Units of the values in the
left and right legend are Tesla and mm/s, respectively.
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point in the vessel for different samples are shown in Figure
11. Notable changes were found in the y velocity before and
after 0.5 s, which is related to flow pressure variation following
sinusoidal heart beats. Interestingly, an interaction between the
stirring rate (S) and molarity (M) was identified in the model.

For example, at a given molarity of 1.1, a comparison of peak
velocities between S(12600)M(1.1) and S(7200)M(1.1) suggests
that a higher stirring rate would result in a higher ferrofluid
velocity amplitude. When the same comparison was made at a
different constant molarity; e.g., between S(3600)M(1.6) and
S(10800)M(1.6), an opposite trend was observed. This means
that the individual effect of a processing parameter on the
velocity amplitude depends on the interaction of the preparation
parameters. These results confirm our previous observation of
interactions between the synthesis parameters and magnetization
of SPION.16 Another noteworthy observation from Figure 11
is that for samples with low magnetic properties such as
S(9000)M(1.4) (compare to Figure 9), the resulting velocity field
is also of a low magnitude.

Finally, to investigate the effect of magnetic field strength,
the applied field was increased by a factor of 10. The effect of
increasing the field strength on the x and y velocities is shown
in Figure 12. Under the increased field, the velocity of the
ferrofluid along the vessel (x velocity) is increased by about 5
times, whereas the velocity component normal to the tissue (y
velocity) has amplified by about 10 times. While it remains to
be verified, it is believed that to facilitate a drug delivery process,
higher y velocities would cause particles to collide more strongly
and frequently with the vessel walls, thereby increasing the

Figure 11. x and y velocities of the ferrofluid containing different nanoparticle samples. Results are presented for the observation point shown in
Figure 8. Notice the increased fluctuations and peak velocities compared to the case without an external magnet. The SPION sample code is given
in Figure 1.

Figure 12. Comparison of the old (under magnet magnetization ) 5
× 104) and new (under magnet magnetization ) 3 × 105) x and y
velocities of the ferrofluid containing the S(9000)M(1.4) nanoparticle
sample under an increased external magnetic field. The SPION sample
code is given in Figure 1.
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chance of attachment. The simulation results in Figure 12
suggest that higher external magnetic fields can increase the
colliding velocities, but at the same time they may result in
higher velocity fluctuations. A future multiobjective optimization
study may be worthwhile to find conditions under which an
optimal colliding velocity and direction with a minimal fluctua-
tion may be realized.

4. Conclusion

The nanoparticles considered in this work were SPION
composed of a magnetite core and a PVA coating. An MTT
assay was used to investigate the biocompatibility of SPION
of various compositions using L929 and K562 cells. All
compositions tested demonstrated acceptable levels of cell
viability following exposures of up to 20 mM iron concentration
for up to 48 h. Flow cytometry tests and microscopic investiga-
tions showed neither apoptosis nor necrosis took place in cells
exposed to SPION. A multiphysics finite element model was
also developed to study the effects of an applied magnetic field
on SPION in a simulated blood vessel. The FEM model
iteratively solved coupled Maxwell and Navier-Stokes equa-
tions to predict both the induced magnetic flux density and fluid
velocity fields. Simulation results suggest that both the strength
of the applied magnetic field and the magnetic properties of
SPION affect the velocity field fluctuations (flow turbulence)
and amplitude (peak velocity). In turn, the magnetic properties
are related to the processing parameters, namely, the stirring
rate and NaOH molarity. These parameters showed some
interactions in defining the shape and amplitude of the velocity
field. Similar interactions were previously seen for optimizing
the shape and size of the nanoparticles. Finally, it was noted
that a more turbulent flow forms under an increased external
field. A velocity field with less fluctuation and higher amplitude,
especially in the direction normal to tissue, is believed to be
preferable to facilitate drug delivery.
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