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Abstract. Contrast-enhanced photoacoustic (PA) imaging has been proposed to identify circulating metastatic
cancer cells magnetically trapped in the vasculature. However, its sensitivity is limited by the presence of a strong
blood-background signal. This technique can be further improved by the significant suppression of blood back-
ground. In the phantom study presented here, significant background suppression is demonstrated with magneto-
motive photoacoustic imaging. Magnetic particles with a mean diameter of 10 um were integrated (concentration
of 0.05 mg/ml) into an ink-water solution with an optical absorption coefficient of 5 cm™" to mimic cells targeted
with magnetic nanoparticles and magnetically trapped in the human vasculature. Two mechanically moveable
permanent magnets were used to accumulate microparticles in the investigated solution and manipulate
them within a thin, 1.6-mm-diameter Teflon tube mimicking a blood vessel. Our results clearly indicate that
the undesirable background can be effectively suppressed using the difference of PA images corresponding to
different locations of accumulated particles. © 2072 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO
17.6.061224]
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1 Introduction

Photoacoustic (PA) imaging is based on the detection of acoustic
signals induced by the distribution of specific optical heterogene-
ities in targeted objects when irradiated by short laser pulses.'™
Contrast in PA images is primarily determined by optical absorp-
tion, but spatial resolution is the same as in ultrasound. This con-
trast capability within deep biological tissue cannot be achieved
by pure optical or ultrasound imaging, which both depend primar-
ily on wave-scattering mechanisms.> Given the MHz range of
acoustic signals processed in PA imaging, sub-mm resolution
is possible for routine clinical applications.

Photoacoustics is very attractive for molecular imaging
because optical absorption is an efficient way to detect and
differentiate specific molecules from other components. By
designing a specific wavelength-selective absorption contrast
agent, PA imaging can provide high sensitivity and specificity
to molecular targets. By coupling specifically-designed molecu-
lar contrast agents to particular biological objects such as cancer
cells, targeted cells can be specifically differentiated from the
background.

However, when visualization of targeted molecules is neces-
sary in the vasculature, PA imaging is severely challenged by the
large optical absorption of hemoglobin even within the therapeu-
tic window of optical radiation.® The strong PA background sig-
nal from blood can mask contrast agents and make quantitative
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measurements of molecular concentration very difficult, espe-
cially for low concentrations of contrast agents.

The PA signal from a targeted contrast agent can be increased
relative to the background by increasing its concentration, espe-
cially in model systems such as mice,” but in humans potential
toxicity limits increases in contrast-agent concentration. Indirect
enhancement of the PA signal from the targeted object is much
more desirable.

One method to suppress the background relative to a targeted
contrast agent is to use PA measurements at multiple wave-
lengths to differentiate the contrast-agent absorption signature
from that of the background.®'° In particular, a two-wavelength
approach using multiple contrast agents has been demonstrated
to identify magnetically-trapped circulating tumor cells using
PA imaging.!' As an alternative, or potential improvement to
this approach, a composite contrast agent combining both mag-
netic and selective optical absorption properties could be used.
By physically manipulating the contrast agent with an applied
magnetic field, ambiguities due to fast movement of the targeted
objects and multiple wavelength-related scattering variations
can be greatly reduced.

Very promising results were achieved recently in multicolor
PA tomography.’ The main drawback of this approach is the dif-
ference in light scattering at different wavelengths.' In particular,
the distribution of laser fluence inside the object under study
cannot be considered the same at different wavelengths.'>'®
This makes solution of the inverse problem quite ambiguous.

An alternate approach using magnetomotive manipulation to
differentiate a coupled contrast agent from background signals
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has been demonstrated in Refs. 17-19. This approach, called
magnetomotive photoacoustic (mmPA) imaging, uses nanoparti-
cles with combined strong magnetic and optical-absorption prop-
erties. In previous work from our group on phantom systems, we
have shown that magnetic microparticles mimicking targeted
cells circulating in a peripheral vessel can be trapped, manipu-
lated and detected with a simple mmPA imaging system. Results
of these studies were limited, however, by the narrow bandwidth
and limited imaging aperture of the ultrasound system used. In
this paper, a very broadband, homemade polyvinylidene difluor-
ide (PVDF) single transducer is used as the detector to demon-
strate the potential background suppression possible with mmPA
imaging. Interestingly, similar work on magnetomotive-aided
molecular imaging has been demonstrated.”**! Here we focus
on background suppression for the ultimate application of
sensitively detecting targeted rare cells trapped in the peripheral
vasculature.

