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We introduce a novel contrast mechanism for imaging superparamagnetic iron oxide (SPIO)
nanoparticles (average diameter ~ 100 nm) using magneto-motive optical Doppler tomography
(MM-ODT), which combines an externally applied temporally oscillating high-strength magnetic
field with ODT to detect the nanoparticles flowing through a glass capillary tube. A solenoid
cone-shaped ferrite core extensively increased the magnetic field strength (Bmw=1 T, AB =220
T2/m) at the tip of the core and also focused the magnetic force on targeted samples. Nanoparticle
contrast was demonstrated in a capillary tube filled with the SPIO solution by imaging the Doppler
frequency shift which was observed independent of the flow rate and direction. Results suggest
that MM-ODT may be a promising technique to enhance SPIO nanoparticle contrast for imaging

fluid flow.
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I. INTRODUCTION

Optical coherence tomography (OCT) uses the short
temporal coherence properties of broadband light to
extract structural information from heterogeneous sam-
ples such as biologic tissue. During the past decade,
numerous advancements in OCT have been reported
including cellular-level resolution [1] and real-time ima-
ging speed [2]. Conventional OCT imaging primarily
utilizes a single backscattering feature to display inten-
sity images. Functional OCT techniques process the
backscattered light to provide additional information
on birefringence [3-6], and flow properties [7].

Since the ability to characterize fluid flow velocity
using OCT was first demonstrated by Wang et al (8],
several phase resolved [9], real-time [10,11] optical Do-
ppler tomography (ODT) approaches have been repor-
ted. In ODT, the Doppler frequency shift is propor-
tional to the angle between the probe beam and the
scatterer’s flow direction. When the two directions are
perpendicular, the Doppler shift is zero. Because a
priori knowledge of the Doppler angle is usually not
available, and conventional intensity OCT imaging
provides a low contrast image of microvasculature

structure, detecting small diameter vessels with slow
blood flow rates is difficult. However, the Doppler
angle can be estimated [12] by combining the Doppler
shift and Doppler bandwidth measurements. The abi-
lity to locate precisely the microvasculature is impor-
tant for diagnostics and treatments requiring charac-
terization of blood flow. Recently, several efforts to
introduce novel molecular contrast enhancement have
been reported including protein microspheres incorpo-
rating nanoparticles into their shells [13], plasmon-
resonant gold nanoshells [14], and use of magnetically
susceptible micrometer sized particles with an exter-
nally applied magnetic field [15]. The latter, which
produces a speckle change on magnetic particles has
been termed magneto-motive OCT (MM-OCT) [15]
and was first demonstrated in a living Xenopus laevis
tadpole [16].

The use of superparamagnetic iron oxides (SPIOs)
nanoparticles as contrast agents for magnetic resonance
(MR) imaging of bowel, liver, spleen, lymph nodes,
bone marrow, perfusion, and angiography [17] has been
extensively studied since the early 1990s [18,19]. Super-
paramagnetic iron oxides are basically nanometer-sized
iron oxide particles which easily interact with a magnetic
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field because of the high magnetic volume susceptibility
{x=1). A SPIO with x =1 suspended in solution and
placed in a magnetic field gradient experiences forces
and torques that tend to position and align it with
respect to the field’s direction. Magnetic energy, U, of
a SPIO nanoparticle in an external magnetic field is
given by,
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where m is the magnetic moment, B is the magnetic
flux density, V is the particle volume, (g is the per-
meability of free space, and Ax is the difference
between susceptibility of the nanoparticle and sur-
rounding solution. Magnetic force acting on SPIO
nanoparticles becomes:
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In our experiments we apply a sinusoidal magnetic flux
density that is directed principally along the z-direction.
Hence, we write B (z, v, z;t) =sin(2nf, t)B,(z)k and the
magnetic force Frn acting on nanoparticles,
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where f, is the modulation frequency of the applied
sinusoidal magnetic field.

In addition to the magnetic force, the SPIO nano-
particle experiences a pressure gradient, body, and
drag forces which combine to give a dynamic dis-
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placement [2(t)] that can be included in the analytic
OCT fringe expression, I,
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where Ir and Is are the back scattered intensities from
reference and sample arms, respectively, f; is the fringe
carrier frequency, n is the medium refractive index,
z(t) is the dynamic nanoparticle displacement, and A,
is the light source center wavelength.

