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Multimodality imaging based on complementary detection principles
has broad clinical applications and promises to improve the accuracy
of medical diagnosis. This means that a tracer particle advantageously
incorporates multiple functionalities into a single delivery vehicle. In
the present work, we explore a unique combination of MRI and
photoacoustic tomography (PAT) to detect picomolar concentrations
of nanoparticles. The nanoconstruct consists of ferromagnetic (Co)
particles coated with gold (Au) for biocompatibility and a unique
shape that enables optical absorption over a broad range of frequen-
cies. The end result is a dual-modality probe useful for the detection
of trace amounts of nanoparticles in biological tissues, in which MRI
provides volume detection, whereas PAT performs edge detection.

dual-modality imaging | ferromagnetic nanoparticle |
molecular imaging | MRI contrast | photoacoustic tomography

e have synthesized nanoparticles for dual-modality (1-7)

MRI and photoacoustic tomography (PAT). The incorpo-
ration of MRI and PAT into a single probe offers the unique
possibility of combining the complementary strategies of contrast-
based volume imaging and edge detection. Our nanoconstruct
consists of zero-valence ferromagnetic cobalt (Co) particles (8) with
a gold (Au) coating for biocompatibility and a unique shape
rendering increased optical absorption over a broad range of
frequencies (9-19). This research theme follows the rapid devel-
opments in nanotechnology, diagnostic radiology, and targeted
molecular imaging (20), whereby nanoparticulate contrast agents,
with the desirable properties of high chemical specificity, biocom-
patibility, and a reasonable half-life, are administered within a
specific region of interest. In nanoparticle-based imaging studies,
higher particle concentrations lead to better signal-to-noise con-
trasts, but this also poses a tradeoff with the toxicity. Therefore, one
of the most important parameters when developing particle-based
contrast is the safest and lowest nanoparticle concentration that
offers sufficient contrast sensitivity.

In MRI, magnetic materials such as gadolinium chelates and
magnetic nanoparticles are often used (21-23) to enhance image
contrast. The magnetic nanoparticles are passivated by biocompat-
ible coatings such as dextrin, citrate, polystyrene/divinylbenzene,
and elemental gold. These coatings also detoxify the particles,
resulting in enhanced lifetimes in vivo. Typical examples of mag-
netic nanoparticulate core-shell configurations include magnetite—
dextrin, magnetite-silica (24) and iron—gold (25).

Laser-based PAT (9-19) is a hybrid imaging modality [see
supporting information (SI) Fig. S1]. It uses a pulsed laser source
to illuminate a biological sample. Light absorption by the tissue
results in a transient temperature rise on the order of 10 mK. The
rapid thermoelastic expansion excites ultrasonic waves that are
measured by using broadband ultrasonic transducers conformally
arranged around the sample. Finally, a modified back-projection
reconstruction algorithm (26) is used to construct a map of the
distribution of the optical energy deposition within the sample. The
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spatial resolution of PAT is not limited by optical diffusion, but
instead by the bandwidth of the acoustic detectors. It has been
shown that PAT can depict subsurface tissue structures and func-
tional changes noninvasively with resolution up to 100 uwm (14, 15).
Like other optical modalities, PAT is highly sensitive in mapping
and quantifying the dynamic distribution of optical contrast agents
such as metallic nanocolloids and organic dyes (16-19, 27).

In the present work, we have fabricated a composite-material
nanoparticle, which we call “nanowonton.” The nanowonton has a
Co core and an Au thin-film coating and is a construct similar to the
Chinese eatable called the wonton (see Fig. 1 and Fig. S2). The
nanowontons have been characterized by scanning and transmis-
sion electron microscopies, absorption spectroscopy, and NMR
relaxometry (Fig. 2). The nanowonton is shown to exhibit a
combination of ferromagnetic and optical responses (Fig. 2), mak-
ing it amenable to dual-modality MRI and PAT studies. NMR 75
relaxivity measurements reveal a per-particle relaxivity of 1 X 107
s”!'mM™! (Table 1).

Previously, the oxidation-induced instability and toxicity of Co
nanoparticles have prohibited their wide use as MRI contrast
agents, but in the present case, the Au coating circumvents this
issue. Furthermore, the shape and thickness of the Au capping layer
are designed so that the center of its optical absorption range
matches the near infrared laser excitation wavelength used in PAT
imaging (700 nm) optimizing the photothermal response. We have
also reported the geometry-dependent optical absorption for sim-
ilarly shaped nanostructures such as nanocrescents (28). The
nanowonton design provides wavelength tunability for PAT (Fig.
S3) and can be further improved through control of the fabrication
procedure.