The primary objective of this paper is prove the concept that
mmPA imaging can potentially suppress strong background
signals, masking targeted cells magnetically trapped in the
vasculature. In particular, the quality of background-signal sup-
pression is demonstrated in a model system loosely mimicking
in vivo conditions for PA detection of targeted cells magnetically
trapped in the vasculature.

2 Materials and Methods

The experimental setup is shown in Fig. 1. A Teflon tube (Zeus
PTFE (Teflon) Sublite Wall Tubing, Seattle, WA) with an inner
diameter of 1.6 mm and a wall thickness of 38 ym was positioned
in a tank filled with deionized (DI) water to mimic a blood vessel.
The tube was filled with a water-based, 0.05 mg/ml solution of
BioMag® Superparamagnetic Iron Oxide (Polysciences, Inc.,
Warrington, PA) particles (MP) with a diameter of about 10 xm.
These particles were used in our previous studies demonstrating
PA detection of trapping, and are used here to mimic cells con-
jugated with magnetic nanoparticles. They can be dynamically
manipulated by two neodymium magnets (AY0XO030-N and
AY0XO030-S, Jamison, PA). These magnets, separated by 4 cm
with pole pieces 1.27 by 2.54 cm in cross-section, were mounted
into two aluminum frames to form a dual-magnet system sitting
on a translation stage so that they could be moved together
laterally. The magnetic field was about 0.5 Tesla at the surface
of each magnet and dropped to about 0.1 Tesla at the middle
of the system. The magnetic-field gradient along the axis joining
the centers of the two poles changed from —60 mT/mm at one
pole to 60 mT/mm at the other pole, with zero gradient at the
center of this symmetric system.

An optical parametric oscillator (Surelite OPO Plus, Conti-
nuum, Santa Clara, CA) pumped by a frequency-doubled pulsed
YAG laser (Surelite [-20, Continuum) with 5-ns pulse width was
used as the laser source. The laser beam at a wavelength of
710 nm was guided to illuminate the imaged object from the
top with a tilt angle of about 45 deg as shown in Fig. 1. The opti-
cal fluence at the tube surface was estimated to be 0.36 mJ/cm?
based on the measured incident-laser pulse energy. The absorp-
tion spectrum for the MP is peaked in the visible range and is
greatly reduced from this peak for near-infrared wavelengths.
Nevertheless, there was sufficient absorption at 710 nm to demon-
strate the principle of magnetic manipulation with PA readout.

Optical absorption-induced PA signals were detected with a
homemade, single-channel thin strip PVDF transducer. The film
thickness of 110 um allowed highly sensitive signal detection
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Fig. 1 Experimental setup including flow tube, magnets for manipula-
tion, incident-laser energy, and ultrasound imaging transducer scanned
to produce a one-dimensional array used for image reconstruction.

(~0.6 mV/Pa using 30-fold amplification) with practically
flat efficiency in the frequency range of 100 kHz to 8 MHz
measured in an open-circuit regime.”> Device performance
was measured using an ink solution with 500 cm™! optical-
absorption coefficient with an optically transparent, plastic
plate acting as a rigid flat interface. The laser pulse was incident
from the top of the plastic plate to induce a PA signal. The PVDF
transducer received the PA signal from the bottom. The transfer
function of the PVDF transducer was obtained from the mea-
sured PA-signal spectrum divided by the spectrum of a Gaussian
pulse derivative, which is the theoretical PA signal.

The sensitive area of the transducer was fabricated as a thin
strip with dimensions of 0.6 by 7 mm. The long axis was aligned
along the tube direction to provide maximum spatial resolution
in axial and lateral directions. Multichanneled PA detection was
performed by scanning the transducer laterally to synthesize a
one-dimensional array. 120 transducer positions separated by
0.4 mm were used for image reconstruction.