Herein we present a novel extension of the magneto-
motive approach by modulating phase to improve the
magnetic nanoparticle contrast. The contrast of ODT
images can be enhanced by activating the nanoparticles
with an externally applied high-strength magnetic field
gradient. We describe the MM-ODT experimental
setup containing an oscillating magnetic-field generator,
and present M-mode images of the Doppler shift of
flowing SPIO nanoparticles under the influence of an
externally applied magnetic field gradient.

II. METHOD AND EXPERIMENTAL SETUP

A schematic of the MM-ODT apparatus is shown in
Fig. 1. The ODT light source consisted of a super lu-
minescent diode (B&W TEK, DE) centered at 1.3 um
with a bandwidth of 90 nm. Light was coupled into a
single-made optical-fiber-based interferometer that pro-
vided 1 mW of optical power at the sample. A rapid-
scanning optical delay (RSOD) line was used in the
reference arm and aligned such that no phase modu-
lation was generated when the group phase delay was
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FIG. 1. Schematic diagram of the MM-ODT system. SLD: Super-luminescent diode, HPF: high pass filter, LPF: low

pass filter.
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FIG. 2. Schematic diagram of the probe beam, flow sample and solenoid coil.

scanned at 4 kHz. Phase modulation was generated
using an electro-optic wavegnide phase modulator that
produced a single carrier frequency (1 MHz). To reduce
light source noise from the OCT interference signal, a
dual-balanced photodetector was used. A hardware
in-phase and quadrature demodulator with high/bandpass
filters was constructed to improve imaging speed.
Doppler information was calculated with the Kasai
autocorrelation velocity estimator. Labview software
(National Instruments, Austin, TX) was used to im-
plement the MM-ODT system with a dual processor
based multitasking scheme. The maximum frame rate
of the system was 16 frames per second for a 400512
pixel sized image. In the sample arm, a collimated
beam was redirected to the sample by two galvano-
meters that permited three-dimensional scanning. The
probe beam was focused by an objective lens, which
vielded a 10 um diameter spot at the focal point. A
750 um inner diameter glass capillary tube was placed
perpendicularly to the probing beam. Fluids used for
flow studies were injected through the tube at a
constant flow rate controlled by a dual-syringe pump
(Harvard Apparatus 11 Plus, Holliston, MA) with
+0.5% flow rate accuracy.

A solenoid coil (manufacturer: Ledex, part number:
4EF) with a cone-shaped ferrite core at the center (Fig.
2) and driven by a current amplifier supplying up to
960 W, was placed underneath the sample during
MM-ODT imaging. The combination of the core and
solenoid, using high power operation, dramatically
increased the magnetic field strength (Buaw=1 T and
ABP =220 T?/m) at the tip of the core and also fo-
cused the magnetic force on the targeted samples. The
magnetic force applied to the capillary tube was varied
by the sinusoidal current to induce SPIO nanoparticle
movement. '

Nanoparticle solutions were prepared to observe
phase-modulated nanoparticles in a flow channel.
Feridex L.V. SPIO nanoparticles nominally 100 nm in
size (Advanced Magnetics, Inc.) were used in all experi-
ments. The prepared nanoparticle solution consisted of

50 mL 5% dextrose solution and 1 mL pure Feridex
1LV. with a concentration of 1.12 ug iron/uL.

1. RESULTS

* To demonstrate the MM-ODT approach, we recorded

M-mode OCT/ODT images of a glass capillary tube
filled with a stationary low-susceptibility turbid solu-
tion without and with an external magnetic field as a
control sample. The low-susceptibility turbid solution
was a mixture of deionized water and 0.5-um latex
microspheres (scattering coefficient (1;)=5 mm™). The
magnetic flux density and its frequency were appro-
ximately 1 T and 50 Hz, respectively. The field
gradient, aB/oz, over 1 mm was 220 T/m. M-mode
OCT/ODT images were acquired for 100 ms per frame.
Figs. 3 (a) and (b) show M-mode OCT and ODT
images without any external magnetic field. The ODT
image (Fig. 3 (b)) contains small random phase fluctu-
ations due to ambient vibration through the optical
path. Figs. 3 (c¢) and (d) show M-mode OCT/ODT
images with a 50 Hz externally applied magnetic field.
No distinguishable Doppler shift could be observed in
the ODT image (Fig. 3 (d)) indicating no interaction
between the external magnetic field and the moving
latex microspheres.