The PAT imaging contrast is demonstrated in Fig. 34, for an
porcine gel containing several inclusions of different nanowonton
concentrations. The inclusion with a nanowonton concentration of
13 pM can hardly be recognized from the background, leading us
to conclude that this PAT system has a detection sensitivity of the
order of 25 pM. Spin echo MRI images of Co nanowonton agarose
gel phantoms A and B are shown in Fig. 4 4 and B. Spin echo images
show that higher concentrations lead to shorter 75 values for the
water protons. The smallest detectable concentration is 2.5 pM and

Author contributions: L.-S.B., M.S.A., G.L.L.,, X.W., A.P., and F.F.C. designed research; L.-S.B.,
M.S.A., G.LL, B.H,, Z.H.X., and X.W. performed research; A.P. contributed new reagents/
analytic tools; L.-S.B., M.S.A.,, G.L.L., and X.W. analyzed data; and L.-S.B., M.S.A., X.W., and
F.F.C. wrote the paper.

The authors declare no conflict of interest.

To whom correspondence may be addressed. E-mail: bouchard@chem.ucla.edu,
xdwang@umich.edu, sabieh@1ums.edu.pk, pines@berkeley.edu, or f_chen@lbl.gov.

2present address: Department of Electrical and Computer Engineering, University of lllinois at
Urbana-Champaign, 3104 Micro and Nanotechnology Laboratory, 208 North Wright Street,
MC-249, Urbana, IL 61801.

This article contains supporting information online at www.pnas.org/cgi/content/full/

0813019106/DCSupplemental.

PNAS | March 17,2009 | vol. 106 | no.11 | 4085-4089

MEDICAL SCIENCES

>
=
=4
i
=
w
T
(%]



http://www.pnas.org/cgi/data/0813019106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0813019106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0813019106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0813019106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/content/full/0813019106/DCSupplemental
http://www.pnas.org/cgi/content/full/0813019106/DCSupplemental

SR
-

e 6 & @ &€ & & &

% o LLLLLLLE

— Single crystalline —= Gold

mmm Poly crystalline m=m Cobalt

Fig.1. Fabrication procedure of the nanowontons including 6 steps: (1) Etching
polysilicon nanopillars on the surface of single crystalline silicon wafer (for simpler
presentation, we omitted from the illustration the preparatory step of depositing
5nm of chromium before going to step 2, see Methods); (2) deposition of a 10-nm
gold thin film; (3) deposition of 10-nm cobalt thin film; (4) deposition of 10-nm
gold thin film; (5) etching polysilicon nanopillars in KOH batch solution; and (6)
complete removal of polysilicon and chromium by KOH etching and separation of
nanowontons.

the contrast with respect to 5 pM is also clearly visible in Fig. 4
B and D.

A T»-weighted spin echo image from a slice through the mouse’s
leg muscles is shown in Fig. 5. The injection of PBS-buffered Co
nanoparticles at 50 pM concentration results in a substantial drop
in the MR signal in this region whereas the control injection with
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PBS shows no such contrast enhancement. In Fig. S4, PAT images
acquired before and after a rat tail injection show the type of
contrast enhancement which can be expected from a local injection
of 100 pM contrast agent. Because of high-frequency ultrasound
detection, the PAT modality is generally better suited at delineating
edges at the location of the contrast. These nanowonton particles
advantageously combine the strengths of both MRI and PAT
modalities into a single delivery vehicle.

This dual-modality PAT/MRI contrast agent demonstrates, so
far, the most sensitive detection experiment of magnetic nanopar-
ticles with particle concentrations in the picomolar and tens of
picomolars range. The particles may even be used for stand-alone
MRI or PAT. For example, in the MRI studies, the T, contrast is
clearly visible to concentrations as low as 2.5 pM in phantoms and
50 pM in tissues. These detection thresholds are 7 orders of
magnitude better than those demonstrated by Lu et al. (23) for
monocrystalline iron oxide particles. Our 7, relaxivity (see Table 1)
per-particle concentration is 5 orders of magnitude better than the
cited work. The particle relaxivity and T>-weighted MRI detection
threshold are also better than those demonstrated by Cho et al. (25)
for 18 nm-diameter Fe/Au nanoparticles. This degree of sensitivity
is, to our knowledge, unprecedented and compares with sensitivities
approaching those of radioactive labels. This improved perfor-
mance is in large part contributed by our choice of a ferromagnetic
material, cobalt, which has a saturation magnetization 3.42 times
larger than magnetite, leading to a per-particle relaxivity that is
nearly 12 times larger. Because 7T»-weighted MRI depends expo-
nentially on the relaxation rate, this leads to a substantial difference
in contrast observed in our experiments. We refer the reader to the
SI section for a more extensive discussion of relaxivity effects,
including a comparison with results from other agents reported in
the literature.