The inverse problem of PA tomography is the reconstruction
of the laser-induced heat release Q(r), if the value of the
Gruneisen parameter I" for the medium is known, from the PA
signals measured, ideally, at each point of a detection surface.
As shown in a number of recent publications,”>?* this problem
has a unique solution and can be written in integral form for the
three most widespread detection surfaces—a confined sphere,
an infinite cylinder, and an infinite plane. This problem can
be treated in either time or spatial frequency domains.

The resulting expression for the reconstructed distribution of
the heat release in the time domain consists of the integral over
the detection surface of the negative of the temporal derivative of
the detected signals. For a more detail description of the inverse
problem of PA tomography, we refer to Refs. 23, 25, and 26.

Unfortunately, if the detection surface is not confined or
limited-view linear-array detectors are employed for the recon-
struction, the imaged distribution of heat release is not free of
artifacts.?%*” The most important artifact is the expansion of the
reconstructed object in the lateral direction due to acoustic
detection over a limited view.?6

In the current work, the tube with the MP solution was placed
40 mm from the detection line. Given a total array aperture of
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Fig. 2 Point spread function of a PVDF transducer array using the
signal-processing parameters defined in the methods section shown
as a reconstructed image (a); lateral profile (b); and axial profile (c).

48 mm (120 steps), the reconstruction corresponded to a total
detection angle of approximately 62 deg (i.e., f/number of
approximately 0.83).

The point spread function (PSF) of the system was measured
by reconstructing the image of a human hair (measured by micro-
meter to be 80.4 ym in diameter) placed in the same position as
the tube in later experiments. As seen in Fig. 2, the axial resolu-
tion of the reconstructed PSF of the imaging system is determined
by the bandwidth of the transducer used for detection and is equal
to approximately 80 um, very close to the measured size of the
hair. The resolution in the lateral direction is much worse at about
650 pum, resulting from the finite width of an individual array
element and the limited observation angle of the total array.?®

First, to demonstrate the principle of physical manipulation
of trapped particles, we used a solution of magnetic particles in
water (concentration 0.05 mg/ml). To more closely mimic the
in vivo situation of particles trapped in blood, a small amount of
ink was added to the initial solution to form a MP-ink-water
solution. This medium was used to test the principle of back-
ground subtraction through magnetic manipulation of trapped
particles. The concentration of ink in the resulting solution
was chosen to provide a light-absorption coefficient of
5 cm™!, corresponding to expected light absorption of blood
in a human vessel in the near-infrared region.

3 Results

3.1 Manipulation of Magnetic Particles

In previous work we demonstrated that a mmPA system can trap
and photoacoustically detect targeted objects in a circulating
system.'® The total amount of trapped particles is determined
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Fig. 3 Photoacoustic images presented on a logarithmic scale of
magnetic particles trapped within the MP-water solution: tube is closer
to the left magnet (a); approximately in the middle between the magnets
(b); and closer to the right magnet (c). Dashed circle drawn as an
indicator of the tube.

by multiple physical effects, including the drag force from
flow and the magnetic force between the magnets and the MPs.

In the current study, the possibility of dynamic manipulation
of trapped magnetic particles is demonstrated. First, the tube
was positioned closer to the left magnet and remained stationary
for a period sufficient to accumulate MPs in a region near the left
wall of the tube. There was no flow in the tube, so the number of
accumulated MPs is directly related to the number of particles in
that region of the system. After accumulation, PA measurements
were performed. Figure 3(a) presents the reconstructed image
for that tube position. The MPs are clearly observed on the
left side of the tube. Note that the laser fluence used for medium
irradiation was 100 times smaller than medically permitted
norms, which makes it very promising to use a PVDF-based
detection system in vivo where strong light scattering is present
from biological tissues and organs.

Figure 3(b) and 3(c) shows images corresponding to the
cases where the tube is positioned approximately in the middle
between the magnets and closer to the right magnet, respec-
tively. The PA imaging shapes and intensities differ for each
position based on the actual distribution of particles, as deter-
mined by the details of the magnetic-field distributions at
those positions. For particles trapped on the sides of the tube,
the distribution is curved due to the tube walls and by the non-
symmetric magnetic field induced by focused magnets in these
regions. In contrast, for particles trapped in the middle, the sym-
metrical magnetic field flattens, leading to a “pancake” structure
of trapped particles that produces an enforced PA signal in the
backward direction. Also, the PA intensity along the sides is
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further reduced compared to the center because of reduced
optical fluence in these regions resulting from light reflection
at the curved tube walls. In any event, these images clearly
demonstrate the possibility of dynamically manipulating large
(um-scale) particles in mmPA imaging.