To simulate flow, the SPIO nanoparticle solution
was injected through the glass capillary tube by a
syringe pump at a constant flow rate. As Fig. 4 shows,
the oscillating Doppler frequency shift resulting from
nanoparticle movement could be observed at three
different flow rates (3, 12, and 30 mm/s). The angle
between the probing beam and the tube was set at 5%
so that the wrapped Doppler frequency shift, at the
high flow rate (30 mm/s), was minimized to occur only
one time. “Wrapped” means that the shift moves
beyond the maximum detectable range without any
phase-unwrapping procedure. The probing beam was
first aligned at the center of the field generating core,
and the tube was placed on top of the tip so that one
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FIG. 3. OCT/ODT M-Mode images of a stationary low-susceptibility turbid solution without and with an external
magnetic field. (a), (b) OCT and ODT M-Mode images without an external magnetic field, respectively. (c), (d) OCT
and ODT images with a 50 Hz magnetic field, respectively. White vertical bar: 200 wm; White horizontal Bar: 20 msec.
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FIG. 4. M-mode MM-ODT images of diluted SPIO nanoparticle flow (1.12 ug/uL) with an externally applied 50
Hz magnetic field. (a), (b), (c), and (d}: 0, 3, 12, 30 mm/s, respectively. Black vertical bar: 200 wm, Black horizontal

Bar: 20 ms

can assume that the direction of the field gradient was
parallel to the probing beam. M-mode MM-ODT
images (Fig. 4) consisted of 634X400 pixels axially and
temporally, respectively, resulting in an image acquisi-
tion time of 100 ms. The images were recorded after
5 seconds following the activation of the magnetic field.

A Doppler frequency shift of 100 Hz oscillation could

be continuously observed during the magnetic activation.
The oscillation frequency (100 Hz) was double that of
the applied B- field (50 Hz) according to Eq. (1). The
cylinder in Fig. 4, 5 a) represents the inner wall of the
tube, and the arrow indicates flow direction. The
vertical and horizontal bars indicate axially 200 um
and temporally 20 ms, respectively.
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IV. Discussion

Superparamagnetic nanoparticles under the influence
of a strong magnetic field gradient tend to travel
toward the field source. As the local concentration of
nanoparticles increases in response to an external ma-
gnetic field, osmotic and elastic recoil forces from the
inner tube boundary increase and hinder further move-
ment into the field. Equivalently, forces driving nano-
particles find an equilibrium state where the magnetic
force is balanced by the sum of the recoil forces. When
only a magnetic force is present (recoil and pressure
gradient forces are absent or neglected), direct integ-
ration of Eq. (3) gives, 2(t) =&(t) +2,cos (4nf,t)) , where,
e(t) =at* and a,, 2 are constants and. dependent on
x, V;B, and f, is the modulation frequency of the
magnetic flux density. The initial transient response of
the nanoparticles to the magnetic field contains both
components of z(t). The SPIO nanoparticles moved in
one direction and soon movement was reduced. However,
the Doppler frequency oscillation could be observed at
the beginning of the magnetic field. In confined systems
such as a glass capillary tube or blood vessel, e(t)
becomes negligible at sufficiently long times (several
seconds) because recoil and drag forces impede the
free-space acceleration of the nanoparticles. Like a
spring response, these repelling forces eventually pro-
hibit further the initial movement. Once these forces
are equal, free-space acceleration of the SPIO nano-
particles approaches zero and the sinusoidal variation
of the magnetic force dominates nanoparticle displacerment.

The nanoparticles used herein are nanoscale while
the probing beam had a wavelength of 1.3 um so that
individualized imaging is not possible. However, the
images reported in this paper represent their aggre-
gated response and the movement. While it has been
reported that the introduction of a magnetic field
changes the amplitude of the fringe [16], we applied the
magnetic field in the same direction as the probing
beam, so that phase changes of the nanoparticles,
rather than the amplitude change, were produced and
monitored. The minimum detectable concentration of
nanoparticles was 0.36 g iron/uL which is three times
higher than the manufacturer recommended dilution
level (0.11 pg iron/pL) for human procedures.

V. CONCLUSION

In conclusion, we have demonstrated the implemen-
tation of MM-ODT for superparamagnetic iron oxide
nanoparticle imaging using an external oscillating ma-
gnetic field. Phase modulation of the nanoparticles
during flow was introduced by applying a temporally
oscillating high-strength magnetic field in the same
direction as the probing beam. The phase change of the

nanoparticles was detected in M-mode Doppler fre-
quency imaging. The controlled and increased Doppler
frequency shift in MM-ODT with superparamagnetic
nanoparticles may provide a new investigational tool to
identify small blood vessels and to study superpara-
magnetic nanoparticles dynamics for various cancer
diagnostics.
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