The highly stable, thin (10 nm) film (Au) coating provides
biocompatibility, as demonstrated by experimental results (Fig. S5).
Furthermore, the Au thin film deposition process can be well
controlled to allow tunable absorption spectra, allowing PAT at
different optical wavelengths (see Fig. S3). It has been demon-
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Fig. 2. Characterization of the cobalt nanowontons.
(A) Scanning electron microscopy image of
nanowontons. (B) Transmission electron microscopy im-
age of 3 nanowontons in various diameters; notice that
the lighter regions in the nanoparticle are relatively hol-
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low, and are responsible for photothermal tuning prop-
erties of the nanowonton (38). (C) Particle diameter dis-
tribution of 150 nanowontons. Because of the
inhomogeneous polysilicon nanopillar diameter, the size
of the nanowontons varies from 30 to 90 nm, and the
average diameter is 60 nm. (D) Absorption spectrum of
* nanowonton, medium peak wavelength is ~700 nm. (E)
Spin—spin relaxation time T, measured at 20 MHz proton
. frequency and 37 °C. T, begins to change when the con-
* centration exceeds 20 pM. Note that although 20 MHz is
. much less than 300 MHz (used for the MRI), this gives a
lower bound on relaxivity and shows that the contrast

10 20 30 40 50 60 70 80 90 100
Nanoparticle Diameter (nm)

1 10

4086 | www.pnas.org/cgi/doi/10.1073/pnas.0813019106

Concentration (pM)

100 1000 works even at low fields, such as those from portable

NMR devices.
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Table 1. T, relaxivity per particle concentration is calculated
to be 1 x 107 s~'mM~1

Sample no. Cong, pM T>, ms Conc, mM 1/T,, 571
1 1,000 123 0.000001 8.1301
2 800 124 0.0000008 8.0645
3 600 163 0.0000006 6.1350
4 500 204 0.0000005 4.9020
5 400 239 0.0000004 4.1841
6 300 333 0.0000003 3.0030
7 200 451 0.0000002 2.2173
8 100 828 0.0000001 1.2077
9 50 1384 0.00000005 0.7225

10 25 1788 0.000000025 0.5593

1 10 2250 0.00000001 0.4444

12 5 2258 0.000000005 0.4429

13 2 2268 0.000000002 0.4409

14 1 2270 0.000000001 0.4405

The T, reaches saturation point above 800 pM, so the 1,000-pM data point
was excluded from the fit to obtain linearity for calculating 1/T,.

strated that a variety of gold nanocolloids are already entering in
vivo clinical trials (19, 29-33). Among them, Au nanorods present
particularly good optical absorption in the near-infrared region,
tunable by changing the aspect ratio. It has already been demon-
strated that gold nanorod contrast agents can be imaged with PAT,
both ex and in vivo (34, 35). Our study has shown that the sensitivity
of PAT in imaging the nanowonton is equivalent to that for gold
nanorods. In fact, the MRI contrast is also expected to be strongly
dependent on the shape of the nanoconstruct. It is envisaged that
nanorods or needle-shaped structures can elicit greater contrast
because of larger shape-induced susceptibility gradients. The
present nanowonton shape is, to first order, a compromise between
optical and magnetic responses. However, further work on shape
optimization will be required to conclusively comment on this.
Furthermore, the Au sandwich structure also allows additional
tuning of absorbed wavelengths (28, 36, 37). This can further
improve the sensitivity of the PAT technique. Last, the Au coatings
are especially attractive because of the possibility of conjugating the
particles with specific molecules such as antibodies, specific ligands,
thiol functional groups and therapeutic drugs, opening up prospects
for targeted molecular imaging (20). An additional imaging mo-
dality built into our nanoconstruct is the optical thermal conversion
capability making these structures highly suited for photothermal
therapy (32, 38-41).

A B

Methods

For additional information on materials and methods used, see S/ Text.