3.2 Suppression of the Background Signal

The main goal of the present work was to demonstrate that the
strong background produced by blood, which is always present
together with any contrast agent and can produce much stronger
PA signals than those of contrast agents, can be greatly sup-
pressed using magnetic manipulation of the contrast agent.
A small amount of ink was added to the initial MP-water solu-
tion to mimic a blood background, as discussed in the methods
section. The experimental setup was used to image the tube
filled only with an ink-water solution without magnetic particles
(i.e., background) and contrast that image to a set of images of
the MP-ink-water solution.

Figure 4 shows the temporal profiles of the detected PA signals
corresponding to the central position of the PVDF transducer
(exactly above the tube). The dotted curve corresponds to the
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Fig. 4 Temporal profiles of the detected signals for a pure ink-water
solution (dashed line), MP-ink-water solution (bold solid line ) and
their difference (thin solid line). The curves shown here are for the
tube located in the middle of magnets.
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temporal profile of the PA signal in the ink-water solution without
magnetic particles. The bold solid curve represents the PA signal
profile after magnetic particles are allowed to accumulate in the
MP—ink-water solution with the tube in the center position of the
magnets. The differential signal is calculated as the difference of
the first two (i.e., subtracting the signal excited in the ink-water
solution from the signal excited in the MP—ink-water solution).
As seen, the signal induced by the ink background is similar
in both magnitude and time response to the signal produced
by only the trapped MPs. The differential signal clearly demon-
strates the effect of background subtraction. By referring to the
PA signal of the ink-water solution, the signal-to-noise ratio
improved by about 14 dB after the subtraction under this
phantom-study model condition.

However, in most biomedical applications like in vivo real-
time monitoring, it is very difficult, or almost impossible, to get
a stable and reliable background signal. In such a case, we
propose to use the mmPA method,'®! which in simplest form
simply subtracts two PA images corresponding to two different
magnet positions. Presumably, the background signal does not
change with magnet position, so only the signal from targeted
MPs should remain.

Images of MPs at two different magnet positions in the
presence of the ink background are presented in Fig. 5(a)
and 5(c). The differential images obtained after the subtraction
of the ink background for the same magnet positions are shown
in Fig. 5(b) and 5(d), respectively. Clearly, with the strong back-
ground signal from ink, it is very difficult to separate the con-
tributions of the ink background and magnetic particles in the
resulting images. We note that these images are for a relatively
large number of MPs in the imaging region. For a much smaller
number of particles, similar to the case when a small number of
targeted cells must be detected, it would be nearly impossible to
uniquely detect the contribution from the contrast agent.

Figure 6 illustrates the main idea of mmPA imaging using
different particle locations induced by magnetomotive forces
to suppress undesirable background signals. Here, a differential
image is generated by subtracting the image for the tube position
closer to the left magnet [Fig. 5(c)] from the image for the tube
position closer to right magnet [Fig. 5(a)]. It is displayed on a
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Fig. 5 Photocoustic images on a logarithmic scale of magnetic particles trapped in MP—ink-water solution: tube is closer to the right magnet in (a) and
(b) and closer to the left magnet in (c) and (d); images of (a) and (c) are before subtraction of the ink background, and images of (b) and (d) are after
subtraction of the ink background. Dashed circle drawn as an indicator of the tube.
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Fig. 6 Differential image presented on a bipolar, logarithmic scale using
the image of the tube with its left side close to the magnet subtracted
from the image of the tube with its right side close to the magnet.
Dashed circle drawn as an indicator of the tube.

bipolar logarithmic scale to highlight the positions of the two
locations while simultaneously suppressing the background-
ink signal.

Comparing this image to the componentimages in Fig. 5 and to
the MP-water images in Fig. 3, itis clear that background suppres-
sionis substantial. Complete suppression is not possible, however,
with a limited-view transducer array since the artifacts induced
depend on the positions of all sources in the reconstructed
image. Only if the detecting surface represents a closed surface
around the object under study, individual images, and thereby
their difference, will be free from artifacts. In our case the
small, lusterless spot in the upper right side of the differential
image is most probably created by the superposition of artifacts
inherent to individual images. Nevertheless, the results presented
in Fig. 6 clearly show that even for a limited-angle system, nearly
complete suppression of the background is possible.