Fabrication of the Nanowontons. The schematic diagram of the fabrication
procedure isillustrated in Fig. 1. First, a batch-fabricated vertical silicon nanopillar
array was fabricated on the surface of a 4-inch diameter silicon wafer. The
coverage of the nanopillar structure was >90% of the total wafer surface area.
On the top of each silicon nanopillar, there was a spherical silicon oxide nano-
structure. Four metallic layers of 5-nm chromium, 10-nm gold, 10-nm cobalt, and
10-nm gold were sequentially deposited on the wafer surface. However, after
deposition, the sidewalls of all of the nanopillars remained exposed. The silicon
waferwas thereforeimmersedina 10% KOH bath solution at 80 °C, etching away
the nanopillars from the unprotected sidewalls in 10 min, The multilayer metallic
nanostructure on the top of the nanopillars was lifted off and suspended in the
KOH bath solution. Because silicon oxide and chromium were also etched away
by KOH, only the gold-cobalt-gold sandwich nanostructures, the nanowontons,
remained in solution. These were finally separated by centrifugation. The SEM,
TEM, and size distribution measurements are shown in Fig. 2 A-C. After fabrica-
tion, these samples were chemically analyzed by inductively coupled plasma mass
spectrometry (ICP-MS), measuring the total amount of Co or Auions. By assuming
bulk parameters of the materials and the size of the nanoparticles, we deduced
the mass of Co and Au per nanoparticle, and calculated the nanoparticle
concentration.

PAT System. The PAT system is schematically shown in Fig. S1. An OPO (Vibrant
B; Opotek) pumped by an Nd/YAG laser (Brilliant B; Bigsky) was used to provide
laser pulses with a repetition rate of 10 Hz and a pulse width of 5 ns. In this study,
the wavelength of the laser light was tuned to 700 nm, which was in the
near-infrared region and enabled good penetration in biological tissues. The
laser beam, after being expanded and homogenized, illuminated the imaged
sample with an input energy density of ~10 mJ/cm2, well below the American
National Standards Institute safety limit of 22 mJ/cm? at the applied wavelength.
The laser light penetrated into the sample and generated photoacoustic signals
that were scanned by an ultrasonic transducer (XMS-310; Panametrics) with a
center frequency at 10 MHz and a receiving bandwidth of 100%. To realize 2D
cross-sectional imaging, the sample was rotated axially in the xy plane while the
transducer and the laser beam were kept static. To couple the signals, the sample
and the transducer were immersed in water. After a preamplifier (PR5072;
Panametrics), the detected signals were digitized by an oscilloscope (TDS 540B;
Tektronics) and then collected by a computer. The current PAT system exhibits
spatial resolution of 200 um in the xy plane, which has been verified by measuring
the line spread function (LSF) (40).

Photoacoustic Imaging on Phantoms. To demonstrate the PAT imaging contrast,
we constructed a phantom made of 5% porcine gel in which 4 inclusions with
different concentrations of nanowontons are embedded (Fig. 3). Cylindrical-
shaped phantoms with a 20-mm diameter were made from porcine gel. Spher-
ical-shaped droplets with a size of 2.8 mm were made with the same gel and
contained different concentrations of the contrast agent. These droplets were
embedded 1 ¢cm deep in the phantoms. For example, the phantom shown in Fig.
3 contains 4 such embedded droplets, where the nanowonton concentrations
were 100, 50, 25, and 13 pM. The corresponding PAT image is shown in Fig. 34,

Fig. 3. Photoacoustic imaging of nanowonton phan-
tom gels. (A) PAT image of 4 absorbing objects contain-
ing nanowonton contrast agent embedded in a gel
phantom (5% agarose). The concentrations of
nanowontons were 100, 50, 25, and 13 pM, respectively,
for objects A, B, C, and D. (B) Intensity profiles extracted
from the image along 4 lines (horizontal and vertical
dashed lines indicated on the image) going through the
absorbing centers are plotted to highlight the visibility of
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a CNR close to 1, the object D, where the nanowonton
concentration is 13 pM, can hardly be recognized from
the background, showing that the current PAT system
has detection sensitivity on the order of 25 pM.
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MRI of nanowonton gel phantoms. The nanowonton gels are arranged along the perimeter of a circle. (A and B) Spin-echo images for the phantoms A and

B, respectively, with an echo time (TE) of 50 ms and recycle time (TR) of 1 s. The higher-concentration samples appear darker in the images, with doped water used as
a control and exhibiting the strongest T,-weighted intensity. The concentrations of the gels are given in the figure along with the T values that are deduced from a
7-point curve-fitting procedure. The field of view for thisimage is 3 X 3 cm, the number of points is 256 X 128, and the slice thickness is 1 mm. (Cand D) Intensity profiles
for the images in A and B. The relative intensities along a circular contour drawn through the middle of the gels are plotted as a function of the gel azimuthal angle
from the x axis. The nanoparticles contrast remains detectable down to 2.5 pM. The images for phantom A and B are plotted to different (normalized) scales.