4 Discussion

An ink solution was used to mimic the optical-absorption char-
acteristics of blood for near-infrared wavelengths. This is an
approximation since at the microscale these two media differ
significantly. PA signals in blood over visible and near-infrared
wavelengths are dominated by the absorption characteristics of
hemoglobin in blood red cells, whereas the primary PA source is
graphite particles for the ink solution. Although clearly different
at the microscale, at the macroscopic scale at which these mea-
surements are made both ink and blood can be considered as
homogeneous and described by their bulk physical proper-
ties.?*3" Since the Gruneisen parameter of blood is only 1.6
times higher than that of water,'>?! blood in the vasculature will
produce a PA signal very similar to that recorded in the ink
solution used in this study.

In this study, background signals did not change substantially
during magnetomotive manipulation. This will clearly not be the
case in the peripheral vasculature where background signals can
vary due to flow dynamics, hematocrit and oxygenation state.
Future studies will also test the hypothesis that background
signals can be greatly suppressed by averaging mmPA images
over small time intervals commensurate with the time constants
associated with trapping and manipulation of targeted cells.

Micromagnetic particles 10 um in diameter were used here to
mimic cells targeted with magnetic nanoparticles. Future studies
will use nanometer-scale magnetic particles targeted to micron-
scale objects such as circulating cells and cell mimics instead of
micron-scale particles.

The current magnet system was not designed to trap particles
moving at physiologic flow rates typically encountered in per-
ipheral vessels, but rather to demonstrate how trapped magnetic
particles can be manipulated for mmPA imaging. The next step
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in our studies on trapping targeted rare cells trafficking in the
vasculature will be to design and build a magnet system provid-
ing sufficient magnetic force to trap and manipulate particles
flowing in peripheral vessels.

The ultimate goal for forthcoming studies is to achieve the
capability of rare (as few as a single one) circulating-tumor-cell
trapping and detection using mmPA imaging with the help of
background suppression as described in this study. Currently,
the technology to manufacture composite, or coupled, contrast
agents combining magnetosensitive nanoparticles with high
absorbing gold nanoshells'**>* or nanorods*>* has been
developed. Recent in vitro measurements demonstrated high tar-
geting efficiency and specificity of such composite contrast
agents to tumor cells and bacteria.’”*® They can also be used
to target tumor cells trafficking in the vasculature. We hypothe-
size that cells tagged in this way can be trapped in the peripheral
vasculature and detected with mmPA imaging. In fact, if the sur-
face of a one micrometer-scale cell is completely covered by
composite (highly optical absorbing and magnetosensitive)
nanoparticles, its transient temperature increase by light absorp-
tion can be assumed to be less than 25 °C to ensure that targeted
cells are not disrupted. This temperature increase can be
obtained very easily, even with laser fluence much smaller
than the medically permitted maximum. This would produce
a PA signal with an amplitude of a few MPa.** Taking into
consideration ultrasound attenuation and diffraction loss during
propagation,'*** and a limited frequency band of detection, the
amplitude would be reduced by at least four orders of magni-
tude.”?%*! However, a focused thin-film PVDF-based transdu-
cer can detect a pressure signal on the level of ten Pa'** for
frequencies up to 10 MHz. Therefore, a minimum 20-dB
signal-to-noise ratio of the detected PA signal by a contrast-
agent-targeted single tumor cell would be feasible. Furthermore,
nonlinear effects of tissue thermal expansion can even provide
more sensitive detection than this expectation.*>*

5 Conclusions

In the current phantom study, we have experimentally demon-
strated the possibility of effective magnetomotive manipulation
of um-scale magnetosensitive particles mimicking targeted cells
trapped in the peripheral vasculature. Our results clearly indicate
that an undesirable strong PA background signal can be effec-
tively suppressed using the difference of PA images correspond-
ing to different locations of accumulated particles. This method
can be used under flow conditions encountered in peripheral
vessels with an appropriately-designed ultrasound detection
and magnet system, and may have great potential for molecular
assays of targeted metastatic cells travelling in the vasculature.
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