Fig. 5.

Transverse (axial) MRI image in mouse leg muscle injected with Co
nanoparticles in PBS solution. The position of the blue arrows indicates the sites
of injection for the Co nanoparticles (upper right corner) and the PBS control
(lower left corner). Two water-carrying test tubes are also visible in the scans for
purposes of MRl slice alignment (red arrows). MRI parameters were: TE = 50 ms;
TR = 1; field of view is 2.6 cm X 2.6 cm, and slice thickness is 0.5 mm.

4088 | www.pnas.org/cgi/doi/10.1073/pnas.0813019106

the locations of the objects being marked with dashed circles. In Fig. 3A, we have
also quantified the contrast-to-noise ratio (CNR) = (S, — Sp)/a, where S, is the
average intensity within the object, Sy is the average intensity within the back-
ground defined by the mean of all of the pixels in the image beyond the big
dashed circle (i.e., the area out of the gel phantom), and o is the standard
deviation. The computed CNRs for the objects A, B, C, and D are 10.6, 5.7, 2.1, and
1.0. Itis clear that the objects A, B, and C have been imaged with sufficient optical
absorption contrast.

MRI of the Phantoms. For the phantom MR studies, 6 holes were drilled into a (=3
c¢m diameter) Teflon cylinder, azimuthally distributed around the center. The
phantomisshownin Fig. 4. Each hole was 5 mmin diameter and ~1cm deep. Two
similar pieces (A and B) were machined. Nanocolloidal solutions of the
nanowonton in (5%) agarose gel were prepared in concentrations of 500, 375,
250, 125, 50, 12.5, 5, and 2.5 pM. The agarose gel was heated until it became
transparent, and the nanoparticles were subsequently transferred to the hot
agarose, preparing the desired concentrations. Precise volumes of the nanocol-
loids were then slowly transferred to the cylindrical recesses and allowed to cool
in ambient conditions, ensuring that no air bubbles were formed during the
cooling. The solutions were intermittently pried to ensure that the distribution of
the nanowontons would be kept as uniform as possible. The tops and bottoms of
the phantoms were sealed with polystyrene to prevent leakage during phantom
handling. The phantom A contained the concentrations 500, 375, 250, 125, and
50 pM, whereas B contained 125, 12.5, 5, and 2.5 pM. The latter had 1 cylinder
empty, and each of the phantoms was also loaded with 0.6 mM MnCl, doped
water to act as the control reference.

The MRI was performed in a 300-MHz NMR spectrometer (Varian Inova)
equipped with triple-axis magnetic field gradients. The phantoms were imaged
by using a spin-echo pulse sequence, with slice selection along the z axis, phase
encoding along the y axis, and readout along the x axis. We used an echo time (TE)
of 50 ms and recycle time (TR) of 1. The field of view was 3 X 3 cm, the number
of points was 256 X 128, and the slice thickness along the z direction was 1 mm.
T, measurements were also performed by repeating the spin echo sequence with
varying TEs; the values used were 10, 30, 40, 50, 100, 150, and 200 ms.

Bouchard et al.
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MRI on Mouse Muscle. For the animal studies, the mouse was i.p. anesthetized
with 400 uL of Avertin. After 5 min, 50 uL of 60-nm-sized gold-coated Co
nanoparticles at 50 pM in a solution of PBS were intramuscularly injected into
the leg. As a control, PBS solution without the nanoparticles was also injected
in the diametrically opposite position to the site of injection of the cobalt
nanowonton. After an additional 10 min, the mouse was killed and placed into
the vertical bore of the Varian 300-MHz NMR spectrometer. The mouse tail
was then imaged by using a T,-weighted spin-echo sequence. Multiple trans-
verse slices were imaged, the slice thickness (along the z direction) being 0.5
mm, the TR was 15, the number of points was 256 X 128, and the field of view
was 2.6 X 2.6 cm.
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